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ABSTRACT

Apoptotic caspases are thought to play critical roles in elimination of excessive and non-
functional synapses and removal of extra cells during early developmental stages. Hence, an
impairment of this process may thus constitute a basis for numerous neurological and
psychiatric diseases. This view is especially relevant for dopamine due to its pleiotropic roles in
motor control, motivation and reward processing. Here, we have analysed the effect of caspase-
3 depletion on the development of catecholaminergic neurons and performed a wide array of
neurochemical, ultrastructural and behavioural assays. To achieve this, we performed selective
deletion of the Casp3 gene in tyrosine hydroxylase (TH)-expressing cells using Cre-loxP-
mediated recombination. Histological evaluation of most relevant catecholaminergic nuclei
revealed the ventral mesencephalon as the most affected region. Stereological analysis
demonstrated an increase in the number of TH-positive neurons in both the substantia nigra and
ventral tegmental area along with enlarged volume of the ventral midbrain. Analysis of main
innervating tissues revealed a rather contrasting profile. In striatum, basal extracellular levels
and potassium-evoked DA release were significantly reduced in mice lacking Casp3, a clear
indication of dopaminergic hypofunction in dopaminergic innervating tissues. This view was
sustained by analysis of TH-labeled dopaminergic terminals by confocal and electron
microscopy. Remarkably, at a behavioural level, Casp3-deficient mice exhibited impaired social
interaction, restrictive interests and repetitive stereotypies, which are considered the core
symptoms of autism spectrum disorder (ASD). Our study revitalizes the potential involvement
of dopaminergic transmission in ASD and provides an excellent model to get further insights in

ASD pathogenesis.
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INTRODUCTION

Autism spectrum disorder (ASD) is a highly prevalent, lifelong heterogeneous
neurodevelopmental disorder present from early childhood. ASD is among the most common
developmental neuropsychiatric disorders, affecting 1~2% of the population (Elsabbagh et al.,
2012; Kim et al., 2011; Kuo and Liu, 2018). ASD individuals share the core symptoms of
unusual reciprocal social interactions and social communication deficits, and stereotyped
repetitive behaviour with restricted interests and activities (Vahia, 2013). In addition to the core
symptoms, more than 70% of ASD patients also show various physiological and psychiatric
comorbid symptoms, including anxiety, intellectual disability, motor abnormalities, epilepsy,
seizures, attention and language deficits, hyper or hyporeactivity, sleep disturbance, and
gastrointestinal problems (Lai et al., 2014). All these features make of ASD a disorder that
imposes a significant social-economic burden. Regrettably, an effective treatment to palliate the

core symptoms of ASD is still lacking, being a promising field that needs more research.

Although maternal exposure during pregnancy to different factors (such as infection, ethanol
and anti-epileptic drugs) could play a significant role in its aetiology (Arndt et al., 2005), ASD
is also a highly heritable disorder (Abrahams and Geschwind, 2008). Whole-exome sequencing
of families from the Simons Simplex Collection enabled the identification of about 120
candidate genes associated with ASD. These include some polymorphisms of genes related to
the dopaminergic system, such as the D3 and D4 dopamine receptors (DR3 and DR4) and the
dopamine transporter DAT (Kuo and Liu, 2018). Recently, a single-cell genomic study has
identified type-specific molecular changes in ASD, including genes important for synaptic

function as well as transcription factors (Velmeshev et al., 2019).

Several hypothesis try to explain ASD pathogenesis, including excitatory/inhibitory imbalance,
neurotransmitters dysfunction, dysfunction of the mTOR and the endocannabinoid signalling
pathways, as well as neuroinflammation and epigenetic alterations (Kuo and Liu, 2018). Despite
this, the pathogenesis of ASD remains largely unknown. In this regard, accumulating evidence
suggest that ASD might be linked to dopaminergic dysfunctions (Dichter et al., 2012b; Ernst et
al., 1997; Lee et al., 2018; Pavil, 2017; Scott-Van Zeeland et al., 2010). Early evidence pointing
to catecholamine dysfunction in ASD patients was based on the finding that there were
increased levels of norepinephrine and decreased levels of dopamine-B-hydroxylase -the
enzyme that converts dopamine (DA) to norepinephrine- activity in the plasma of these patients
(Lake et al., 1977). Since these observations, numerous authors have put forth the idea that DA
imbalance in specific brain regions could lead to autistic-like behaviour (Dichter et al., 2012a).
Therefore, it has been hypothesized that a dysfunction of the mesocorticolimbic circuit leads to

social deficits, while a dysfunction of the nigrostriatal circuit leads to stereotyped behaviours;



both considered the main symptoms of ASD. However, existing views fail to clarify the role of
DA signalling anomalies in prompting the behavioural features of ASD. Thus, despite extensive
research into the matter, a demonstration of the DA hypothesis of ASD is currently lacking.
Therefore, the development of a dopaminergic animal model of ASD is mandatory for linking
neurobiology to behaviour; this link would be a first step that would allow a better

understanding of the ASD pathogenesis.

Caspase-3 (CASP3) is a cysteine-aspartic acid protease that plays a central role in the execution-
phase of apoptosis. However, in recent years, several groups have demonstrated that CASP3 has
many other non-apoptotic functions in a multitude of cellular processes, including
inflammation, cell differentiation and proliferation (Burguillos et al., 2011). In the CNS, CASP3
plays non-apoptotic roles in synaptic plasticity (Li et al., 2010), pruning (Kuo et al., 2006;
Williams et al., 2006) and neurite growth (Westphal et al., 2010). Its key role in
neurodevelopment has been demonstrated by the important defects observed in the brain of
mice deficient in this protease (Casp3”) (Kuida et al., 1996). Moreover, the participation of
CASP3 in the physiological death regulating the number of dopaminergic midbrain neurons
during development has also been demonstrated (Jeon et al., 1999). All these data clearly

establish the importance of this protease in embryonic neuronal development.

Here, we provide a novel ASD model based on the selective deletion of Casp3 in tyrosine
hydroxylase (TH)-expressing neurons using the TH-IRES-Cre mouse. Taking into account the
importance of this caspase in the development of the dopaminergic system (Jackson-Lewis et
al., 2000; Zhang et al., 2007), here we demonstrate that selective deletion of Casp3 in TH-
expressing cells confers dopaminergic hyperinnervation in the ventral mesencephalon and
striatal DA hypofunction with abnormal motor behaviour. Unexpectedly, these mice exhibited a
prominent autistic-like behaviour including social interaction, communication impairment and
stereotypies thus rising as a promising ASD animal model. Furthermore, these mice offer a

unique model to study the possible implication of DA in the pathogenesis of ASD.

MATERIAL AND METHODS

Animal Model

Caspase-3"" C57BL/6 mice with the CASP3 allele floxed at exon 2 were generously provided
by Prof. Richard Flavell (Yale University). C57BL/6 mice containing a IRES-Cre recombinase
under the control of TH promoter were kindly provided by José I. Piruat (Instituto de
Biomedicina de Sevilla). Both colonies were maintained at the Centre of Production and Animal
Experimentation of the University of Seville. Animals were housed at constant room
temperature (RT) of 22 + 1° C and relative humidity (60%), with a 12-h light-dark cycle and ad



libitum access to food and water. Experiments were carried out in accordance with the
Guidelines of the European Union Directive (2010/63/EU) and Spanish regulations (BOE
34/11370-421, 2013) for the use of laboratory animals; the study was approved by the Scientific

Committee of the University of Seville.

