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Abstract: Monoamine dysfunctions in the prefrontal cortex (PFC) can contribute to diverse neuropsy-
chiatric disorders, including ADHD, bipolar disorder, PTSD and depression. Disrupted dopamine
(DA) homeostasis, and more specifically dopamine transporter (DAT) alterations, have been reported
in a variety of psychiatric and neurodegenerative disorders. Recent studies using female adult rats
heterozygous (DAT+/—) and homozygous (DAT—/—) for DAT gene, showed the utility of those
rats in the study of PTSD and ADHD. Currently, a gap in the knowledge of these disorders affecting
adolescent females still represents a major limit for the development of appropriate treatments. The
present work focuses on the characterization of the PFC function under conditions of heterozygous
and homozygous ablation of DAT during early adolescence based on the known implication of DAT
and PFC DA in psychopathology during adolescence. We report herein that genetic ablation of DAT
in the early adolescent PFC of female rats leads to changes in neuronal and glial cell homeostasis.
In brief, we observed a concurrent hyperactive phenotype, accompanied by PFC alterations in glu-
tamatergic neurotransmission, signs of neurodegeneration and glial activation in DAT-ablated rats.
The present study provides further understanding of underlying neuroinflammatory pathological
processes that occur in DAT-ablated female rats, what can provide novel investigational approaches

in human diseases.

Keywords: dopamine transporter; knockout; prefrontal cortex; neurodegeneration; neuroinflamma-
tion; adolescence

1. Introduction

Genetically determined changes in dopaminergic (DA) activity might contribute to
the occurrence of neuropsychiatric diseases such as PTSD [1,2] and ADHD [3]. Sex-specific
studies have demonstrated that the prevalence of negative outcomes associated with
childhood ADHD [4] and PTSD [5] are higher in women, as well as the incidence of
PTSD [6]. However, little research has focused on sex-specific studies of these pathologies
at both clinical [4,6] and preclinical level [7,8]. Recent studies focusing on adult dopamine
transporter deletion in rats, in the heterozygous and homozygote genotypes, highlighted
that female adult rats from both genotypes display model validity for PTSD and ADHD [9].
On the other hand, male adult DAT—/ — rats also display model validity for ADHD [10,11].
Furthermore, Adinolfi and coworkers have shown that adolescent DAT —/ — rats display
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cognitive alterations [12]. In line with our previous studies, DAT—/ — female rats provide
a highly suitable animal model to investigate the less known pathophysiology of disorders
involving aberrant DA function related to DAT ablation affecting females.

DA homeostasis has been shown to play an important role in prefrontal cortex (PFC)
neuromodulation during postnatal development [13]. Monoamine dysfunctions in PFC are
central features of psychiatric and neurodegenerative disorders [14]. It is well established
that occurrence of a traumatic event during adolescence [4,15], as well as developmental
changes that occur during that stage [4], might increase the risk for PTSD and ADHD,
where DA homeostasis has been shown to be altered [16,17]. Enhanced inflammatory con-
ditions [18] and neurodegenerative hallmarks related to DAT alterations [19-21] are among
the most relevant underlying mechanisms of aberrant PFC function in these disorders.
Recent studies have also shown the important role played by astrocytes in the control of
DA homeostasis in the PFC during early adolescence [13,19], when glutamatergic synapses
in this area are at an important maturational stage [20-22].

In this framework, we sought to investigate the changes that occur in the PFC of
female DAT+/— and DAT—/— rats, with a focus on early adolescence. We aimed to
provide a more comprehensive understanding of the role of DAT dysfunction and its
impact on glial homoeostasis to determine its role in the pathophysiology of several
psychiatric and neurodegenerative diseases. Furthermore, we also investigated parts of
the glutamatergic signaling due its known interaction with the DA system [23-25], and
dysfunctions described in a variety of psychiatric disorders [26-28] with high prevalence
in women and onset during adolescence.

This work focused on the PFC, for its role in controlling executive function during
early adolescence, integrating investigations on the mechanism of neurodegenerative
diseases that involve glial cell function with the use of this new rat mutant model of
aberrant DA neurotransmission. Herein, we report that genetic ablation of DAT in the
adolescent PFC leads to hyperactive phenotype, altered glutamatergic neurotransmission,
neurodegeneration and glial cell activation in DAT+/— and DAT—/ — rats.

2. Methods
2.1. Animals

Wistar Han heterozygous (DAT+/—) and homozygous (DAT—/ —) rats were gener-
ated as previously described [29]. Wildtype (DAT+/+), DAT+/— and DAT—/— female
rats were weaned at post-natal day (PND) 21 and housed in groups of 2-3, with food and
water available ad libitum. The colony was maintained under standard conditions (12 h
light/dark cycle 6 a.m. on—6 p.m. off, 21 £ 1 °C, 40-70% humidity). The breeding scheme
was performed as reported from our group, mating mature DAT+/— female rats of fertile
age (>2 months old) with mature DAT+/— male rats [9,30]. We acknowledge the possible
effect that the breeding strategy could have on the study [30], out of our scope of work. All
of the experiments were conducted in accordance with the National Institute of Health
Guide for Care and Use of Laboratory Animals and approved by the University of Miami
IACUC (Protocol #17-016, Approval Date 15 June 2017). The replacement, reduction and
refinement (3R) principle was applied, and the total number of animals used was 45.

