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 ABSTRACT: Causal factors of psychiatric diseases are unclear, due to gene×environment 

interactions. Evaluation of consequences, after a dopamine-transporter (DAT) gene knock-out (DAT-

KO), has enhanced understanding the pathological dynamics of several brain disorders, such as 

Attention-Deficit/Hyperactivity and Bipolar-Affective disorders. Recently, our attention has shifted 

to DAT hypo-functional (heterozygous, HET) rodents: HET dams display less maternal care and HET 

females display marked hypo-locomotion if cared by HET dams (Mariano et al., 2019). We assessed 

phenotypes of male DAT-heterozygous rats as a function of their parents: we compared “maternal” 

origin (MAT-HET, obtained by breeding KO-male rats with WT-female dams) to “mixed” origin 

(MIX-HET, obtained by classical breeding, both heterozygous parents) of the allele. MAT-HET 

subjects had significantly longer rhythms of daily locomotor activity than MIX-HET and WT-control 

subjects. Furthermore, acute methylphenidate (MPH: 0, 1, 2 mg/kg) revealed elevated threshold for 

locomotor stimulation in MAT-HETs, with no response to the lower dose. Finally, by Porsolt-Test, 

MAT-HETs showed enhanced escape-seeking (diving) with more transitions towards behavioral 

despair (floating). When comparing both MAT- and MIX-HET to WT-control rats, decreased levels 

of DAT and HDAC4 were evident in the ventral-striatum; moreover, with respect to MIX-HET 

subjects, MAT-HET ones displayed increased DAT density in dorsal-striatum. MAT-HET rats 

displayed region-specific changes in DAT expression, compared to “classical” MIX-HET subjects: 

greater DAT availability may elevate threshold for dopamine action. Further behavioral and 

epigenetic characterizations of MAT-HETs, together with deeper characterization of maternal roles, 

could help to explore parent-of-origin mechanisms for such a peculiar phenotype. 

 

 Keywords: DAT heterozygous rat; depressive-like phenotype; histone-deacetylase; nucleus 

accumbens; parent-of-origin effect. 

 

  



 

 

 INTRODUCTION 

 

Progress in understanding the etiology of psychiatric disorders is the basis for more effective and 

targeted treatment strategies. Several studies showed that genetic factors play an important role in the 

etiology of psychiatric traits (Khodayari et al., 2004; Franke et al., 2009; Psychiatric GWAS 

Consortium, 2009; Pettersson et al., 2018). Nevertheless, most psychiatric disorders have 

multifactorial origins and a number of other factors, including gene×environment interactions as well 

as parent-of-origin effects (POE), are potentially involved (Goose et al., 2007; Zayats et al., 2015). 

During gestation and early postnatal life, brain development is modulated by complex epigenetically-

mediated processes, related to environmental stimuli. In particular, POE represent situations in which 

parents may differ in the relative quantity and/or quality of risk factors they transmit, providing a not 

equal contribution to a given phenotype in their offspring.  

Several mechanisms are responsible for differential influence of one parent or the other, including 

chromosomal or hormonal factors, sex differences, or genomic imprinting (Kopsida et al., 2011). 

“Imprinting” is the term used to describe epigenetic effects, like the differential expression of paternal 

versus maternal alleles (Wilkins and Haig, 2003). Imprinting may involve differential epigenetic 

regulation and/or differential chromatin modification of the paternally vs. maternally inherited alleles 

(Delaval and Feil, 2004; Holmes and Soloway, 2006). In particular, recent work indicates that 

parental-specific histone acetylation is involved in regulation of imprinted gene expression (Svensson 

et al., 1998; Saitoh and Wada, 2000; Grandjean et al. 2001). Acetylation of histones is a dynamic 

process, able to affect chromatin structure in response to upstream cellular signaling: it can regulate 

multiple behavioral phenomena, including addiction, depression, age-related memory impairment, 

and memory recall (Fischer et al., 2010).  

In this regard, manipulation of the dopamine-transporter (DAT) gene in animal models results in 

delayed clearance of dopamine (DA) and down-regulation of its receptors, contributing to several 

behavioral abnormalities including hyperactivity and cognitive deficits (Giros et al., 1996; Jones et 

al., 1998). The DAergic neurotransmitter system is being investigated because of involvement in 

critical psycho-physiological functions, including the modulation of motivated and habit-based 

behavioral processes (Kim et al., 2015; Owesson-White et al., 2016). Dysregulation in DAergic 

reuptake and signaling is implicated in pathogenesis of many psychiatric diseases, among which 

schizophrenia (SZ) (Barr et al., 2001), post-traumatic stress disorder (PTSD) (Drury et al., 2009); 

bipolar disorder (BD) (Hahn and Blakely, 2007), attention-deficit / hyper-activity disorder (ADHD) 

(Yang et al. 2007), as well as obsessive-compulsive disorder (OCD) (Kurian et al., 2011). Due to the 



 

 

variety of symptoms in the listed diseases, it is not easy to select focused tasks for DAT-related 

phenotyping in a preclinical study; given the pilot nature of our approach, we reasoned that a basic 

role of DAT would be better explored by general locomotion, both as a (spontaneous) circadian 

rhythm and after a (drug-induced) psychostimulant challenge. Additionally, general tone of mood 

may be revealed by the Porsolt-Test: of note, increased depressive-like behavior was found in 

heterozygous mice for DAT (Perona et al. 2008). 