In our experimental conditions, the Cre gene is preceded by encephalomyocarditis virus IRES
by a knock-in strategy (Lindeberg et al., 2004). This enables expression of bicistronic mMRNA
encoding both TH and Cre (Lindeberg et al., 2004). This strategy has provided very efficient
genomic recombination in TH-expressing cells. However, germ cells of both sexes were also
shown to exhibit recombination. This feature was used as a novel strategy to knock out
Caspase-3 in one allele by crossing TH®*CASP3™ with CASP3" to generate TH°*CASP3"-
mice (experimental mouse, hereinafter TH-CASP3KO). This strategy ensures high deletion of
the Casp3 gene in TH-expressing cells (Fig. 1A). Three to six month-old male TH-CASP3KO

and C57BL/6 mice (control) (20-25 g) were used in our experiments.
Behavioural testing

Behavioural experiments were conducted in dedicated behavioural testing rooms during the
standard light phase, usually between 09:00 and 15:00 h. Mice were brought to a holding room
in the hallway of the testing area at least 30 min prior to behavioural testing. All task equips
were cleaned thoroughly with 70% ethanol between trials to remove any olfactory cues. Fully
blind rating in tasks that were scored in real time, as well as when scoring was conducted from
videotaped sessions. At least 6 mice per genotype were tested on all behavioural assays.
Additional mice underwent behavioural testing on more than one, but not all assays. Each
animal performed different behavioural tests, but not all of the proposals, always allowing them
a rest between tests and establishing an ascending stress testing order. So, the following testing
order was used in two independent experimental rounds: 1/ locomotor activity/open field,
marble buried, rotarod, tail suspension test and prepulse inhibition of acoustic startle response;
2/ nesting, olfatory test, hot plate, social behavior and motor activity in response to
amphetamine. Experimental mice derived from four different litters in the first round of

experiments. Four additional litters were used in the second round of experiments.

Locomotor activity: Spontaneous activity was measured during 30 min (Ramos-Rodriguez et
al., 2013). Mice were placed in a square arena (45 x 45 cm) enclosed by continuous, 35-cm-
high, opaque walls, located in a room with constant dim lighting (estimated about 10 to 20 lux)
and with constant background noise (i.e. the behavioural tests were performed in silence,
avoiding making noise except for the unavoidable room background noise, such as the
ventilation or light system). All sessions were recorded and evaluated using the SMART 3.0

video tracking system (Panlab). Activity in arbitrary units (mobility respect to reference, video
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snapshot, by the software) was collected in 5 min intervals and total time. In addition, the
resting time and the number of grooming and rearing events were registered as a measure of

motor stereotypies.

Open field (OF): The open field test was performed in 2,025 cm? enclosure over 10 min, the
centre of which was defined as a square that covered 50% of the total OF square area. The time
spent in the central area was monitored over a 10 min test period using the SMART 3.0 video
tracking system (Panlab). Thigmotactic behaviour data are expressed as Log of the ratio
(timemargin/timecenre) (Wurzman et al., 2015). In addition, the number of fecal boluses was

recorded manually as a measure of anxiety.

Rotarod: Motor coordination and balance were evaluated in a rotarod apparatus (Panlab). Mice
were placed on the rotarod and were performed two test: at a constant speed (5 rpm) for a
maximum of 5 min (3 trials with 15 min rest between trials), and at accelerated speed (4 to 40
rpm in 5 min, only 1 trial) (N6brega et al., 2013). Number of falls was counted by the researcher

and the latency to fall was automatically recorded by the apparatus, respectively.

Marble buried: Mice were placed in a standard plastic cage (40 x 24 x 18 cm) without a lid but
with a filter top so that mice could not cling to the cage lid and could not escape (Wurzman et
al., 2015). The cage contained 20 glass marbles evenly spaced (5 rows of 4 marbles per row) on
top of 4.5 cm of bedding. After 30 min the mouse was removed and the number of buried
marbles (>2/3rds covered) was counted.

Tail suspension test (TST): Mice were individually and securely suspended during 6 min by the
distal end of the tail from an aluminium hook raised 20 cm above the floor using adhesive tape.
The test sessions were recorded and analyzed blindly by a researcher (Berrocoso et al., 2013).
The analysis procedure used was a time sampling technique, whereby the predominant
behaviour in each 5-s period of the 360 s test was scored. The behaviours rated were: (1)
immobility — a mouse was judged to be immobile when it hung by its tail without engaging in
any active behaviour; (2) swinging — a mouse was judged to be swinging when it continuously
moved its paws in the vertical position while keeping its body straight and/or it moved its body
from side to side; (3) curling — a mouse was judged to be curling when it engaged in active
twisting movements of the entire body; (4) clasping — a mouse was judged to be clasping when

it showed hindlimb grasping behaviour towards the abdomen.

Prepulse inhibition (PPI) of acoustic startle response (ASR): Mice were tested for ASR and
PPI using the startle reflex system (Panlab) (Urigiien et al., 2013). Background noise (65 dB)
was present throughout the session. The startling stimulus was a broadband acoustic pulse with

an intensity of 120 dB and duration of 30 milliseconds (ms), and was either administered alone



(“pulse-alone” trials) or paired with the prior presentation of 30 ms duration prepulse
(“prepulse” trials). The prepulse stimulus intensity was set to 3, 6, or 12 dB above background
noise and was delivered with an interstimulus interval of 120 ms (onset-to-onset). A testing
session contained a habituation period, a baseline with 5 pulse-alone, a total of 40 test-trials (10
pulse-alone and 10 prepulse trials at each prepulse intensity) and a final repetition of baseline.
Inter-trial intervals ranged from 10-20 s. Startle magnitude was calculated as the average of the
startle responses to the respective pulse trials. PPl was calculated according to the formula:
%PPI = (1 - (startle response for prepulse + pulse trials/startle response for pulse alone trials)) x
100.

Olfatory test: Mice were habituated to the flavour of a novel food (Kellogg’s Chocolate Cereal
bar) for 3 days prior, in order to avoid food neophobia on the day of testing. Olfactory ability
was evaluated following a period of food deprivation; all food was removed from the home cage
16-20 h before the test. On the day of the test, each mouse was placed in a clean cage
containing 3 cm of bedding and allowed to explore for 5 min. The animal was removed from the
cage, and 1 cm? piece of cereal bar was buried in the cage bedding, approximately 1 cm below

the surface of the litter (Moy et al., 2007). The latency to find the food was measured.

Hot plate: Response to an acute thermal stimulus was measured using the hot plate test
(Berrocoso and Mico, 2009). The mouse was placed on a flat, black metal surface (Ugo Basile,
Socrel DS-37) maintained at 55° C and surrounded by a square transparent plexiglass barrier to
prevent jumping off. The latency to the first paw lick, jump or vocalization was measured by an
observer using a foot pedal-controlled timer. A maximum cut-off time of 30 s was used to

prevent the risk of tissue damage to the paws.