2.2. Locomotor Activity

Locomotor activity was evaluated using Omnitech Digiscan apparatus (AccuScan
Instruments, Columbus, OH, USA) under illuminated conditions. The plexiglass apparatus
(40.4 x 40.5 x 30.3 cm chamber) was equipped with four open field monitors, each made
of 16 light beams placed on the horizontal x and y axes. The hardware detected beam
breaks, while the software determined the location of the animal in the locomotor box
apparatus. The horizontal activity was expressed in beam cross number in the x axes, in
counts. Vertical activity represented the number of beam breaks on the y axes, in counts,
which originated from rearing activity of the rat. Stereotyped behavior (stereotypies count),
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which measures the beam break patterns occurring in time intervals lower than 1 s, was
also provided in counts.

The animals were individually tested for 85 min at the age of PND35. The number of
rats per group was as follows: DAT+/+ n = 14, DAT+/— n =18, DAT—/—n =13.

2.3. Western Blotting

Rats were sacrificed by decapitation following locomotor activity recording. Half
brain hemispheres were sectioned, snap-frozen and kept at —80 °C until analysis.

Western blotting experiments were performed, as previously described [9], with minor
modifications. Prelimbic PFC tissue was dissected from one hemisphere and mechanically
homogenized in extraction buffer (20 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl, 1%
Triton-X-100, 1 mmol/L EDTA, 1 mmol/L EGTA) supplemented with PhosSTOP™ (Milli-
pore Sigma #4906837001) and Complete Mini, EDTA-free (Roche, 11836170001). Samples
were left on ice for 20 min and then tip-sonicated for 3 s at medium speed. Samples were
centrifuged for 20 min at 4 °C and 10,000 g. Protein concentration was measured using
a Bradford assay (Bio Rad #500-0205). The protein extracts (60 ug) were run on 4-20%
Criterion TGX Precast Midi Protein Gel (Bio Rad #5671094) and transferred to nitrocellu-
lose membranes (Bio Rad #1620112). The blots were blocked in 5% nonfat dry milk (RPI
International #M17200-500.0) in PBS-Tween 20 0.05% and incubated overnight at 4 °C
with the following primary antibodies: NMDAR1 (Millipore #AB9684; 1:1000); NMDAR2B
(Millipore #06-600; 1:1000); PSD95 (Abcam #12093; 1:1000); VAMP2 (Millipore #AB3347,
1:1000); Caspase 3 (Cell Signaling #9662; 1:500); ALDH1L1 (Abcam #87117; 1:1000); MBP
(MAB #386; 1:1000); phosphoP38(T180/Y182) (Cell Signaling #9216; 1:500); total P38 (Cell
Signaling #8690; 1:500); CD45 (eBioscience #14-0451-82; 1:500); 3-Actin (Sigma #A2228,
1:2500); and B-tubulin (Sigma #I8535, 1:10000). Where needed, the membranes were
stripped for 10 min with Restore™ PLUS Western Blot stripping buffer (Thermo Scientific
#46430), blocked and incubated with primary antibody, as described above. After washing
in PBS-Tween 20 0.05%, the membranes were incubated for 1 hour at room temperature
with the appropriate horseradish peroxidase (HRP) conjugated secondary antibody in
PBS-Tween 20 0.05%. Following secondary antibody incubation, the membranes were
washed and incubated with ECL detection reagent (Thermo Fisher #34578) for 1-2 min.
Immunoblots were acquired using the Bio Rad ChemiDoc™ system, and images were
quantified using Image Lab 5.2.1 software. Depending on the size of each protein, bands
were normalized for housekeeping gene (f3-actin, tubulin) or for total form of related
protein (Caspase 3, P38) and expressed as relative to control (DAT+/+). The number of rats
per group was as follows: DAT+/+ n =6, DAT+/—n =6, DAT—/—n=>5.

2.4. Tissue Preparation for Histological Assessments

Rats were sacrificed as indicated in the “Western blotting” section. The remaining half-
brain was post-fixed in paraformaldehyde 4% in PBS for 3 days at 4 °C, then transferred in
sucrose 0.5 M in PBS 0.1 M for 7 days at 4 °C for cryoprotection, frozen on dry-ice surface
and kept at —80 °C until analysis.

Coronal serial sections were collected on a freezing microtome (Leica), and coordinates
followed were +2.52 to —1.44mm from bregma (antero-posteriorly) [31], in 15 series
at a thickness of 30 pm. In order to remove autofluorescence, slices were quenched in
sodium borohydride (0.5% in PBS) for 10 min and rinsed 3 times with PBS. Slices were
permeabilized with PBS-Triton-X 0.4% and blocked in 5% NGS in 0.4% Triton-X at room
temperature for 1 h. Immunohistochemical staining was performed using antibodies raised
against NeuN (Millipore #MAB377; 1:500) and Ibal (Wako #019-19741; 1:500) in 5% NGS
in 0.4% Triton-X and maintained overnight at 4 °C. Slices were rinsed 3 times with PBS-
Triton-X 0.1% and then incubated with secondary antibody, Alexa 594 or Alexa 488 (1:750
in PBS/0.1% Triton-X) for 2 h at room temperature, followed by 3 washes in PBS-Triton-X
0.1%. Slices were stained with DAPI (4’,6-diamidino-2-phenylindole Invitrogen D1306,
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1:6000 in PBS-Triton-X 0.1%) for 1 min prior to mounting with Fluoromount aqueous
medium (Sigma-Aldrich F4680).