Dopamine transporter (DAT) belongs to the solute carrier family 6 (SLC6) of plasma membrane 

transporters; it plays a key role in DA reuptake by transporting released DA from the synaptic cleft 

back into neurons. Hence, proper regulation of DAT expression modulates the DA signaling intensity 

by regulating concentration of extracellular DA and is critical to maintain homeostasis in the DAergic 

system (Giros and Caron, 1993; Bannon et al., 2001). Several genetic polymorphisms of the human 

DAT gene (DAT1, SLC6A3) have been currently identified (Mazei-Robinson and Blakely, 2005). 

Furthermore, human SLC6A3 gene shows a high sensitivity to epigenetic regulation (Shumay et al., 

2010). Histone deacetylases (HDACs) have been indicated as the main epigenetic mechanism 

regulating the expression of DAT gene (Green et al., 2015; 2017). Notably, adolescent stress leads to 

deficits that recapitulate schizophrenia, whereas adult stress induces a depressive hypo-dopaminergic 

state. Enhanced neural plasticity, induced via histone deacetylase (HDAC) inhibition, may render 

adult stress able to produce schizophrenia-like rather than depression-like sequelae, similarly to 

adolescent stress (Gomes et al., 2019). As such, the HDAC activity seems to set the direction for 

deleterious effects, when adversities tap the DAT gene.  

Genetically modified animals were proven to be a valid tool to elucidate the implication of DA 

reuptake abnormalities in the onset of psychiatric diseases. DAT-KO rats, generated by using zinc-

finger nucleases (ZFN) technology (Geurts et al., 2009; Brown et al., 2013), have been phenotyped 

(Adinolfi et al., 2018, 2019) and represent the most recent example of DAT deficiency model (Leo 

et al., 2018; Cinque et al., 2018). In addition, N157K rats have been developed where ENU-driven 

mutagenesis generated a fully translated but functionally less active DAT protein (by a T/G 

transversion in DAT exon 3; asparagine into lysine at residue 157; Vengeliene et al., 2017). In order 

to explore the complex interaction between gene and environment, we consider the DAT-HET 

animals more informative than full KO ones (Tremolizzo et al., 2002): having just one functioning 

copy, they may be more sensitive to insults leading to epigenetic modulation of this allele.  

Yet, the majority of studies have been conducted so far by the classical breeding of male and female 

DAT-HET subjects: this offspring includes “mixed” heterozygous subjects (MIX-HET), in which the 

functional DAT allele has mixed paternal/maternal origin (Adinolfi et al., 2019). To highlight the 



 

 

potential involvement of a parent-of-origin effect, we recently (footnote 1) explored a rather 

unconventional DAT heterozygous rat (MAT-HET), obtained by the breeding of KO-male rats with 

WT-female dams, with functional DAT alleles always of maternal origin (Mariano et al., 2019). Since 

WT dams take care of homogeneous “maternal” HET pups, while HET dams take care of all pups 

with “mixed” DAT-HET, KO and WT genotypes, our rats also differed for postnatal environment 

(i.e. their dam, but also siblings). In recent studies, focused on drug intake by mothers during 

lactation, the additive / separate role of altered maternal cares was highlighted (see Brancato et al., 

2016; Chirico et al., 2017).  

In addition, different parental allele origin can have unsuspected effects. The male KO father could 

transmit to a MAT offspring unknown patterns of epigenetic signatures. Just as an example, cocaine 

is able to increase testicular and germ cell HDAC 3/4 and decrease expression of HDAC1/2, with the 

potential to transmit these to the offspring (González et al., 2018). It is tempting to hypothesize that 

similar change may be present in DAT KO males, chronically exposed to enhanced DA both centrally 

and peripherally, and influence their offspring. Presently we focused on two putative players of 

parental-specific epigenetics: the nuclear-specific HDAC2 (Fischer at al., 2010) and the synaptic 

HDAC4 (Darcy et al., 2010). Moreover, since regional expression of different HDAC isoforms are 

likely to contribute to refined and specific control over transcription and neural signaling, we 

investigated ventral and dorsal striata. Notably, for the sake of translation to clinics, HDAC inhibition 

is emerging as a possible approach against depression (Misztak et al., 2018) as well as BD 

(Konstantakopoulos et al., 2015). We propose that slight epigenetic changes, in specific areas of 

otherwise heterozygous subjects, could account for overlaps and divergences between phenotypes 

reminiscent of unipolar versus bipolar depression. Focus of the present study was to investigate male 

heterozygous subjects, cared by either HET or WT dams plus inheriting crucial epigenetic signature 

from either HET or KO fathers. The present pilot study reports differences in both behavior and these 

epigenetic markers.  

  

  

MATERIALS AND METHODS 

 

All experimental procedures have been approved by Italian Ministry of Health (formal license 

937/2018-PR for project D9997.61, held by W. Adriani). Procedures were carried out in agreement 

with the Directive of the European Community Council (2010/63/EEC) and with the Italian Law 



 

 

guidelines. All efforts have made to minimize the suffering of animals and to use as few animals as 

possible, according to the 3Rs principle. 

 

 SUBJECTS AND THEIR BREEDING CONDITIONS 

The generation of Wistar-Han DAT knockout rats was previously described elsewhere (Leo et al., 

2018). The colony was maintained in a heterozygous-heterozygous breeding fashion; these animals 

were intercrossed for >10 generations at Istituto Italiano di Tecnologia (IIT, Genoa, Italy). Some 

progenitors were shipped to Istituto Superiore di Sanità (ISS, Rome, Italy), where male DAT-KO rats 

were bred with Wistar-Han WT females (Charles River, Italy), to obtain a G0 of new founder 

heterozygous subjects. Present subjects are G2 of our ISS colony.  