Social behaviour: This experiment was performed in an experimental cage (40 x 24 x 18 cm)
with bedding. For habituation, subject mice were first placed in the middle of the cage and
allowed to explore for 10 min. For the novelty preference test, an empty wire cage (wire cups;
diameter, 7.7 cm; height, 10 cm) was placed in a chamber side, and then the subject mice were
allowed to explore for 10 min. For the sociability test, a novel mouse (stranger, different strain,
age-matched male C3H/HeJ mice) was enclosed in the wire cage and placed in the same
chamber side, and again the subject mice were allowed to explore for 10 min. The time spent in
sniffing each wire cage (empty and stranger house) and in each of the side chambers and the
latency to the first contact was measured. A mouse was considered to be sniffing the wire cage

when its head was facing the cage within 1 cm (Moretti et al., 2005).

Nesting: Nest building and utilization were assessed during 2 days of single housing (Moretti et
al., 2005). Nesting material, two cotton wafers (5 cm?®), was introduced in the cage. After 1 h

and 24 h, the quality together with the height of the nest was recorded. Nest quality was
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measured using the following scale: (0) nesting material unmodified; (1) flat nest with partially
shredded nesting material; (2) shallow nest with shredded material, but lacking fully formed
walls; (3) nest with well-developed walls; and (4) nest in a shape of a cocoon with partial or

complete roof.

Motor activity in response to amphetamine: Amphetamine-induced behavioural sensitization
was measured (Urigiien et al., 2013). Mice were injected with amphetamine (5 mg/kg, i.p.) and
spontaneous locomotion was evaluated with a computerized video-tracking system (SMART

3.0, PanLab) for 20 min before and 60 min after injection.

Immunohistochemistry

Animals were perfused with paraformaldehyde (4%) at the end of the behavioural experiments.
TH expression was evaluated in dopaminergic (substantia nigra (SN), ventral tegmental area
(VTA), caudate putamen (CPu)) and noradrenergic nuclei (Al, A2, C1, C2, C3, A5, A6 (LC)
and A7). Sections were submitted to an inactivation of endogenous peroxidase with PBS
containing 0.3% hydrogen peroxide (30 min) prior to the incubation with a rabbit anti-TH at 4°
C (1:1000, Abcam, ab113, for 48 h for optical analysis; 1:2000, Sigma, T8780, for 24 h, for
stereological analysis). Subsequently, the sections were incubated 1.5 h with a biotinylated
donkey anti-rabbit (1:200, Jackson Immunoresearch Europe, 711-065-152, for optical analysis)
or goat anti-rabbit (1:200, Vector, BA-1000, for stereological analysis). Afterwards, sections
were incubated for another hour in avidin—biotin complex (ABC, Vector PK-6100) conjugated
with horseradish peroxidase (1:200). Visualization of the immunostaining was achieved using
the 3,3’-diaminobenzidine tetrahydrochloride (DAB) reaction (5 min in 0.05 M Tris buffer
containing 0.05% DAB and 0.003% hydrogen peroxide). Sections were mounted on gelatine-

coated slides, cleared in xylene and coverslipped with Eukitt.

For optical density analysis, for each structure, 1 of every 4 sections of 50 pum was evaluated.
The number of TH-immunoreactivity (TH-IR) cells was captured on an Olympus BX60
microscope. An experimenter blind to the conditions manually counted the labelled cell bodies
(TH-IR) in an average of 4-6 sections per animal (n=4-5). Optical density of TH expression was
calculated after delimited the region of interest manually and applying the mean of intensity less
the background noise of each section (4-6 sections except for CPu: 10 sections) using Fiji Image

J (W. Rasband, National Institutes of Health) and therefore expressing in arbitrary units (a.u.).

For stereological analysis, sections of 30 um thickness were evaluated. Analysis were made in a
bounded region of the SN with a length of 300 microns in the anterior—posterior axis centred at
the point of injection (5.5 mm with respect to bregma), that is, between 5.35 and 5.65 mm with

respect to bregma (Franklin, 2019). In each case, 5 sections per animal were used, with random



starting point and systematically distributed through the anterior—posterior axis of the analyzed
region. The number of TH-positive neurons in the SN was estimated using a fractionator
sampling design (Gundersen et al., 1988). Counts were made at regular predetermined intervals
(x =150 um and y = 200 um) within each section. An unbiased counting frame of known area
(40 pm x 25 pm = 1000 um?) was superimposed on the tissue section image under a 100x oil
immersion objective. Therefore, the area sampling fraction is 1000/(150 x 200) = 0.033. The
entire z-dimension of each section was sampled; hence, the section thickness sampling fraction
was 1. In all animals, 30-um sections, each 100 um apart, were analysed; thus, the fraction of
sections sampled was 30/100 = 0.30. The number of neurons in the analysed region was
estimated by multiplying the number of neurons counted within the sample regions by the

reciprocals of the area sampling fraction and the fraction of section sampled.
Immunofluorescence

Animals were perfused and sections of 30 um thickness were evaluated. Incubations and washes
for all the antibodies were in PBS, pH 7.4. All work was done at RT. The slides were washed
three times in PBS and then incubated with citrate 0,024% for 30 min at 80° C. After three
washes, the slides were incubated with PBS-T 1% for 1 h. Then the sections were blocked with
BSA (5%) in PBS-T 1% for 2 h. For double-labelling of TH with CASP3, the slides were
incubated overnight at 4° C with either sheep-derived anti-TH (1:1000, NOVUS, NB300-110)
and goat-derived anti-CASP3 (1:250, Cell signalling Technology, #9662S), diluted in PBS-T
1% containing 1% BSA. Thereafter, sections were washed six 10-min rinses in PBS-T 0.1%,
and incubated with donkey anti-sheep secondary antibody conjugated to Alexa 647 (1:500, for
TH; Thermo Fisher Scientific, A-21448) and rabbit anti-goat secondary antibody conjugated to
Alexa 488 (1:500, for CASP3; Thermo Fisher Scientific, A11055), diluted in PBS-T 0.1%
containing 1% BSA, for 1 h at 22 + 1° C in the dark. Thereafter, sections were washed six 10-
min rinses in PBS-T 0.1% and mounting with 50 % glycerol. In parallel, we carried out the
respective negative controls to verify the specificity of the antibodies (data not shown).
Fluorescence images were acquired using a confocal laser scanning microscope (Zeiss LSM 7

DUO) and processed using Fiji ImageJ (W. Rasband, National Institutes of Health).
Real-Time RT-PCR

Animals used for RT-PCR were sacrificed by decapitation. SN was dissected from each mouse,
snap frozen in liquid nitrogen and stored at -80° C. Total RNA was extracted from the mouse
SN of different groups using RNeasy® kit (Qiagen). cDNA was synthesized from 1 pg of total
RNA using Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) in 20 puL

reaction volume as described by the manufacturer.