Fluoro-Jade C (FJC) staining was performed on the same PFC slice series following
manufacturer’s instructions (TR-100-FJT). Briefly, slides were dried at 60 °C on a slide
warmer for 10 min and incubated in a mixture of 80% ethanol/Solution A (9:1) for 5 min.
Slides were then rinsed 2 times in ethanol 70% and 2 times in double-distilled (dd) water.
Slides were incubated in a mix of dd water/Solution B (9:1) for 10 min and rinsed in dd
water. A mixture of FJC staining solution, DAPI and dd water (1:1:8) was added to the
slides and incubated in the dark for 10 min; after 2 rinses in dd water, slides were dried at
60 °C on a slide warmer for 10 min and then cleared in xylene. Slides were mounted in
DPX mounting medium.

2.5. Image Analyses

In the case of NeuN™ cell (neuronal) count, data were analyzed using FIJI software [32].
Briefly, 3-4 images acquired at 10x were obtained for 4 animals per genotype (pixel
conversion: 1 pixel = 1.024 um). After conversion to 8-bit, images were set to a threshold
lower than 8% and cell bodies counted using the Analyze > analyze particles function.
Experimenters were blinded to the genotype conditions.

Morphometric analyses of Ibal* microglia were performed as previously reported [33],
with minor modifications. In summary, data were analyzed using FIJI software [32], and 3
image stacks acquired at 63 x were obtained for 3 animals per genotype (pixel conversion:
1 pixel = 0.1652 um). Cell tracing was performed using the “Simple Neurite Tracer” plugin
and Sholl analyses executed as previously reported [34]. Experimenters were blinded to
the genotype conditions.

2.6. ELISA

PEC protein extracts prepared for Western blotting were used for ELISA analysis.
Thirty ug of protein extract per sample was used. Concentrations of interferon gamma
(IFNvy) were measured using commercially available enzyme-linked immunosorbent as-
says following manufacturer indications (Pierce biotechnologies, Rockford, IL 61105, USA,
Thermo Scientific #£EM10015). Each sample was analyzed in duplicate, and all the ab-
sorbance readings were performed at 450 and 550 nm. The final absorbance value was
obtained subtracting the 450 nm readings from the 550nm values. Protein extract dilution
was tested as per manufacturer instructions and chosen to be 30 pg to fall within the
dynamic range of the calibration curve. DAT+/+ n =5; DAT+/— n=4; DAT—-/—n=>5.

2.7. Statistical Analysis

GraphPad Prism 9 was used for all analyses, and the null hypothesis was rejected at
the 0.05 level of significance. The locomotor behavior experiment results were analyzed
with two-way ANOVA, followed by Tukey’s multiple comparison post hoc test. One-way
ANOVA with Tukey’s post hoc test was used for analysis of Western blot and ELISA data.
Nested one-way ANOVA followed by Tukey’s multiple comparison post hoc test was used
to analyze cell count data and morphometric analyses.

3. Results
3.1. Locomotor Activity of Female Adolescent DAT+/— and DAT—/— Rats

At PND35, rats were tested for locomotor behavior and then sacrificed for biochemical
analyses of the PFC (Figure 1A).

Ablation of DAT causes dramatic increase of the horizontal activity (Figure 1B) (two-
way ANOVA F (32, 688) = 3.676; p < 0.0001) and of the stereotypies count (two-way
ANOVA F (32, 672) = 1.739; p = 0.0076; Figure 1C) already in adolescent DAT— / — female
rats, while vertical activity is not affected (two-way ANOVA F(32, 688) = 0.6379; p = 0.9410;
Figure 1D). These results indicate that knockout of DAT enhanced locomotor behavior
during development in female rats.
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Figure 1. Behavioral deficits of female adolescent DAT—/— rats. (A) Schematic illustration of the
experimental timeline. Rats were culled by DAT+/— mothers and weaned at PND21; at PND35,
female rats were tested for locomotor activity. Brain tissue was isolated immediately after behavioral
test. Behavioral activity in the open field: (B) horizontal activity, (C) stereotypic behavior counts and
(D) vertical activity (D). Data are presented as mean £ SEM; *** p < 0.001.

3.2. Glutamatergic and Synaptic Alterations in Female Adolescent DAT+/— and DAT—/— Rats

Cortical alterations of glutamate neurotransmission might contribute to the exhibition
of hyperactive phenotype in rats [35]. Therefore, we investigated the expression levels of
glutamate subunits in the PFC of DAT+/— and DAT—/— rats. While expression levels of
the obligate NMDARI1 subunit were unchanged among the three genotypes (Figure 2A; one-
way ANOVA F(2,14) = 1.383; p = 0.2831), a significant decrease of NMDAR2 subunit was
observed in the cortex of both DAT+/— and DAT—/ — rats, compared to DAT+/+ controls
(Figure 2B; one-way ANOVA F(2,14) = 15.53; p = 0.0003; Tukey’s multiple comparison test
p = 0.0005 DAT+/+ versus DAT+/—; p = 0.0015 DAT+/+ versus DAT—/—).

Further, we sought to investigate if ablation of DAT had substantial effects on the
main components of pre- and post-synaptic machinery. DAT—/ — rats display a significant
increase of protein levels of pre-synaptic protein VAMP2 (Figure 2C; one-way ANOVA F
(2, 13) = 6.051; p = 0.0139; Tukey’s multiple comparison test p = 0.0186 DAT+/+ versus
DAT—/—). In order to study possible post-synaptic alterations in the PFC, we analyzed the
expression of PSD95 protein. Our data indicate that PSD95 levels were unchanged among
the three genotypes (Figure 2D; one-way ANOVA F (2, 14) = 0.1729; p = 0.8430].