All experimental subjects were adult male rats (> 120 days old; average weight 500 g) born from this 

colony in our facility. In this experiment, we used a maximum of 3 male pups per dam: control 

subjects were 15 wild-type (WT) rats, out of 30 in total born and nurtured by 6 wild-type dams (bred 

with wild-type males); in parallel, experimental subjects were 15 “mixed” heterozygous rats (MIX-

HET), out of 25 in total born and nurtured by 5 DAT heterozygous dams (classical breeding), and 15 

“maternal” heterozygous rats (MAT-HET), out of 25 in total born and nurtured by 5 wild type dams: 

this latter group had DAT-KO male rats as fathers (“biased” unconventional breeding). Therefore, 

the functional DAT allele was always of maternal origin for MAT-HET and had a mixed paternal / 

maternal origin for MIX-HET offspring (hence justifying the use of the “maternal” vs “mixed” terms, 

respectively). Their siblings that did not take part to this study were assigned to another experiment 

(Zelli et al., in preparation). The exclusion of the KO subjects (siblings of MIX-HET) was 

mandatory, because of their abnormal activity pattern. 

They were placed since weaning in group, within Plexiglas cages (33x13x14 cm), located in an air-

conditioned room (T 21˚±1˚C, relative humidity 60±10%) with a 12h dark-light cycle (light turned-

on at 7.00 PM). From weaning at post-natal day (PND) 21 to PND70 housing was of three non-

sibling, same-genotype subjects (total 15 cages); at PND 100, housing was rearranged to two non-

sibling, same-genotype rats (total 21 cages). One animal per group was sacrificed at this point. 

 Water and food (Altromin-R, A. Rieper S.p.A., Vandoies, Italy) were available ad libitum. All the 

animals (n=15 per group) underwent all the three protocols, listed below. These protocols were 

carried out sequentially, from the least invasive to the most invasive.  

 



 

 

 EXPERIMENTAL PROTOCOLS 

All these experiments were conducted inside the animal facility room, to minimize the impact of 

transport to a novel testing room. 

 

 DAILY ACTIVITY CYCLE 

Rats were divided into three runs with counterbalanced genotypes (one sibling per run). From PND 

70 to 100, they were individually placed (one run per week) within fifteen homecage-like cages into 

the recording rack, with ad libitum water and food (Altromin-R, A. Rieper S.p.A, Vandoies, Italy). 

This recording rack unit is located in the same facility room as the colony housing racks.  

As apparatus for continuous monitoring of locomotor activity, we used our automatic recording rack, 

with passive infrared sensors placed on top of each home-cage (ActiviScope system; TechnoSmart, 

Rome, Italy; www.newbehavior.com), hosted in the same air-conditioned room (temperature 21 ± 1° 

C, humidity 60 ± 10%) with a 12 h reverse dark-light cycle (light turned-on at 7.00 p.m.). Sensors 

detected rats’ movement (sampling rate: 20 per second). Data were recorded by a computer with 

dedicated software; scores were automatically divided into 60-min intervals. The seven days of 

recording per individual rat were averaged, to obtain a single “mean” day; as such, each rat entered 

into analysis only once, with its own “mean” day, composed of 24 hourly points per rat (n=15 per 

group). Authorized personnel was allowed to access the animal room according to the routine 

schedule. 

 

 LOCOMOTION WITH METHYLPHENIDATE 

To assess differential effect on rats’ locomotor activity, related to their genotype, we injected all 

subjects with methylphenidate (i.v., through tail vein), a central nervous system stimulant used in the 

treatment of ADHD and narcolepsy. For each of the three main groups (WT, MIX-HET, MAT-HET), 

we formed three dosage groups (n=5 per group): Control subjects were injected with vehicle (saline 

solution i.v. 200 µl/kg); MPH1 subjects were injected with a dose of 1 mg/kg methyl-phenidate i.v. ; 

MPH2 subjects were injected with a dose of 2 mg/kg methyl-phenidate i.v. (through the tail vein).  

The home-cages were carefully placed on a cart, the three home-mate animals were individually 

weighed, injected and gently placed individually in a Plexiglas cage, identical to the home-cage, 

which was immediately positioned in the recording rack. The experiment was designed so that each 



 

 

home-mate out of a triplet was randomly assigned to one of the three planned doses (vehicle, MPH 

1, MPH 2), and monitored for three hours. Then, the triplet was placed back into their home cage.  

Apparatus: to assess the drug-induced activity we used the same recording rack (as above). Scores 

were automatically divided into 6-min intervals and further grouped five-by-five. As such, each rat 

entered into analysis only once, with its own dosage and data from its six 30-min bins. The access of 

authorized personnel to the animal room was not restricted and followed the routine schedule. 

 

 FORCED-SWIM TEST 

A forced-swim test was carried out at PND > 100 (n=14 per genotype), during 4 working days. 

According to classical experimental design, during a first exposure day rats were subjected to a 15-

min habituation. During a second exposure day, each subject underwent the actual test consisting in 

a 5-min trial. Each animal was gently placed into a 25 cm (d) x 65 cm (h) cylindrical container filled 

with slightly warmed water (24˚C ±1). Water level was 30 cm deep, so that animals were unable to 

touch the bottom of the tank neither with their paws nor with their tails. Water was changed every 

two subjects, which were wiped and dried for 1 min with a hair-phon.  