Real-time PCR was performed using 5 pL SensiFAST™ SYBR NO-ROX KIT (Bioline, United
States), 0.4 puL of each primer, and 4.2 pL. cDNA to get to a final reaction volume of 10 pL for
384-well plate. Controls were carried out without cDNA. Amplification was run in a
Lightcycler® 480 Instrument Il (Roche) thermal cycler at 95° C for 2 min followed by 40 cycles
consisting of a denaturation phase for 5 s at 95° C, followed by a second phase of hybridization
at 65° C for 10 s, and a final phase of elongation at 72° C for 20 s. The process was terminated
by a final step of 7 min at 72° C. Analysis confirmed a single PCR product. -actin served as
reference gene and was used for samples normalization. The cycle at which each sample crossed
a fluorescence threshold (Ct value) was determined, and the triplicate values for each cDNA
were averaged. The primer sequence are: TH (F:5- GGCTATGCTCTCCCTCACG and R:5"-
CTTCTCTTTGATGTCACGCACG) and B-actin (F:5- CTGAAGGGCCTCTATGCTAC and
R: 5- CCACAGTACCGTTCCAGAAG)

Microdialysis

Microdialysis in the corpus striatum was performed with an I-shaped cannula (Santiago and
Westerink, 1990). The exposed tip of the dialysis membrane was 2 mm. The dialysis tube (ID:
0.22 mm; OD: 0.31 mm) was prepared from polyacrylonitrile/sodium methalyl sulfonate
copolymer (AN 69, Hospal, Barcelona, Spain). The stereotaxic coordinates used were AP =
+0.4 mm; L =+2.5 mm, DV =-1.0 mm (De Leonibus et al., 2005).

The perfusion experiments were carried out at 24 h and at 48 h after implantation of the probe.
Microdialysis and subsequent chemical analysis were performed using an automated on-line
sample injection system (Westerink et al., 1987). The corpus striatum was perfused at a flow
rate of 3.0 pl/min, using a microperfusion pump (model 22, Harvard Apparatus, South Natick,
MA, U.S.A), with a Ringer's solution containing (in mM): NaCl, 140; KClI, 4.0; CaCl,, 1.2; and
MgCl,, 1.0. With the help of an electronic timer, the injection valve was held in the load
position for 15 min, during which the sample loop (40 ul) was filled with dialysate. The valve
then switched automatically to the injection position for 15 s. This procedure was repeated

every 15 min, the time needed to record a complete chromatogram.
Electron microscopy

Two control and two TH-CASP3KO mice were deeply anesthetized with pentobarbital (80
mg/kg i.p.) and perfused intracardially for 5 min with ice-cold 4% paraformaldehyde, 0.1%
glutaraldehyde and 0.02% Ca Cl, in 0.12 M phosphate buffer, pH 7.3 (PB) fixative, followed by
ice-cold 4% paraformaldehyde and 0.02% ClI.Ca in PB fixative for 20 min. After dissection, the
brains were stored overnight in the last fixative at 4° C. Coronal sections (50 um thick) of the

brain were cut on a Leica 1000S vibratome and collected in PBS. After incubation in PBS and
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0.025% Triton X100 (10 min RT), the sections were immersed for 1 h in blocking solution
(10% BSA in PBS) and incubated overnight with a rabbit polyclonal anti-TH antibody (1:500,
Sigma, T8700) diluted in a solution of 5% BSA in PBS without Triton X100. After several
rinses in PBS, the sections were incubated for 1 h in donkey anti-rabbit biotinylated 1gG (1:200,
Invitrogen, A16039) diluted in PBS. Thereafter, the sections were incubated for 1 h in ABC
(Vector) diluted 1:400 in PBS. The conjugate was revealed by 0.3% DAB and 0.04% nickel
sulphate in PB. After several rinses in PB, the labelling in the caudate nucleus was checked and
selected labelled sections were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer
(pH 7.2), stained in block with 1% uranyl acetate in 70% ethanol, dehydrated with an increased
gradient of ethanol, and embedded in Durcupan (Fluka®). Semithin (1.5 um) and ultrathin (60-
70 nm) sections were obtained on a Leica UC6 ultramicrotome. Semithin sections were stained
with 1% toluidine blue. Ultrathin sections were collected in copper grids (150 and 300 mesh),
and observed without counterstaining in a Zeiss Libra EM at 80 kV (CITIUS, University of
Seville).

For quantitative analysis mosaics of the dorsal caudate nucleus of 3 x 3 (85 pum? area)
microphotographs were obtained with the multiple image acquisition application of the
Olympus iTEM software®. Mosaics of a same section were stitched by using the Image
Composite Editor software (Microsoft®), obtaining images whose area ranged between 233.53
and 614.13 pm?. To ensure that all synapses considered for counting were absolutely different,
each mosaic series were obtained from ultrathin sections ribbons collected on grids whose
cutting distance was of 3 um far from the precedent grid. All counting were made with the Fiji
ImageJ software (W. Rasband, National Institutes of Health).

Data analyses and statistics

Data were analysed with GraphPad PrismTM 4.0 (GraphPad Software, San Diego, CA, USA).
Results are expressed as mean = SEM values. Data were analyzed by using unpaired Student’s
t-test or repeated measures ANOVA (post-hoc Newman-Keuls). The level of significance was
set to p<0.05.

RESULTS
THCrCASP3" conditional mice.

To study the role of CASP3 in dopaminergic neurons, a conditional mouse was generated with
CASP3 depletion in those neurons (see Material and Methods section and Fig. 1A). Next, we
wondered if our experimental mice effectively had a specific reduction of CASP3 expression in
TH-positive neurons. For that, we performed immunofluorescence assays to detect CASP3 in

TH-positive neurons. Staining was generally mild with cytoplasmic and nuclear location, as it
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has been previously described in human and canine neurons, and in human lymphocytes
(Ramuz et al., 2003; Schlein et al., 2019). The intensity of CASP3 labelling observed presented
a significant reduction of ~62% (p=0.002) in the mean intensity of CASP3 in TH-positive
neurons in the SN pars compacta (SNpc) of the experimental mice in comparison with the

control ones (Fig. 1B, C).
CASP3 deletion in TH neurons alters dopaminergic system in TH-CASP3KO mice.

In order to estimate the number of TH-positive neurons in the SNpc in TH-CASP3KO and
control mice (Fig. 2A, B and C), an immunohistochemistry approach was used. This analysis
demonstrated a more intense TH immunohistochemical signal in the SNpc of TH-CASP3KO
mice than in controls (Fig. 2A and B). Indeed, optical density of TH immunoreactivity in SNpc
(Fig. 2D; p<0.01) and VTA (Suppl. Fig. 1B; p<0.01) were increased as compared with controls.
To corroborate the increase in TH immunostaining in the midbrain, the level of TH mRNA was
measured by qPCR obtaining an increase of ~41% in the TH-CASP3KO vs. control animals
(Fig. 2E; p<0.01). We next performed a stereological analysis of TH-positive neurons in the
entire SN and found a significant increase by 1.5 times in the number of TH-positive neurons in
TH-CASP3KO animals (Fig. 2B; p<0.05). Further support of a developmental deficit in the
midbrain relies on the volume of the SNpc, which increased by ~54% in TH-CASP3KO mice
(p<0.01; Fig. 2C). Other catecholaminergic nuclei, such as the locus coeruleus, were studied,

but no differences were found between the experimental groups (Suppl. Fig. 1).

The striatum is the main target of dopaminergic innervation arising from the neurons of the
SNpc; for that, we wondered if the increase of TH-positive neurons in SNpc led to the increase
in dopaminergic projection fibres to the striatum. Surprisingly, a ~15% decrease of TH-
immunoreactivity was found in TH-CASP3KO mice (Fig. 2F, G; p<0.05).

In vivo levels of dopamine and its metabolites are altered in TH-CASP3KO mice.