These data indicate that either partial of total ablation of DAT affects glutamate recep-
tor homeostasis in the developing PFC of DAT+/— and DAT—/—. Moreover, DAT—/—
rats also show anomalies in the VAMP2 component of the pre-synaptic machinery.
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Figure 2. Glutamatergic alterations in female adolescent DAT+/— and DAT—/— rats. (A) Ablation
of DAT does not affect NMDARTI levels. (B) Reduction of NMDAR2B levels were found in DAT+/—
and DAT—/— adolescent female rats. (C) Significantly increased levels of pre-synaptic VAMP2
protein were observed in DAT—/ — rats. (D) No changes were observed for post-synaptic PSD95
protein levels. Quantification and representative bands are presented. Individual data points are
shown for each group. Data are presented as mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. DAT—/— Rats Display Neuronal Cell Death in the Prefrontal Cortex

In order to assess whether absence of DAT could cause neuronal cell death as pre-
viously shown in the DAT—/— mouse model in the striatum [36], we initially sought to
qualitatively investigate the occurrence of neuronal death by Fluoro-Jade C (FJC) stain-
ing [37]. As shown (Figure 3A), elevated FJC staining positivity was observed in DAT—/—
PFC, while a sparse signal was detected in DAT+/— and complete absence in DAT+/+
controls. Based on FJC qualitative data, we proceeded to investigate markers of apop-
totic response such as cleaved caspase 3 [38]. Western blot analysis showed that levels of
cleaved caspase 3 are higher in the PFC of DAT+/ — rats (one-way ANOVA F (2, 13) = 5.898;
p = 0.0150; Tukey’s multiple comparison test p = 0.0545 DAT+/ — versus DAT+/+ controls)
albeit without reaching statistical significance (Figure 3B). Nevertheless, DAT—/— rats
display a 2-fold increase in the levels of cleaved caspase 3 (Tukey’s multiple comparison
test p = 0.0184 DAT—/ — versus DAT+/+ controls; Figure 3B).

In order to further address the occurrence of neuronal cell death and concomitant
elevation of cleaved caspase 3 expression, we performed PFC NeuN™ cell body count-
ing (Figure 3C,D). PEC tissue from early adolescent females showed a marked reduc-
tion in the numbers of NeuN™ cells in DAT—/— genotype (nested one-way ANOVA
F (2,9) =10.21; p = 0.0048; Tukey’s multiple comparison test p = 0.0048 DAT+/+ versus
DAT—/—; p =0.0246 DAT+/— versus DAT—/—).

Taken together, our data revealed neuronal cell death in the PFC of DAT—/ — rats.
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Figure 3. Effects of DAT ablation on neuronal cell death in the prefrontal cortex. (A) Fluoro-Jade
staining in DAT+/— and DAT—/ — rats displaying degenerating neurons in DAT—/— rats. Scale
bar: 3 um; (B) DAT—/— rats showed a significant increase in levels of cleaved caspase 3. (C)
Reduction in numbers of NeuN™ cells in prefrontal cortex (PFC) of DAT—/ — rats. Scale bar: 20 um
(D). Quantitation of NeuN™* cells in PFC. Three to four images were analyzed, n = 4 rats for each
genotype; individual data points are shown. Data are presented as mean + SEM, * p < 0.05.

3.4. Pro-Inflammatory Phenotype in the Prefrontal Cortex of DAT—/— Rats

We sought to investigate whether absence of DAT could also potentially impact glia in
DAT+/— and DAT— /— rats. To this aim, we measured the levels of ALDH1L1, a selective
pan-astrocyte marker [39,40]. DAT—/— rats showed a 1.5-fold increase in the levels of
ALDHI1L1 (one-way ANOVA F (2, 14) = 11.79; p = 0.0010; Tukey’s multiple comparison
test p = 0.0007 DAT—/— versus DAT+/+ controls), while DAT+/— rats showed a trend
toward elevation that did not reach statistical significance (Tukey’s multiple comparison
test p = 0.0586 DAT+/— versus DAT+/+ controls; Figure 4A). Moreover, we analyzed
the levels of myelin basic protein (MBP), which is responsible for axon myelination and
the expression of which is tightly regulated by mature oligodendrocytes [41]. We did not
observe any variation in the expression of MBP in the PFC of either DAT+/— or DAT—/—
rats (one-way ANOVA F (2, 14) = 0.8489; p = 0.4488; Tukey’s multiple comparison test
p = 0.9437 DAT+/+ versus DAT+/—; p = 0.4373 DAT+/+ versus DAT—/—). These results
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provide the first evidence of possible astrogliosis in the PFC of DAT—/—, which does not
alter oligodendrocyte myelination.
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Figure 4. Increase in markers of neuroinflammation in DAT—/— rats. (A) DAT—/— rats showed an
increase in levels of astroglial marker ALDHIL1. (B) Levels of myelin basic protein were unchanged
among the three genotypes. (C) Phosphorylation levels of MAPKp38 were significantly increased in
the PFC of DAT—/ — rats. (D) ELISA analysis displayed an increase in the PFC tissue levels of IFNy
inflammatory cytokine of DAT—/ — rats (myelin basic protein—MBP). Individual data points are
shown for each group. Data are presented as mean + SEM, * p < 0.05, ** p < 0.01, *** p < 0.001.