Behavior was videotaped and scored for: floating (immobile), climbing, swimming, struggling and 

diving. Each videotape was viewed and scored two times (spaced one month apart) by a skilled 

researcher who was blinded to the genotype group. As such, each rat entered into analysis twice, with 

its own data from both views considered as a repeated measure (n=14 per group). Data were analyzed 

as latency, frequency and total duration of each behavior. The program in use was The Observer 

(Noldus, the Netherlands).  

 

 EX-VIVO IMMUNOFLUORESCENCE EXPERIMENTS 

Dopamine transporter (DAT) and two HDAC enzymes (HDAC2 and HDAC4) were investigated by 

immuno-fluorescence in the nucleus accumbens (shell and core sub-regions) and dorsal striatum. 

Among class I HDACs, despite the high sequence homology between HDAC1 and HDAC2, only 

HDAC2 was reported to be decreased in SZ patients (Schroeder et al., 2017). HDAC4 has been 

localized in the dendritic shaft and spines (Darcy et al., 2010), suggesting that it may work outside 

the cell body to regulate synaptic activity and dendritic transport. 

 

 PERFUSION AND TISSUE PROCESSING 



 

 

Half of all rats already used for behavior, one month after last protocol and two months after the acute 

drug injection, were given a lethal dose of 10% chloral hydrate i.p. and transcardially perfused with 

cold phosphate-buffered saline (PBS; pH 7.4) followed by fixation with cold 4% para-formaldehyde 

(PFA) in PBS. One rat per genotype was discarded at this point due to inaccurate perfusion (final n=6 

per genotype group). The other half of all rats (21 subjects) were used for other endpoints. Brains 

were dissected and post-fixed in the same fixative at 4°C. Coronal sections were prepared on a 

vibratome at 35 m thickness. Serial slices were collected through the rostral-caudal dimension of 

the brain (every 6th slice) and stored at 4°C in 0.05% sodium azide in PBS until immuno-fluorescence 

processing. 

  

 IMMUNOFLUORESCENCE STAINING 

Immuno-fluorescence was performed as previously described (Brancato et al., 2017), with a few 

modifications. Sections (six per animal) were washed in PBS for 30 min and incubated in blocking 

solution (3% normal goat serum (NGS), 0.3% Triton X-100 in PBS) for 2h at room temperature under 

gentle shaking. Sections were then incubated in primary antibody solution for 72h at 4°C under gentle 

shaking (3% NGS, 0.3% Tween-20 in PBS, with either anti-DAT, anti-HDAC2 or anti-HDAC4, 

1:500, Santa Cruz Biotech). Sections were washed in PBS for 1h, incubated in secondary antibody 

for 2h under gentle shaking (goat anti-rat Alexa Fluor 488, 1:200; goat anti-mouse Alexa Fluor 594, 

1:200; Jackson ImmunoResearch, West Grove, PA, USA). After 1h washing in PBS, slices were 

briefly incubated with DAPI (1 mg/ml). Sections were slide mounted in Vectashield (Vector 

Laboratories, Burlingame, CA, USA) and cover slipped before imaging.  

  

 IMAGING FOR IMMUNOFLUORESCENCE 

DAT-, HDAC2- and HDAC4 immuno-fluorescence were analyzed in the nucleus accumbens (shell 

and core sub-regions) and dorsal striatum, according to Paxinos and Watson (2013). Images (one per 

section) were acquired on a Meiji Techno fluorescence microscope at 40x magnification, by 

employing Deltapix Insight imaging software. Immuno-fluorescence was quantified by using ImageJ, 

measuring number of DAT-positive puncta or mean grey values for histone deacetylase-related 

images, and reported as relative immuno-reactivity values normalized to the average of WT controls.  

 

 STATISTICS 



 

 

Data from experiments were analyzed by analysis of variance (ANOVA), when data distributions 

were normal and had equal variances (except in one instance, see below). The first assumption was 

confirmed by Shapiro-Wilk test (W = 0.9276, p = 0.1759; W = 0.9552, p = 0.5126; W = 0.9800, p = 

0.9502 ; W = 0.9710, p = 0.8170; W = 0.9390, p = 0.2789; W = 0.8985, p = 0.0541; W = 0.9255, p = 

0.1618); the second assumption was confirmed by the Levene test (W = lower than critical value) or 

the Brown-Forsythe test (F2, 15 = lower than critical value). Statistical analyses were performed using 

Prism 6.0 (Graphpad Software Inc.) or StatView II (Abacus Concepts). Statistical significance was 

set at p < 0.05 and significant tendencies for 0.10 < p < 0.05 were also explored.  

 

 BEHAVIORAL DATA  

Analysis about daily activity cycles was carried out by a repeated-measure 3x24 model (n=15 per 

group). ANOVA had two independent variables: between-subjects genotype (3 levels: WT, MAT-

HET, MIX-HET), and within-subject time (24 levels). Analysis concerning locomotor activity with 

methylphenidate was carried out by a split-plot 3x3x6 model (n=5 per group) with three independent 

variables: between-subjects genotype (3 levels: WT, MIX-HET, MAT-HET) and treatment (3 levels: 

VEH, MPH 1, MPH 2), plus within-subject time (6 levels: 5-min bins). 

Regarding the forced-swim test, analysis was carried out by a 3x2 model (n=14 per group) with two 

independent variables: between-subjects genotype (3 levels: WT, MIX-HET, MAT-HET), and 

within-subject observer (2 levels: view 1, view 2). In order to reach the fifteen control subjects, one 

was estimated by exploiting a replacement dataset, with values of one median WT rat from another 

experiment. No rats were excluded from the study.  