Microdialysis was performed in the striatum of control and experimental mice to measure both
extracellular basal levels of DA and its metabolites (3,4-Dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA)) and potassium-induced release. This analysis demonstrated a
reduction in the striatal basal levels of DA (~58%; Fig. 3A; p<0.05) and HVA (~44%; Fig. 3C;
p<0.05) in TH-CASP3KO animals compared with controls. Furthermore, the extracellular
output of DA augmented in both groups after the perfusion of KCI 60 mM aimed to depolarize
neurons and evoke DA release (Fig. 3D), although DA level remained lower in the striatum of
TH-CASP3KO mice than in control ones.

Casp3 deletion in TH neurons alters the number of synapses in the caudate nucleus of TH-
CASP3KO mice.
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According with the complexity of their postsynaptic elements, chemical central nervous system
synapses have been classified into four main types from the simplest ones, in which the active
zone faces a straight postsynaptic density, to the more complex ones, such as those formed by
mossy fibres (for a review, (Petralia et al., 2018)). Here, two main groups of synapses have been
considered: (i) axospinous synapses (Fig. 4A-C, s), and non-axospinous synapses including both
axodendritic and axosomatic synapses (Fig. 4A-B, arrows). From pioneer descriptions, the
dopaminergic nigrostriatal synapses were mainly simple synapses: 59% axospinous; 35%
axodendritic; 6% axosomatic (for a review, (Smith and Bolam, 1990)). These descriptions have
been confirmed here in striatal TH-immunolabelled synapses observed by electron microscopy
(Fig. 4D-E, asterisks). Quantification of all synapses (labelled and unlabelled ones) did not
show significant differences between TH-CASP3KO and control mice in neither the number of
striatum synapses (Fig. 41, T; p=0.31) nor their ratio according the size of the striatum neuropile
used for counts (control 1608.09 pm? mean = 321.62 + 42.58 pm? vs. TH-CASP3KO 1589.47
um? mean = 397.37 = 73.60 pum? p=0.41) (Fig. 4G, T; p=0.23). However, significant
differences were found in the types of synapses between the experimental groups in the dorsal
caudate nuclei. Thus, an increase in the number of non-axospinous synapses (Fig. 41-J, nAS;
p<0.05) accompanied by a clear decrease in the number of type 1 or perforated synapses (Fig.
41-J, P; p<0.05) was consistently found in the caudate nucleus of TH-CASP3KO mice relative
to the controls. Since significant differences were found in striatal TH optical density between
control and TH-CASP3KO mice (Fig. 2F-G), we considered quantifying both, TH-
immunolabelled synapses and TH-immunolabelled profiles throughout the dorsal caudate
neuropil (Fig. 4D-E, Ip). In the caudate nucleus of TH-CASP3KO animals, the number of
labelled presynaptic terminals (Fig. 4G, p<0.05), the number of TH labelled profiles (Fig. 4F,
p<0.05), and the ratio of TH labelled presynaptic endings (Fig. 4H, p<0.05) were lower than in
the controls. Taken together, these data reinforce the observation that TH-CASP3KO mice show
lower TH innervation in the dorsal caudate nucleus than the control ones. This decrease was
accompanied by a misbalanced distribution of plastic synapses (i.e. type 1 or perforated

synapses; (Petralia et al., 2018)), whose number was lower in TH-CASP3KO mice.
TH-CASP3KO mice exhibit hypolocomotion, repetitive and perseverative behaviours.

In the striatum of TH-CASP3KO mice, less TH* synapsis and reduced DA release may indicate
that this model could have motor behaviour impairment. To test this, a complete set of
behaviour paradigms was carried out. Strong male bias in ASD prevalence has been consistently
observed (consensus ratio of ~4:1 (male/female)) (Werling and Geschwind, 2013).
Consequently, males were used to avoid confounding effects ascribed to female sex hormones.
First, spontaneous locomotor activity was reduced in TH-CASP3KO mice compared with the

control animals (Fig. 5A; ~30% of the control mice; p<0.01). This reduction was also observed
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after amphetamine administration (Suppl. Fig. 2); interestingly, activity did not decrease over
time in comparison with control mice (Fig. 5B). Therefore, TH-CASP3KO mice did not show
any habituation to the context. Resting time in the experimental group, as it was expected after
locomotor activity results, was increased ~72% (Fig. 5C; p<0.05). Second, using the same test,
the typical stereotypies in mice were measured, founding and increase in both grooming and
rearing movements in TH-CASP3KO mice compared with the control group (Fig. 5D). Next,
we wondered if these motor alterations were accompanied by impairment of motor coordination
and balance. The rotarod performance of TH-CASP3KO mice was similar to the control group
in both the accelerated rotarod (4 to 40 rpm; Fig. 5E) and constant velocity during the trial 2 and
3 (5 rpm; Fig. 5F). However, we have found a temporal improvement in the rotarod
performance during the trial 1 in TH-CASP3KO mice (see Fig. 5F). Despite this, both
experimental groups had a progressive decrease in the number of falls compared with the first
trial (Fig. 5F; p<0.001). Therefore, decreased activity along with increased of stereotypes in our
model could also be linked to anxiety- and/or depression-like behaviour. To study this, the time
spent in the margin of the open field arena in comparison with the centre was measured; the
time spent in the margin was ~51% higher in TH-CASP3KO than in control mice (Fig. 6A, B;
p<0.01). Furthermore, the experimental mice showed a thrice increment of fecal boluses in open
field test (Fig. 6C; p<0.001). Another typical test to measure anxious behaviour is the buried
marble test (Fig. 6D); in this test, experimental mice buried less marbles than controls (Fig. 6E;
p<0.01). Additionally, after performance of the tail suspension test (Fig. 6F), TH-CASP3KO
mice showed more immobility (p<0.001) and clasping (p<0.01), and less swinging (p<0.001)
than control mice (Fig. 6G). Taken together, these data indicated that TH-CASP3KO mice
exhibited hypolocomotor activity and altered behaviour associated with typical anxiety- and

depression-like behaviour.
TH-CASP3KO mice display atypical responses to sensory stimuli.

Repetitive behaviour could be related to sensorimotor gating deficit (Perry et al., 2007). In order
to test this, the acoustic startle response (ASR) and PPI ratio were measured in control and TH-
CASP3KO mice. PPl measures the attenuation of a reflexive startle response when starting
stimulus is delivered after a weak pre-stimulus (prepulse). Significant differences at different
decibel levels were detected at low intensities pulses (prepulses intensities) in TH-CASP3KO
mice (Fig. 7A). However, they did not show differences in auditory startle response to a 120 dB
broadband noise pulse (Fig. 7B) or in PPI (when prepulses were delivered at intensities of 3 dB,
6 dB, and 12 dB above a background noise of 65 dB) in comparison with control mice (Fig.
7C). Furthermore, TH-CASP3KO displayed higher latency to uncover buried food in the

olfactory test (Fig. 7D; p<0.01) and a decreased thermal threshold, indicated by lower response
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latency in hot plate (Fig. 7E; p<0.001). These results may represent evidence of a “sensory

modulation behaviour” in reaction to aversive sensory experience in the TH-CASP3KO mice.
TH-CASP3KO mice exhibit a reduced social interaction and nesting ability.