In order to further investigate the occurrence of inflammatory signal transduction,
we measured the levels of expression of mitogen-activated protein kinase (MAPK) P38,
which plays a pivotal role in the regulation of inflammatory mediators and cytokines [42].
Our data show that phosphorylation levels of phospho-p38 MAPK (Thr180/Tyr182) were
significantly increased in the PFC of DAT—/— rats (one-way ANOVA F (2, 14) = 8.332;
p = 0.0041; Tukey’s multiple comparison test p = 0.0007 DAT— / — versus DAT+/+ controls).
We then analyzed the levels of interferon gamma (IFNy), a pro-inflammatory cytokine
involved in glial activation [43], in the PFC of DAT+/— and DAT—/— rats. We observed
a significant increase of IFNy in female adolescent DAT—/— rats (one-way ANOVA
F (2,11) = 5.621; p = 0.0208; Tukey’s multiple comparison test p=0.0311 DAT—/— versus
DAT+/+ controls; Figure 4C).

To further investigate whether ablation of DAT causes glial activation, we also ana-
lyzed the levels of expression of CD45, a marker for microglia in the CNS [44]. Levels of
CD45 were unchanged among the three genotypes (one-way ANOVA F 92, 14) = 0.5094;
p = 0.6116). In order to further assess whether microglial activation might still occur, we
assessed Ibal+ microglia three-dimensional cell morphology (Figures 5 and 6). Specifically,
Ibal+ cells showed longer process length in DAT—/— PFC (nested one-way ANOVA
F (2,6) =11.97; p = 0.0080; Tukey’s multiple comparison test p = 0.0099 DAT+/+ versus
DAT—/—; p = 0.0179 DAT+/— versus DAT—/—; Figures 5B and 6), albeit the maxi-
mum intersection radius did not change among genotypes (nested one-way ANOVA
F (2, 6) =1.672; p = 0.2647; Figure 5C). Microglia from DAT—/— also displayed a higher
number of branches (nested one-way ANOVA F (2, 24) = 37.00; p < 0.0001; Tukey’s multiple
comparison test p < 0.0001 DAT+/+ versus DAT—/—; p <0.0001 DAT+/ — versus DAT—/—;
Figures 5D and 6). Sholl analysis highlighted a significant interaction between genotype
and number of intersections (two-way ANOVA F (98, 294) = 1.944; p < 0.0001; Figure 5E),
where DAT—/— rat PFC microglia had higher intersection counts than DAT+/— and
DAT+/+ microglia between 14 and 20 um distance from the nucleus (Tukey’s multiple



Biomedicines 2021, 9, 157

9o0f 16

comparison test 0.03< p <0.0006). Albeit to a lesser extent, DAT+/— microglia also had
significantly higher numbers of intersections than DAT+/+ controls at 15 um (Tukey’s mul-
tiple comparison test p = 0.0163). Taken together, these data reveal that DAT ablation causes
glial alterations highlighting a pro-inflammatory state in the PFC of female adolescent
DAT—/— rats.
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Figure 5. Pro-inflammatory phenotype of microglia in the PFC of DAT—/ — rats. (A) Levels of CNS
microglial marker CD45 were unchanged among the three genotypes. Morphometric analysis of
Ibal* cells showed (B) an increase in the total length extension of microglial processes of DAT—/—
rats, (C) while mean maximum radius did not vary among genotypes. (D) Number of branches was
significantly higher in DAT—/— rats. (E) Sholl analysis displayed higher number of intersections in
Ibal* cells in DAT—/— PFC. Individual data points are shown for each group. Data are presented as
mean + SEM, * p < 0.05, ** p < 0.001, *** p < 0.001.



Biomedicines 2021, 9, 157

10 of 16

DAPI Ibal Trace

DAT+/+

DAT+/-

DAT-/-

Figure 6. Fluorescence microscopy images display arborization of Ibal+ cells and their 3D mor-
phometric reconstruction in DAT+/+, DAT+/— and DAT—/ — rats, highlighting an increase in the
number and length extension of microglial branches in the PFC of DAT—/— female rats. Scale bar:
5 pm.

4. Discussion

Homozygous ablation of DAT recapitulates the main features of human ADHD in
mice [45-47] and in rats [10-12,29]. Furthermore, DAT heterozygosis affects neurodevelop-
ment in mice consistent with an ADHD phenotype [48,49], and it increases vulnerability to
stress in adult female rats [9]. Recent studies on human DAT have highlighted that muta-
tions of this protein lead to diverse neuropsychiatric diseases [50] such as ADHD [51,52],
bipolar disorder [53], PTSD [2] and to neurodegenerative disorders like dopamine trans-
porter deficiency syndrome (DTDS) [54,55].

The functional state of DAT has been proven to affect neuronal plasticity and control
of cognitive function in the PFC [56,57], where pharmacological inhibition has shown
to induce pro-cognitive effects [58]. DA function in the PFC controls several processes
including working memory, attention, flexibility in behavior and action planning [59].
The DAT—/— rat model displays aberrant PFC signaling [29,60] that contributes to the
alterations of cognitive, social and sexual behavior [10,29,60] in adult rats, with occurrence
of behavioral abnormalities starting during adolescence [12]. More recently, investigations
on PFC during postnatal development revealed that DA homeostasis is tightly regulated
by astroglial cells at this stage [13], thus highlighting the importance that glial cells play
in regulating DA signaling during development. Indeed, several studies have confirmed
that DA can exert either anti-inflammatory or pro-inflammatory effects in human and
in vivo models through dopamine receptor activation on astrocytes and microglia [61-63].
In this framework, we sought to investigate the effects of DAT ablation in the prelimbic
PFC, responsible for cognitive processing [64], that could lead to glial pro-inflammatory
process that might contribute to the underlying pathophysiology of female DAT+/— and
DAT—/ — rats during early adolescence.