Multiple post-hoc comparisons were run with the Tukey HSD test, which is protected against false 

positives and may be used even on non significant ANOVA effects. Although the general advice is 

that individual post-hoc comparisons are inappropriate, when run without significant ANOVA effects 

or interactions, the logic behind multiple-comparison procedures does not require overall significance 

before making specific comparisons. These tests were designed, and their significance levels 

established, without regard to the overall F value (see Howell, 2010; pages 372 and 373).  

 

 EX-VIVO DATA  

Immuno-fluorescence data from each brain region were tested for normality and equal variances. 

When data exhibited normality and equal variances, differences between groups were determined 



 

 

using a one-way ANOVA (considering genotype as factor) followed by a Tukey’s post-hoc test (when 

necessary). HDAC4 NAcc data did not display a normal distribution nor equal variances: these were 

analyzed by a non-parametric Kruskal–Wallis test, followed by a Dunn’s post-hoc test (when 

necessary). Data are reported as mean±SD.  

 

RESULTS 

 

 DAILY ACTIVITY CYCLE 

We compared locomotor activity for MAT-HET, MIX-HET and WT subjects. The main effect of 

genotype was not significant; however, the interaction between time and genotype was significant 

(Time*Genotype, F46, 920 = 1.902, p < 0.001). The post-hoc analysis (Tukey threshold: q = 467.8; df 

= 920; k = 9) showed significant differences between activities of MAT-HET and WT subjects in 

waking hours. Furthermore, in their first part of sleep period, particularly at about 11 p.m., the MAT-

HET rats showed a significantly higher locomotor activity also compared to MIX-HET group (see 

Fig. 1), which already reached WT-like rest levels. 

 

 LOCOMOTION WITH METHYLPHENIDATE 

Treatment with methylphenidate showed a very clear and dose-related pharmacological effect on 

locomotor activity in all genotypes (Treatment F2, 34 = 10.112, p < 0.001) as well as the interaction 

with time (Time*Genotype, F10, 170 = 3.646, p < 0.001). Due to the elevated impact of the drug, dose-

related variations of locomotor activity were almost but not entirely similar for the genotypes, with 

MPH1 usually about intermediate between MPH2 and vehicle (VEH).  

The main effect of genotype as well as interaction between genotype and treatment did not show 

significance (p >> 0.10). Nevertheless, the post-hoc analysis (Tukey threshold: q = 209.19; df = 34; 

k = 4) displayed a strong and characteristic profile for the MAT-HET subjects. Specifically, whereas 

there was no difference at all between MPH1 and vehicle, so pharmacological effect was limited to 

MPH2, greatly elevated over both MPH1 and vehicle (p < 0.01). On the contrary, for both MIX-HET 

and WT subjects, locomotor activity did not show any significant difference between MPH2 and 

intermediate MPH1 levels, whereas activity after injection of MPH2 was significantly higher than 

vehicle group (p < 0.01). Since three comparisons emerged, we considered Bonferroni-corrected 

significance only for p < 0.0165; as a whole, the picture displayed that only MIX-HET and WT 



 

 

subjects showed a robust and nearly significant difference between dose MPH1 and vehicle (Fig. 2), 

while MAT-HET rats did not.  

 

 DEPRESSIVE PHENOTYPE 

There were no significant differences in latency, frequency and total duration of swimming and 

struggling behavior among the three groups. The diving behavior was shown only by MIX-HET and 

MAT-HET rats (genotype, F2, 40 = 1.752; p = 0.1865) while completely absent for WT controls (Fig. 

3a). Total number of times for the start of a floating behavior was significantly higher for MAT-HET 

rats (genotype, F2, 40 = 4.374; p = 0.0191) compared to the remaining two genotype groups (Fig. 3b), 

whereas total duration and latency did not significantly differ. Finally, there was also a significant 

trend about climbing behavior (genotype, F2, 40 = 2.604; p = 0.0865), being the MIX-HET slightly 

more likely to climb the tank wall (Fig. 3c); the post-hoc analysis, however, just missed significance 

(Tukey threshold: q = 41.87; df = 40; k = 3).  

 

 EX-VIVO IMMUNOFLUORESCENCE  

 HISTONE DEACETYLASE 2 – HDAC2 

Ventral and dorsal striata were investigated for the expression of HDAC isoforms, involved in 

epigenetic modifications in rats. One-way ANOVA on HDAC2 immuno-positivity data revealed no 

significant effect of genotype in nucleus accumbens shell and core (F2, 15 = 0.3261, p = 0.7267; F2, 15 

= 0.9568, p = 0.4064) nor in dorsal striatum (F2, 15 = 0.4331, p = 0.6564).  

 HISTONE DEACETYLASE 4 – HDAC4 

At last, HDAC4-positive immunofluorescence was assessed. When the nucleus accumbens was 

examined, data did not show normal distribution (Shapiro-Wilk test in shell, W = 0.8626, p = 0.0135; 

core, W = 0.8668, p = 0.0158); in addition, Brown-Forsythe test indicated that standard deviation 

among groups was statistically different in shell (F2, 15 = 3.769, p = 0.0472) and core (F2, 15 = 3.786, 

p = 0.0467). Thus, the non-parametric Kruskal–Wallis H test showed a significant effect of genotype 

on HDAC4 immuno-positivity in both shell and core (H = 11.1, p < 0.001; H = 9.556, p < 0.01). In 

particular, Dunn’s post-hoc test indicated that HDAC4 immuno-positivity decreased (Fig. 4 a-d) in 

MAT-HET and MIX-HET rats with respect to WT controls in both shell (p < 0.05; p < 0.01) and core 

(p < 0.05; p < 0.05). No significant effects were observed in dorsal striatum (F2, 15 = 0.3755, p = 

0.6933). 