Mus musculus are a highly social species. Therefore, after the results previously described, it
was necessary to investigate social interaction in the experimental mice. First, a modified home
cage was used to test social approach behaviour; the home cage contains a wirecage, empty or
occupied for stranger mice from a different strain (Fig. 8A). TH-CASP3KO mice spent less
time (~13% lower than the control group; Fig. 8B; p<0.05) in close proximity to the object
(empty wirecage). This difference was greater (~41% less time) when the wirecage contained a
stranger mouse (Fig. 8B; p<0.001). Similarly, the latency to first contact was higher in TH-
CASP3KO mice than in control group when the compartment was empty (Control: 23.75 + 3.3
s; TH-CASP3KO: 52.7 £ 4.5 s; p<0.001) and when it was occupied with a stranger mouse
(Control: 8.6 £ 1.5 s; TH-CASP3KO: 66.5 + 3.8 s; p<0.001; Fig. 8C). Finally, time spent
sniffing the empty object or the stranger mouse (Fig. 8A) was longer in control mice (Fig. 8D;
p<0.001). Second, the nesting patterns in the home cage were studied since changes could
indicate impairment in social behaviour. Examples of nests built by control and TH-CASP3KO
mice 1 h after introduction of nesting material into the cage are shown in Fig. 8E. The height
(Fig. 8F) and quality score (Fig. 8G) of the nesting were reduced in TH-CASP3KO at 1 h, but
recovered control mice level at 24 h (Fig 8F, G). Altogether, these results indicate that the
absence of CASP3 in TH neurons triggered an altered behaviour, including clear social deficit

behaviour.
DISCUSSION

We present strong evidence that selective deletion of the Casp3 gene within TH-expressing cells
impairs the normal developmental of midbrain dopaminergic neurons as evidenced by a
significant increase in the number of dopaminergic neurons in SN and VTA along with
significant higher volume of the ventral mesencephalon. These findings confirm the key role of
CASP3 in shaping the midbrain to ensure proper dopaminergic synaptic connections as
previously suggested (Jackson-Lewis et al., 2000; Janec and Burke, 1993). Neurochemical,
anatomical and behavioural analysis of TH-CASP3KO demonstrated an overall dopaminergic
hypofunction and a behavioural pattern resembling core symptoms of ASD. Our study

revitalizes the importance of DA-associated pathways in the aetiology of ASD.

CASP3 is an executioner caspase known primarily for its role in apoptosis although there has
been a growing identification of novel non-apoptotic functions ascribed to this caspase in the

brain (Hyman and Yuan, 2012; Shen et al., 2018). Depending of the mouse strain, Casp3KO
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mice may die perinatally along with hyperplasias and disorganized cell migration in the brain
(Hyman and Yuan, 2012). Ventral midbrain dopaminergic neurons have been shown to die by
apoptosis during early postnatal development even though the genesis of these neurons is
complete during embryogenesis (Bayer et al., 1995). During this period, the co-existence of
normal SNpc neurons with degenerating cells exhibiting morphological features of apoptosis
along with CASP3 activation is evident (Jackson-Lewis et al., 2000). However, conclusive
evidence supporting a critical role of CASP3 driving the developmental death of dopaminergic
neurons is lacking. Consequently, the generation of conditional Casp3KO mice specific for
catecholaminergic neurons arise as a prerequisite to test the direct involvement of this caspase in
the development of mesencephalic dopaminergic neurons. In addition, and given the pleiotropic
roles of DA in motor activity, motivation, attention and reward processing (Wise, 2004), any
developmental impairment of the dopaminergic system may be useful to identify its potential
involvement in psychiatric diseases. In order to validate our model, we first studied the state of
the dopaminergic system in the different catecholaminergic nuclei. Using densitometry analysis,
we found that TH-Casp3KO mice showed alterations in the SNpc, VTA, and striatum but not in
locus coeruleus. Stereological analysis demonstrated an increase in the number of TH-positive
neurons in the whole ventral mesencephalon along with larger volume of the ventral midbrain.
These results were confirmed by the measurement of the mRNA levels of TH in the midbrain
using qPCR. Our analysis fits well with the regionally-specific apoptotic death of nigral
dopaminergic neurons during early postnatal development (Jackson-Lewis et al., 2000). Indeed,
during this period, the selective death of nigral dopaminergic neurons sculpt the midbrain to
clearly define the SNpc (Jackson-Lewis et al., 2000), a feature not entirely present in TH-
CASP3KO mice. Taken together, our study supports the involvement of CASP3 in governing
the fate of nigral dopaminergic neurons during the period of target competition for appropriate

synapses

Since neuronal programmed cell death is inherently associated to innervating target tissues to
select functional synapses (Dekkers et al., 2013), presynaptic dopaminergic function was

analysed by combining microdialysis, immunohistochemistry and electron microscopy.

Densitometric analysis of TH-labelled dopaminergic terminals demonstrated significant less
innervation in striatum, thus suggesting affectation of nigrostriatal circuit, which control key
aspects of motor motivation (Wise, 2004). The presence of less TH-positive fibers in the
striatum of TH-CASP3KO mice could be accompanied by a decline of DA release. Firing
associated to striatal dopaminergic terminals will dictate DA release and its basal extracellular
levels. Potassium-evoked DA release and DA basal extracellular levels were significantly
reduced in TH-CASP3KO mice, a clear indication of dopaminergic hypofunction in

dopaminergic innervating tissues. Further support of this view is deduced from extracellular
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output of DOPAC and HVA in response to KCI perfusion. Altogether, these data suggest that
the specific deletion of Casp3 in TH neurons impairs the dopaminergic system that in turn is

unable to maintain normal DA levels in the striatum.

It is well established that functional synapses are selected through competition of target-derived
growth factors during brain development. Having established an important role of CASP3 in
shaping the dopaminergic system in the midbrain leading to overall dopaminergic hypofunction,
we next studied the architecture of striatal synapses by electron microscopy, which revealed
numerous synaptic differences. The number of positive TH profiles, the TH ratio of positive
synapses with respect to the total, and the ratio between TH positive synapses and the number of
non-synaptic positive TH profiles were significantly lower in the TH-CASP3KO group. In
contrast, no significant differences were found in the total number of synapses per area or in the
total number of synapses counted between the two groups thus supporting that the synaptic
decrease in the TH-CASP3KO group is exclusively due to the alteration of the dopaminergic

pathways.

Once we demonstrated that our TH-CASP3KO mouse exhibited abnormalities in the
dopaminergic pathways, we designed a battery of behavioural tests to analyse relevant functions
ascribed to DA including motor activity, motivation and reward processing (Wise, 2004).
Remarkably, our experimental mice exhibited impaired social interaction, restrictive interests
and repetitive stereotypic behaviours (e.g. self-grooming), which are considered the core
symptoms of ASD (Lai et al., 2014). Since our animal mouse model exhibits neurochemical
dopaminergic deficits through a CASP3-dependent mechanism, it becomes plausible that
alterations in the dopaminergic system play a significant role in the aetiology of ASD. Indeed,
different lines of evidence from clinical studies have implicated DA deficits in ASD (Dichter et
al., 2012b; Ernst et al., 1997; Lee et al., 2018; Paval, 2017; Scott-Van Zeeland et al., 2010).
Further, the mesolimbic cortex and striatum have been both linked to ASD through a DA
imbalance in those brain areas (Damasio and Maurer, 1978; Maurer and Damasio, 1982). In
fact, it is interesting to note that transgenic mice affecting specific DA pathways have shown
only a restrictive behavioural pattern resembling ASD. Thus, D1A KO mice show some
repetitive behaviours, including self-grooming (Cromwell et al., 1998). Further, another
hallmark of ASD is social avoidance, which has been associated to prefrontal cortex neurons
projecting to medium spiny neurons expressing D2 receptors. In fact, it is not surprising that
several authors have proposed a dopaminergic hypothesis to explain several features of ASD
(Kuo and Liu, 2018; Pavil, 2017). Yet, transgenic mouse models of DA deficiency that
recapitulate all core symptoms of ASD have been elusive so far. Evidence supporting this
hypothesis comes from the signalling alterations displayed in the mesolimbic and nigrostriatal