Our data indicate that adolescent DAT— /— female rats display an overt hyperactive
phenotype in the locomotor chamber, characterized by increased sustained locomotion
as well as stereotypic behavior. Our data confirm previous findings observed in this
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animal model [9,10,29] and demonstrate occurrence of sustained hyperactive phenotype in
adolescent female rats.

The ensemble of behavioral phenotypes observed in DAT—/— rats [10-12,29,30] de-
pends primarily on the different roles that DA neurotransmission plays in the mesocortical
system and in the PFC [58,65], and it is ascribable to alterations in the cross-talk with
glutamatergic neurotransmission [23-25]. Disruption of these pathways has been widely
linked to psychiatric disorders [26] including autism, schizophrenia [27] and ADHD [28].
Indeed, adult DAT—/— male rats display glutamate release alterations in the nucleus
accumbens [60].

Our present data indicate that neither heterozygous nor homozygous deletion of DAT
affects the expression levels of the obligate NMDA receptor subunit R1 (NMDART1), while
a reduction of NMDA receptor 2B (NMDAR2B) glutamate subunit is observed in both
genotypes. NMDAR2B is the main component of neuronal extra-synaptic NMDARs [66]
that guarantees the maintenance of sustained activity and proper postnatal development of
the PFC [67]. Our data suggest that reduction of NMDAR2B in the PFC of female DAT—/ —
rats during adolescence could contribute to aberrant cortical development, which includes
pre-synaptic alterations observed in the increased levels of VAMP2. Further studies in-
vestigating the mechanisms responsible for such impacts on glutamatergic signaling are
needed. However, the hyperdopaminergic state of DAT—/+ as well as DAT—/ — could be
underlying such impact on the glutamatergic pathway components.

In neuropsychiatric diseases, extrasynaptic NMDARs are involved in complex sig-
naling mechanisms that promote cell death, ultimately by activation of P38 MAPKs [66].
The marked increase in P38 phosphorylation that we measured in the PFC of homozygote
animals might therefore underlie the neuronal cell death observed in the PFC of adolescent
female DAT—/— rats. A dual approach [37] was previously used to confirm neurodegen-
eration in DAT—/— PFC that included (i) Fluoro-Jade C (FJC) staining, where a positive
result indicates the presence of degenerating neurons [37,68], and (ii) NeuN™ cell bodies
count, the reduction of which indicates neuronal loss. We further investigated neurodegen-
eration addressing the concurrent activation of apoptotic cleaved caspase 3. Ultimately,
we detected no changes in the levels of glial cell type markers CD45 (microglia) and MBP
(oligodendrocytes), and increased levels of ALDHI1L1 astroglial marker. In conclusion,
these data indicate that ablation of DAT is responsible of substantial changes that involve
multiple pathways leading to neurodegeneration in the PFC of DAT—/ — rats. Interestingly,
a trend of increased cleaved caspase 3 and spare positivity to FJC staining was observed
in female DAT+/ — rats that, in combination with the reduced NMDAR2B protein levels,
opens novel investigational scenarios oriented toward specifically addressing changes that
could occur when a mutation is only present in one allele and DAT is only partially reduced.
Furthermore, neurodegeneration is also observed in the striatum of a subpopulation of
DAT—/— mice (~36%), leading to a fatal neurodegenerative phenotype reminiscent of
DTDS symptomatology [36,47].

It is noteworthy that P38 MAPK module activation plays a pivotal role in inflamma-
tory responses and cytokine release [69] and that increased inflammation in the central
nervous system is a hallmark of psychiatric diseases in humans [18]. Dopamine is also an
important regulator of cytokine secretion, regulating immune response [70] and neuropsy-
chiatric disorders where aberrant DA neurotransmission is involved, such as PTSD and
schizophrenia, displaying increased CNS inflammation [71]. Astrocytes are considered as
initiators of and responders to inflammation in the CNS [72] and preside over the control of
DA homeostasis in the developing PFC [13]. Based on our data and on previous literature,
we sought to investigate glial markers indicative of pro-inflammatory signal transduction
in the PFC of DAT+/— and DAT—/— adolescent rats. Homozygous ablation of DAT
presented a characteristic profile of pro-inflammatory state [43] on the PFC indicated by
increases in pan-astroglial marker (ALDH1L1), phosphorylation of P38 MAPK and an
increase in the levels of pro-inflammatory cytokine IFNy. Such an environment might
likely affect microglia, which respond to inflammation processes in the brain and regulate
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neuronal activity as well as connectivity [73]. Indeed, the pro-inflammatory profile seen in
the PFC of adolescent DAT—/ — rats was accompanied by changes in microglial morphol-
ogy consistent with neuroinflammation [74], characterized by increased arborization and
complexity. Peculiarly, the absence of alteration of myelin basic protein MBP levels pro-
duced by mature oligodendrocytes suggests that the pro-inflammatory conditions present
in the PFC of female DAT —/ — rats might not affect this glial population.