 

 

 DOPAMINE TRANSPORTER - DAT 

DAT-positive puncta were assessed in ventral and dorsal striata of WT, MAT-HET and MIX-HET 

rats. When the nucleus accumbens was examined, analysis showed a significant effect of genotype 

on DAT-positive puncta-density in both shell and core sub-regions (F2, 15 = 7.618, p < 0.01; F2, 15 = 

6.813, p < 0.01). In particular, Tukey’s post-hoc test highlighted that DAT immuno-positivity 

decreased in MAT-HET and MIX-HET rats with respect to WT rats in both shell (q = 4.773, df = 15, 

p < 0.05; q = 4.788, df = 15, p < 0.05) and core (q = 3.736, df = 15, p < 0.05; q = 5.026, df = 15, p < 

0.001) sub-regions (Fig. 5a-e). 

When dorsal striatum was investigated, one-way ANOVA unveiled a significant main effect of 

genotype on DAT-positive puncta-density (F2, 15 = 40.81, p < 0.001), with a significant decrease in 

both MAT-HET and MIX-HET rats when compared to WT rats (q = 8.672, df = 15, p < 0.001; q = 

12.46, df = 15, p<0.001). Nevertheless, MAT-HET rats showed a higher DAT-positive puncta-

density than MIX-HET rats (q = 3.79, df = 15, p<0.05) in the dorsal striatum (Fig. 5a, f-g). 

 

DISCUSSION 

 

The present study allowed us to highlight substantial differences between two subtypes of the same 

genotype, the “maternal” and “mixed” DAT-HET rats; these were born respectively from breeding a 

WT-female with a KO-male or a HET-female with a HET-male: of note, the former had longer 

rhythms of daily locomotor activity, elevated threshold for MPH-induced locomotor stimulation and 

enhanced escape-seeking (diving) with more transitions towards behavioral despair (floating). We 

assumed that (at least some of the) changes, observed in MAT vs MIX heterozygous subjects, were 

due to differential maternal care (further detailed in Mariano et al., 2019). In order to get further 

insights into the neurobiological underpinnings, we evaluated brain regions relevant to decision 

making, motivation, mood regulation and behavioral reactivity: in parallel, we assessed differences 

in DAT-positive fibers and in the chromatin-remodeling epigenetic enzymes (class I and class II 

HDACs, i.e. HDAC2 and HDAC4). 

As for daily activity, MAT-HET subjects displayed significantly enhanced profiles, while MIX-HET 

subjects’ locomotor profile was not significantly increased compared to WT control rats. 

Furthermore, during the transition to the rest phase, MIX-HET rats underwent a rapid activity 

decrease, reaching the same levels of control subjects. In contrast, the hyper-locomotion of MAT-



 

 

HET rats persisted during the first hours of their rest period, thus resulting significantly higher even 

compared to MIX-HET subjects. This made MAT-HET rats quite more similar to DAT-KOs (see 

Leo et al., 2018).  

According to our previous study, administration of MPH had a paradoxical calming effect in 

hyperactive DAT-KO animals, while inducing a strong increase in locomotor activity in DAT-HET 

rats as in WT controls (Leo et al., 2018). However, present MAT-HET subjects displayed a somewhat 

sharper pharmacological response than the classical “mixed” heterozygous rats. MPH, administered 

at doses of 1 and 2 mg/kg i.v., caused a similar dose-related increase of locomotor activity in both 

WT and MIX-HET subjects. Conversely, MAT-HET rats did not show response at the lower dose, 

whereas only the 2 mg/kg one caused a significant increase in locomotor activity compared to both 

the lower dose and vehicle. 

Finally, we assessed the depressive phenotype through the Forced-Swim Test (FST, Porsolt et al., 

1978; Bogdanova et al., 2013; Brancato et al., 2018), one of the most commonly used protocols to 

assess depressive-like behavior in animal models. No significant differences resulted between 

animals as regards the immobility time and the latency to the initial immobility period; yet, MAT-

HET subjects exhibited significantly more frequent initiation of the floating behavior, compared to 

MIX-HET and control groups. Notably, compared to WT ones, only both heterozygous subjects 

exhibited the diving behavior, consistently with a risk-prone phenotype. Furthermore, there was a 

marginal significance in the tendency for MIX-HET subjects to climb the tank walls. Hence, the two 

types of heterozygous rats manifested differential profiles for pro-active behaviors in the FST; only 

MIX-HET rats sought to escape by climbing, whereas only MAT-HET subjects were more often 

displaying transitions towards a state of behavioral despair. 

The immuno-fluorescent assessment of DAT-positive puncta showed, for MAT- and MIX-HET rats, 

a decrease of DAT in both ventral and dorsal striatum, when compared to WT rats. A delayed DA 

uptake from the synaptic cleft, related to decreased DAT levels, may be responsible for the hyper-

locomotion observed in the two HET experimental groups. In particular, in MIX-HET rats, the 

presynaptic store may presumably get exhausted earlier, as a consequence of the reduced DA uptake: 

this may lead to the very rapid decrease in locomotor activity observed at onset of the rest period (see 

Figure 1). On the contrary, the increased DAT density observed in the dorsal striatum of MAT-HET 

rats, with respect to MIX-HET subjects, may help preventing a functional spoiling of DA signaling 

and thus promoted the long-lasting hyper-locomotion. In addition, relatively higher levels of striatal 

DAT density can help explaining the marked change in behavioral response to MPH displayed by 

MAT-HET rats. Since MPH increased DA release by de-activating DAT in the striatum (Kodama et 



 

 

al., 2017), much more dosage may be needed to de-activate an enhanced striatal DAT. In other words, 

MPH effects may be dependent on striatal DAT expression, so that a MPH1 dose was not sufficient 

to lower DA uptake, in the case of MAT-HET rats, as conversely observed in both MIX-HET and 

WT rats. 