dopaminergic pathways of autistic subjects (Chevallier et al., 2012; Ernst et al., 1997; Haber,
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2014; Scott-Van Zeeland et al., 2010). The mesolimbic pathway is involved in high-order brain
functions such as reward and motivation-related behaviours (Chevallier et al., 2012), and some
studies have shown that ASD is characterized by a general hypoactivation of the reward system
(Dichter et al., 2012b), which occurs for both social and non-social rewards (Dichter et al.,
2012c; Scott-Van Zeeland et al., 2010). Supporting this view, DA release is reduced in areas
related to the mesolimbic system (Ernst et al., 1997; Scott-Van Zeeland et al., 2010). In our
experimental mice, loss of motivation was supported by the hypolocomotion and anxiety in the
open field test and the decreased number of buried marble test (Thomas et al., 2009) while
impairment of social behaviour was deduced from the social interaction and the nest
construction tests. Indeed, animal models showing alterations in social behaviour have been
proposed in the literature as models of ASD (Bielsky et al., 2004; Caston et al., 1998;
Engelmann and Landgraf, 1994; Lijam et al., 1997; Schneider and Przewtocki, 2005; Wersinger
et al., 2002).

The stereotyped behaviours observed in autistic patients have been suggested to arise from a
dysfunction of the nigrostriatal pathway, which controls the motor aspects of goal-directed
behaviour in order to develop appropriate actions towards obtaining a specific outcome
(Chevallier et al., 2012; Haber, 2014). In fact, our TH-CASP3KO mice showed ritual
movements and motor stereotypes at much higher levels than control animals, in line with
previously reported animal models of ASD (Caston et al., 1998; Hornig et al., 1999; Schneider
and Przewtlocki, 2005; Silverman et al., 2010; Wolterink et al., 2001). Another interesting
feature present in a high percentage of ASD patients, especially children, is sensory
abnormalities (Kern et al., 2006; Kohl et al., 2014; Leekam et al., 2007; Tomchek and Dunn,
2007). Remarkably, our experimental mice also showed signs of a faster nociceptive reaction
and a greater response to startle to acoustic stimuli, indicating a hypersensitivity to sensory
stimuli (pain and hearing sensitivity). Our model also showed that TH-CASP3KO animals have
higher latency to uncover buried food in the olfactory test. It is worthy to note that alterations in
olfaction are observed in ASD (Rozenkrantz et al., 2015), although it could also be an early
symptom in neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s
diseases (Attems et al., 2014) and in depression (Yuan and Slotnick, 2014).

All this data led us to suggest that specific Casp3 deletion in the dopaminergic system could be
an encouraging ASD model. However, we cannot exclude other possibilities. Hence, all the
behavioural impairments that seem to occur at the initial phase of each test could be a
consequence of low effort-based motivation, a deficit in preference for spatial and social novelty
or even reflect learning impairments. Another issue is the fact that autism and ADHD share

several neurological pathways and symptoms (Bariselli et al., 2016; Gargaro et al., 2011,
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Viggiano et al., 2002). With our results we cannot rule out its comorbidity in our TH-
CASP3KO model.

CONCLUSION

In summary, we provide compelling evidence supporting a key role of CASP3 in the
development and synaptic maturation of the mesencephalic dopaminergic system. Specific
deletion of Casp3 in catecholaminergic neurons leads to DA hypofunction affecting nigrostriatal
dopaminergic pathway. These mice exhibited a robust phenotype displaying all core symptoms
of ASD. Indeed, most available ASD models fail to address heterogeneity of the disease,
mimicking a minimal part of the aetiology. Typical examples include genetic mutations already
described for the disease (Bielsky et al., 2004; Moles et al., 2004; Winslow et al., 2000),
exposure to risk factors (Pletnikov et al., 2002; Schneider and Przewtocki, 2005), or injuries in
areas that are known to be affected in these patients (Bobée et al., 2000; Schneider and Koch,
2005; Wolterink et al., 2001). Our study revitalizes the potential involvement of dopaminergic
transmission in ASD and provides an excellent animal tool to further shed light into ASD

pathogenesis.
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FIGURE LEGENDS

Figure 1. Conditional TH-CASP3KO mice generation. (A) Crossing strategy for the
generation of the TH-CASP3KO mice. (B) Coronal sections of SN of control and TH-
CASP3KO animals showing immunoreactivity against CASP3 and TH; TH-CASP3KO mice
lack CASP3 immunoreactivity (asterisks). (C) Quantification of CASP3 immunoreactivity in
TH?* cells. Data are expressed as mean + SEM of n=3 mice/group. The two-tailed unpaired t test
was used. **, p<0.001 versus control mice. Scale bar = 20 um.

Figure 2: Effect of the deletion of Casp3 on TH expression. (A) Coronal sections of SN from
control and TH-CASP3KO animals showing immunoreactivity against TH. A greater
immunoreactivity and number of fibres can be observed in the TH-CASP3KO animal. The
deletion of Casp3 generated differences in the percentage of TH-positive cells in the SN (B),
volume of the SN in mm? (C), optical density of TH immunoreactivity (D) and TH mRNA
expression level (E). Data are expressed as mean + SEM of n=4 mice/group. The two-tailed
unpaired t test was used. *, p<0.05, **, p<0.01 versus control mice. Scale bar = 250 and 100
um. (F) Coronal sections from the Striatum of control and TH-CASP3KO animals showing
immunoreactivity against TH. The deletion of Casp3 decreased the optical density of TH
immunoreactivity (G). Data are expressed as mean + SEM of n=4 mice/group. The two-tailed

unpaired t test was used. *, p<0.05 versus the control mice.

Figure 3. Effect of the deletion of Casp3 on the levels of DA and its metabolites in the
striatum. Quantification by microdialysis of DA (A) and its metabolites DOPAC (B) and HVA
(D) in the striatum of control and TH-CASP3KO animals. Effect of 60 mM potassium perfusion
on the extracellular levels of DA (D), DOPAC (E) and HVA (F) in the striatum of control and
TH-CASP3KO animals. Data are expressed as mean + SEM of n=4 mice/group. The two-tailed

unpaired t test was used.*, p<0.05 ; #, p<0.01 versus control mice.

Figure 4. Synapses types in striatum. (A-E). Microphotographs from selected regions of the
dorsal caudate nucleus illustrating the types of TH immunonegative (A-C) and immunopositive
(D-E) synapses. Axosomatic (arrows in A and D) and axodendritic (B, arrow) synapses were
considered together as non-axospinous synapses (NAS in | and J). Two types of axospinous
synapses were considered; the most abundant was the macular synapse, whose presynaptic
ending (A-C, asterisks) faces to a continuous postsynaptic density (A-C, s), while the less
abundant perforated synapses have a small region of their postsynaptic region devoid of density
invaginates (C, p, arrowheads) at the presynaptic ending (C, pr). TH labelled synapses (asterisk
in D and E) were axosomatic (D, arrowhead) and axospinous (E), in which the postsynaptic
density is even less evident (E, arrowheads) than in the same type of unstained synapses (E, s).