Altogether, these data support the fact that the PFC of DAT—/ — female adolescent
rats presents a pro-inflammatory profile at early stages in life, concurrent with neurode-
generation. Importantly, these patterns indicative of increased inflammatory responses
were not present in DAT+/— female adolescent rats. Our differential data obtained from
DAT—/— and DAT+/ — rats might, therefore, provide further insights in the PFC patho-
physiology of neuropsychiatric diseases like ADHD and PTSD, respectively, the model
validity of which was demonstrated in our previous work [9]. An increasing number
of studies using DAT+/— and DAT—/— rats are underway, and based on our results
and previous publications [10,12], partial mutation of DAT is sufficient to cause several
alterations to a variety of underlying mechanisms controlling, among others, behavioral
parameters relevant for the study of psychiatric disorders [9,10,12].

Prevalence of psychiatric and neurodegenerative disorders is determined by sex [75]
and should be treated accordingly [76]. Psychiatric disorders such as ADHD [77] and PTSD
present higher incidence and prevalence in women compared to men [78,79]. Although
most psychiatric disorders cited across our study present higher prevalence in women, we
acknowledge that our study focused only on female rats, and further studies are needed to
expand our results also in male rats. Additionally, we studied female rats at PND35, the
time point during development when hormones have been described to be almost ready to
start the first proestrus cycle [80]. We acknowledge the need for future studies considering
the role of hormones modulating glutamatergic synaptic response. The present investiga-
tion focused on early adolescent rats. We acknowledge the limitations of the time frame
selected and the need to introduce additional time points during development. Future
studies are needed to ensure better understanding of possible glial and neurodegenerative
features during development and in adult rats.

Neuroinflammation is a common facet of a large variety of psychiatric and neurode-
generative disorders. In the present study we showed in early adolescent females that
genetically engineered female rats lacking DAT present with a neurodegenerative phe-
notype in the PFC, accompanied by altered glutamatergic neurotransmission and glial
activation at early stages of adolescence. To our knowledge, this is the first characterization
of the neuroinflammatory phenotype of the PFC of female DAT KO rats during adolescence.
Further studies are needed to deeply characterize neuroinflammation in our DAT+/— and
DAT—/— rat model at different developmental stages, including adulthood and across
sexes. Our study introduces a novel investigational perspective that may be pursued to
shed light on the neuroinflammatory and neurodegenerative pathophysiology of disorders
involving DAT and aberrant DA neurotransmission.

Author Contributions: Conceptualization, P.I. and M.P.; Methodology, M.P. and P.I.; Formal Analysis,
PI; Investigation, PI., M.P.; Resources, M.P.; Data Curation, M.P. and P.I; Writing—Original Draft
Preparation, PI. and M.P,; Writing—Review and Editing, P.I., M.P,, D.L. and R.R.G; Supervision, PI.
and M.P; Project Administration, M.P. and PI.; Funding Acquisition, M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: M.P. and PI. are supported by generous donations in support of Addiction Research at the
University of Miami Brain Bank and Department of Neurology (McGOWEN research fund). R.R.G.
is supported by the project ID: 51143531 of the St. Petersburg State University, St. Petersburg, Russia.
D.L. is supported by ERA-NET Neuron Program NEURON JTC 2018 “Mental Disorders” Unmet and
EJPRD2019-220 URGENT.



Biomedicines 2021, 9, 157 13 of 16

Institutional Review Board Statement: The study was conducted according with the National
Institute of Health Guide for Care and Use of Laboratory Animals and approved by the University of
Miami IACUC (Protocol #17-016, Approval Date 15 June 2017).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Segman, R.H.; Cooper Kazaz, R.; Macciardu, F.; Goltser, T.; Halfom, Y.; Dobroborski, T.; Shalev, A.Y. Association between the
dopamine transporter gene and posttraumatic stress disorder. Mol. Psychiatry 2002, 7, 903-907. [CrossRef] [PubMed]

2. Drury, S.S,; Brett, Z.H.; Henry, C.; Scheeringa, M. The association of a novel haplotype in the dopamine transporter with preschool
age posttraumatic stress disorder. J. Child. Adolesc. Psychopharmacol. 2013, 23, 236-243. [CrossRef]

3. Lai, TK.Y; Su, P; Zhang, H.; Liu, F. Development of a peptide targeting dopamine transporter to improve ADHD-like deficits.
Mol. Brain 2018, 11, 66. [CrossRef] [PubMed]

4. Babinski, D.E.; Pelham, W.E,, Jr.; Molina, B.S.G.; Gnagy, E.M.; Waschbusch, D.A.; Yu, J.; Maclean, M.G.; Wymbs, B.T.; Sibley,
M.H.; Biswas, A ; et al. Late adolescent and young adult outcomes of girls diagnosed with ADHD in childhood: An exploratory
investigation. J. Atten. Disord. 2011, 15, 204-214. [CrossRef] [PubMed]

5. Javidi, H.; Yadollahie, M. Post-traumatic Stress Disorder. Int. J. Occup. Environ. Med. 2012, 3, 2-9.

6.  Kimerling, R.; Allen, M.C.; Duncan, L.E. Chromosomes to Social Contexts: Sex and Gender Differences in PTSD. Curr. Psychiatry
Rep. 2018, 20, 114. [CrossRef]

7. Bayless, D.W.; Perez, M.C.; Daniel, ].M. Comparison of the validity of the use of the spontaneously hypertensive rat as a model of
attention deficit hyperactivity disorder in males and females. Behav. Brain Res. 2015, 286, 85-92. [CrossRef]