To date, few studies investigated epigenetic mechanisms associated with alterations of DAT 

expression. Since acetylation of histones is a dynamic process that regulates gene expression, we 

evaluated one class I HDAC, HDAC2, and one class II HDAC, HDAC4. Although decreased levels 

of HDAC2 were highlighted in the pre-frontal cortex of SZ patients (Schroeder et al., 2017) and may 

be responsible for reduced histone deacetylation and lack of gene-transcription repression, our data 

showed no differences on HDAC2, in the striatum. On the other hand, for HDAC4, we observed 

decreased expression in both core and shell of the nucleus accumbens, for both MAT- and MIX-HET 

rats with respect to WT rats. HDAC4 presents heterogeneous regional and subcellular distribution in 

the brain. It shuttles between cytoplasm and nucleus in response to physiological cues, and its 

regulation may depend on neural activity (not only within a specific region, but in a cell type-specific 

manner as well: see Darcy et al., 2010). In our experimental conditions, the HDAC4 expression 

pattern overlapped with DAT expression.  

More studies are needed to assess whether there is a causal relationship between DA signaling 

alterations and HDAC4 regulation. Interestingly, drugs of abuse inhibited nuclear class II HDAC 

activity, resulting in increased histone acetylation in the nucleus accumbens and creating a permissive 

environment for drug-induced gene expression (Kumar et al., 2005; Host et al., 2011; Griffin et al., 

2017). On the other hand, the repressive properties of class II HDACs on drug-related plasticity and 

behavior have been described: over-expression of HDAC4 in the nucleus accumbens inhibited 

conditioned place preference and motivation for cocaine self-administration (Kumar et al., 2005; 

Wang et al., 2010). It is tempting to speculate that this reduced HDAC4 and DAT levels may increase 

availability of DA in the ventral striatum of all our HET rats. 

  

 THE EPIGENETIC MARK ON A GENETICALLY-VULNERABLE GENOTYPE 

 Here, we present data about long-term sequelae of being cared by either a WT or a DAT-HET 

mother. The former (unconventional) situation increases vulnerability to behavioral transitions: the 

offspring of WT dams (and of KO males) manifested a rather complex phenotype, consisting of 1) 

hyper-locomotion and escape-seeking behavior; 2) a sharp increase in the slope of MPH dose-

response curves; 3) higher transitions towards states of behavioral despair. 



 

 

The causal factors of most psychiatric diseases are so far unclear. Nevertheless, human studies 

involving twins or national registers and, more recently, genome-wide association studies (GWAS) 

showed that genetic factors play an important role (Franke et al., 2009; Polderman et al., 2015; 

Pettersson et al., 2016). In a recent study, Petterson et al. (2018) found that ADHD, ASD, BD, and 

SZ showed heritability between 51 and 80%. The remaining variance indicated that non-genetic 

factors, perhaps including epigenetically-mediated processes, played important roles. Furthermore, 

human studies demonstrated a systematic over-transmission of paternal alleles at candidate genes 

associated with ADHD, including DAT1 (Hawi et al., 2005; Hawi et al., 2010). Such data denoted a 

parent-of-origin effect (POE), not necessarily due to an imprinting process. To mimic a paternal over-

transmission of susceptibility alleles, we run the present experiment with KO fathers bred with WT 

mothers, therefore producing HET subjects -- but differently from classical HET × HET breeding.  

Differences between MAT- and MIX-HET phenotypes, being both DAT-heterozygous (+/-), can be 

ascribed to mechanisms including: 1) parental imprinting, i.e. parent-specific gene expression; 2) 

maternal effect, i.e. hormonal or environmental factors, including the intrauterine environment and 

early post-natal life; 3) a combination of the above. Note that the functional allele is always maternal 

in MAT-HET rats, as paternal allele expression would render these subjects similar to DAT-KOs. 

Conversely, MIX-HET animals are more similar to WTs. 

In MAT-HET rats, the overlap of internalizing (behavioral despair) and externalizing (escape 

seeking) symptoms is combined with hyper-locomotion, a difficulty to get asleep, and a quantal rather 

than graded dose-response curve. This, notably, provided a complex behavioral framework that may 

well represent a model of BD (Meier et al., 2018). Notably, polymorphisms of DAT gene have been 

linked with BD (Greenwood et al, 2006; Pinsonneault et al, 2011): reduced DAT levels were found 

in unmedicated BD patients (Anand et al, 2011). Furthermore, DAT hypomorphic mice (DAT-HY: 

50% expression) exhibited consistent hyper-sensitivity to summer-like and winter-like photo-periods, 

including more mania-relevant and depression-relevant behaviors (Young et al., 2018). Further 

studies following e.g. lithium administration should be carried out to specifically test the presently 

suggested notion.  