(F-J) Quantification shows that the numbers of TH labelled profiles (F), the density of synapses
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(G), the ratio between TH labelled synapses and TH non-synaptic labelled profiles (H), and the
number of TH-labelled synapses (I, THI), are significantly lower in TH-CASP3KO caudate
nucleus relative to the control ones. The significant decrease in the number of labelled (THI) (I
and J) and perforated (P) (I and J) synapses, is correlated with a significant increase in the
number of non axospinous (NAS) (I and J) and in the percentage of macular (M) (J) synapses in
TH-CASP3KO caudate nucleus relative to the control ones. A two tailed Student’s t-test was
used to compare the data from TH-CASP3KO and control mice. Any p-value less than 0.05 was
considered significant, indicated as follows: * p<0.05 and ** p<0.01. Ip, TH non-synaptic

labelled profile. n, neuron. s, spine. Bar = 1um (A-E).

Figure 5. TH-CASP3KO mice are hypolocomotive and exhibit repetitive and perseverative
behaviours. (A, B) TH-CASP3KO mice show a significantly reduced activity over 30 min
(total activity; A) and for each time bin (every 5 min; B) in the open field test. Exploratory
behaviour does not decrease over time in comparison with control mice (B). TH-CASP3KO
mice do not show any habituation (B). TH-CASP3KO mice display an increased resting
behaviour during the open field session (C), spending more time grooming and rearing than
control animals (D). Their rotarod performance is comparable to control group, in both the
accelerated rotarod (4 to 40 rpm; E) and constant velocity rotarod (5 rpm; F). Data are expressed
as mean £ SEM of n=6-8 mice/group. The two-tailed unpaired t test was used (A, C-E).
Repeated Measures ANOVA (post-hoc Newman-Keuls) was used (B, F).*, p<0.05; **, p<0.01;

*** n<0.001 versus control mice. a.u.: arbitrary units.

Figure 6. TH-CASP3KO mice exhibit anxiety and depression-like behaviour. (A-C) TH-
CASP3KO spend more time in the open field margins relative to the centre. (A) Representative
traces of the open field activity and (B) its quantification, expressed as Log of the ratio of time
spent in the margin and time in the centre (B). Additionally, the experimental group produced
more fecal boluses during testing compared with control mice (C). (D, E) Representative images
of marble burying TH-CASP3KO mice bury significantly fewer marbles over 30 min compared
with the control group. (F) Photographs illustrating behaviour scores in the tail suspension test
showing; immobility (mice hang without activity); swinging (keeping their body straight,
continuously moving their paws in a vertical position and/or moving their bodies from side to
side); curling (engaged in active twisting movements); and clasping (hind limb grasping
behaviour towards the abdomen). TH-CASP3KO mice show more immobility and clasping and
less active behaviours (swinging and curling) compared with control mice (G). Data are
expressed as mean + SEM of n=6-8 mice/group. The two-tailed unpaired t test was used.*, p

<0.05; **, p<0.01; *** p<0.001 versus control mice.
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Figure 7. TH-CASP3KO mice exhibit atypical responses to sensory stimuli. (A) Significant
differences at all decibel levels were detected on acoustic startle responses to low intensities
pulses in TH-CASP3KO mice. They showed no differences in either auditory startle response to
a 120 dB broadband noise pulse (B) or in prepulse inhibition (PPI; when prepulses were
delivered at intensities of 3 dB, 6 dB, and 12 dB above a background noise of 65 dB) in
comparison with control mice (C). (D) TH-CASP3KO displayed higher latency to uncover
buried food on olfactory test respect to control mice. (E) Increased response on hot plate in TH-
CASP3KO measured as mean latency time to jump, lick or vocalize. Data are expressed as
mean + SEM of n=6-8 mice/group. The two-tailed unpaired t test was used. *, p<0.05: **,

p<0.01; ***p<0.001 versus control mice.

Figure 8. TH-CASP3KO mice exhibit a reduced social interaction and nesting ability. (A)
Diagram of a test box (home cage) containing a small compartment, which is either empty or
occupied with stranger mice (from a different strain). (B) TH-CASP3KO mice spent less time in
close proximity to the object (empty compartment) or the stranger mouse (time in chamber
side), and more time away from it. Similarly, the latency to first contact (C) is higher than in
control mice, and the duration of sniffing the object or the stranger mouse in control mice was
longer in control mice (D). (E) Examples of nests built by control and TH-CASP3KO mice 1 h
after the introduction of nesting material into the cage. The height (F) and quality score (G) of
the nest was reduced in TH-CASP3KO mice at 1 h, but recovered the control level at 24 h. Data
are expressed as mean £ SEM of n=6-8 mice/group. The two-tailed unpaired t test was used (B-
D). Repeated Measures ANOVA (post-hoc Newman-Keuls) was used (F, G). *, p<0.05; **,
p<0.01; *** p<0.001 versus control mice. *** in red p<0.001 control versus control at 5 min.
*** in blue p<0.001 TH-CASP3KO versus TH-CASP3KO at 5 min.

Supplementary Figure 1. Effect of the deletion of Casp3 on the expression of TH in
dopaminergic and noradrenergic nuclei. Optical density studies were performed in
dopaminergic nuclei such as VTA (A, B), Locus coeruleus (C, D), and noradrenergic nuclei
such as A7 (E, F), A5 (G, H), C1 (A4, 1,J), Al (K, L), A2 (M, N) and C2 and C3 (A3, O, P, Q)
of control and TH-CASP3KO animals. No significant differences were found in the different
nuclei except in the case of the VTA where an increase on the optical density of TH
immunoreactivity in TH-CASP3KO mice was observed. Data are expressed as mean + SEM of

n=4 mice/group. The two-tailed unpaired t test was used. **, p<0.01 versus control mice.

Supplementary Figure 2. TH-CASP3KO mice exhibited a slower response to
amphetamine. (A) Activity during amphetamine (Amph) injection in control (black square)
and TH-CASP3KO (orange square) mice showing an enhanced locomotor activity following a

single injection of 5 mg/kg i.p. of Amph. (B) Representative traces of locomotor activity in a

27



control and an experimental mouse. (C) Area generated in the graph representation of the
activity during Amph administration in control (gray) and TH-CASP3KO (orange) mice. (D)
Area under the curve in graph in C. Data are expressed as mean + SEM of n=6-8 mice/group.
The two-tailed unpaired t test was used (D).*, p<0.05; **, p<0.01 and ***, p<0.001 versus
control mice. Repeated Measures ANOVA (post-hoc Newman-Keuls) was used (A). * in red
p<0.05; *** in red p<0.001 control versus control at 5 min. * in blue p<0.05 TH-CASP3KO
versus TH-CASP3KO at 5 min.
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Figure 5 o
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Open field thigmotaxis and anxiety-like behavior
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Acoustic startle response and prepulse inhibition
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Supp. Figure 2

Activity/5 min (a.u.)
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