Recently, multiple studies have observed that psychiatric disorders such as SZ, ADHD, ASD and BD 

showed common etiological risk factors (Chen et al., 2018; Wen et al., 2018; Sengupta et al., 2018), 

including the rare, yet functional, DAT coding variant Val559 (Thal et al., 2018). These disorders 

could be considered as extremes on a spectrum of overlapping traits (Thapar et al., 2017). In 

particular, ADHD and depression, including BD, often co-occur in the same patient (Meier et al., 

2018; Aedo et al., 2018; Pinna et al., 2019). There are also some evidences of POE in depression: 



 

 

children of fathers with a history of ADHD rated themselves as more depressed than did those of 

mothers with a history of ADHD (Goos et al., 2007). Consistently with the aforementioned results, 

present DAT-heterozygous rats displayed significantly different epigenetic-machinery patterns in 

relation to the parent carrier of the functional allele.  

 

 FUTURE PERSPECTIVES 

We recently described some behavioral anomalies of DAT-HET rats, which however were born from 

a classical HET×HET breeding (Adinolfi et al., 2018, 2019). The phenotypic characterization of 

MAT-HET subjects, born from a KO father bred with a WT dam, could help to explore both genetic 

and epigenetic mechanism of complex psychiatric diseases. We underline that obtaining a DAT-

heterozygous offspring under a classical breeding regimen leads to some limitations: 1) all pups 

including WTs are raised by a HET dam, hence hampering their validity as controls; and 2) for MIX-

HET rats, the parent transmitting the (non) functional allele is entirely unknown. The MAT-HET rats 

are more adherent to real world, since the offspring is: 1) raised by a WT dam, hence allowing a more 

tight comparison with full WT controls; and 2) the father is transmitting the susceptibility gene, 

allowing to model such inheritance. Future work is warranted by exploiting the various breeding 

possibilities further. In line of principle, a lineage (namely, next generations coming from these 

epigenetically-differing HET subjects) may well be explored: offspring of MAT-HET and MIX-HET 

females could - in turn - differ as well. In that case, the question would be what exactly is inherited 

through generations. One possibility may be a different style of maternal care, in turn coming from 

their own mothers (namely, offspring would have a WT compared to a HET grand-dam). As for the 

exact phenotypes, it would be worthy to explore traits related to inhibitory control, for instance with 

tasks for impulsive and/or compulsive behavior.      

 

 

 

FOOTNOTE  

(1) Of note, a specular breeding of WT male rats with KO females was also tried but success has been 

hampered because none of the KO females ever got pregnant.  

 



 

 

 

 

CAPTIONS 

Figure 1. Daily activity cycle (counts per hour, Mean ± SEM): in waking hours, the locomotor 

activity of MAT-HET rats (within home-cages) was significantly higher than WT group, with MIX-

HET subjects being intermediate (n = 15; * P <  0.001); furthermore, in their first part of sleeping 

period, MAT-HET rats showed a significantly higher locomotor activity compared also to the MIX-

HET group ($ P < 0.001).  

Figure 2. Locomotor activity (counts per bin, Mean ± SEM) with acute methylphenidate (0, 1, 

2 mg/kg i.v.): original 6-min bins were collapsed five-by-five; shown is average over three hours of 

observation. We considered Bonferroni-corrected significance only for p < 0.0165; a significant 

difference emerged between pharmacological effect of MPH2 and basal levels for both MPH1 and 

vehicle in MAT-HET subjects. Conversely, there was a similar profile for both WT and MIX-HET 

groups, where MPH1 levels were about intermediate between MPH2 effect and vehicle baseline (n 

= 5 per dosage group; ** p < 0.01). 

Figure 3. Behavior (Mean ± SEM) in the Porsolt’s Forced-Swimming Test. a) Diving (total 

duration): during the second test exposure, diving was shown only by MIX-HET and MAT-HET 

rats (n = 14; p = 0.1865). b) Floating (total number per 5-min session): MAT-HET rats exhibited 

floating more frequently, and significantly if compared to MIX-HET and WT genotype groups (n = 

14; * p = 0.0191). c) Climbing (total duration): MIX-HET rats exhibited slightly more climbing, 

compared to MAT-HET and WT subjects (n = 14; p = 0.0865). 

Figure 4. HDAC4 immuno-fluorescence in the striatum. MAT-HET and MIX-HET rats 

displayed decreased HDAC4 immuno-fluorescence in the shell (a, b) and core (c, d) subregions of 

the nucleus accumbens with respect to WT rats. No significant differences were observed in the 

dorsal striatum. * p<0.05 versus WT, scale bar 100 m. 

Figure 5. DAT immuno-fluorescence in the striatum. DAT-positive puncta-density was 

evaluated in dorsal and ventral striatum, both shell and core subregions (a). MAT-HET and MIX-

HET rats displayed decreased DAT-positive puncta-density in the shell (b, c) and core (d, e) 

subregions of the nucleus accumbens, and in the dorsal striatum (f, g), with respect to WT rats. 

Increased DAT-positive puncta-density was observed in the dorsal striatum of MAT-HET with 

respect to MIX-HET rats (f, g). * p<0.05, ** p<0.01, *** p<0.001 versus WT; ^ p<0.05 versus 

MIX-HET, scale bar 100 m.  
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Motor transitions’ peculiarity of heterozygous DAT rats when offspring of an 

unconventional KOxWT mating 
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DAT hypo-functional (heterozygous, HET) rat dams are known to display less maternal care.   

We compared MAT-HET (KO-male x WT-female) to MIX-HET (heterozygous parents) rats.  

MAT-HETs had more transitions between escape (diving) and despair (floating) on Porsolt.   

When comparing to MIX-HETs, MAT-HETs displayed increased DAT in the dorsal-striatum.  

MAT-HETs could help exploring parent-of-origin mechanisms in peculiar bipolar phenotype.  

 

 