8. Nunes, F; Pochmann, D.; Almeida, A.S.; Marques, D.M.; Porciuncula, L.O. Differential Behavioral and Biochemical Responses to
Caffeine in Male and Female Rats from a Validated Model of Attention Deficit and Hyperactivity Disorder. Mol. Neurobiol. 2018,
55, 8486-8498. [CrossRef]

9.  Illiano, P; Bigford, G.E.; Gainetdinov, R.R.; Pardo, M. Rats Lacking Dopamine Transporter Display Increased Vulnerability and
Aberrant Autonomic Response to Acute Stress. Biomolecules 2020, 10, 842. [CrossRef]

10. Adinolfi, A.; Zelli, S.; Leo, D.; Carbone, C.; Mus, L.; Illiano, P.; Alleva, E.; Gainetdinov, R.R.; Adriani, W. Behavioral characterization
of DAT-KO rats and evidence of asocial-like phenotypes in DAT-HET rats: The potential involvement of norepinephrine system.
Behav. Brain Res. 2019, 359, 516-527. [CrossRef]

11. Cinque, S.; Zoratto, F.; Poleggi, A.; Leo, D.; Cerniglia, L.; Cimino, S.; Tambelli, R.; Alleva, E.; Gainetdinov, R.R.; Laviola, G.; et al.
Behavioral Phenotyping of Dopamine Transporter Knockout Rats: Compulsive Traits, Motor Stereotypies, and Anhedonia. Front.
Psychiatry 2018, 9, 43. [CrossRef]

12.  Adinolfi, A.; Carbone, C.; Leo, D.; Gainetdinov, R.R; Laviola, G.; Adriani, W. Novelty-related behavior of young and adult
dopamine transporter knockout rats: Implication for cognitive and emotional phenotypic patterns. Genes Brain Behav. 2018, 17,
€12463. [CrossRef]

13.  Petrelli, F; Dallérac, D.; Pucci, L.; Cali, C.; Zehnder, T.; Sultan, S.; Lecca, S.; Chicca, A.; Ivanov, A.; Asensio, C.S.; et al. Dysfunction
of homeostatic control of dopamine by astrocytes in the developing prefrontal cortex leads to cognitive impairments. Mol.
Psychiatry 2020, 25, 732-749. [CrossRef] [PubMed]

14. Arnsten, A.F. Catecholamine and second messenger influences on prefrontal cortical networks of “representational knowledge”:
A rational bridge between genetics and the symptoms of mental illness. Cereb. Cortex 2007, 17 (Suppl. 1), i6-i15. [CrossRef]
[PubMed]

15. Sibley, M.H.; Ortiz, M.; Graziano, P; Dick, A.; Estrada, E. Metacognitive and motivation deficits, exposure to trauma, and high
parental demands characterize adolescents with late-onset ADHD. Eur. Child. Adolesc. Psychiatry 2020, 29, 537-548. [CrossRef]
[PubMed]

16. Torrisi, S.A.; Leggio, G.M.; Drago, F.; Salomone, S. Therapeutic Challenges of Post-traumatic Stress Disorder: Focus on the
Dopaminergic System. Front. Pharmacol. 2019, 10, 404. [CrossRef] [PubMed]

17. Engert, V.; Pruessner, ].C. Dopaminergic and noradrenergic contributions to functionality in ADHD: The role of methylphenidate.
Curr. Neuropharmacol. 2008, 6, 322-328. [CrossRef]

18. Najjar, S.; Pearlman, D.M.; Alper, K.; Najjar, A.; Devinsky, O. Neuroinflammation and psychiatric illness. J. Neuroinflamm. 2013,
10, 43. [CrossRef]

19. Peteri, U.K,; Niukkanen, M.; Castren, M.L. Astrocytes in Neuropathologies Affecting the Frontal Cortex. Front. Cell Neurosci.
2019, 13, 44. [CrossRef]

20. Van Zundert, B.; Yoshii, A.; Constantine-Paton, M. Receptor compartmentalization and trafficking at glutamate synapses: A
developmental proposal. Trends Neurosci. 2004, 27, 428-437. [CrossRef]

21. Willing, J.; Juraska, ].M. The timing of neuronal loss across adolescence in the medial prefrontal cortex of male and female rats.

Neuroscience 2015, 301, 268-275. [CrossRef]


http://doi.org/10.1038/sj.mp.4001085
http://www.ncbi.nlm.nih.gov/pubmed/12232785
http://doi.org/10.1089/cap.2012.0072
http://doi.org/10.1186/s13041-018-0409-0
http://www.ncbi.nlm.nih.gov/pubmed/30413217
http://doi.org/10.1177/1087054710361586
http://www.ncbi.nlm.nih.gov/pubmed/20562386
http://doi.org/10.1007/s11920-018-0981-0
http://doi.org/10.1016/j.bbr.2015.02.029
http://doi.org/10.1007/s12035-018-1000-5
http://doi.org/10.3390/biom10060842
http://doi.org/10.1016/j.bbr.2018.11.028
http://doi.org/10.3389/fpsyt.2018.00043
http://doi.org/10.1111/gbb.12463
http://doi.org/10.1038/s41380-018-0226-y
http://www.ncbi.nlm.nih.gov/pubmed/30127471
http://doi.org/10.1093/cercor/bhm033
http://www.ncbi.nlm.nih.gov/pubmed/17434919
http://doi.org/10.1007/s00787-019-01382-w
http://www.ncbi.nlm.nih.gov/pubmed/31388765
http://doi.org/10.3389/fphar.2019.00404
http://www.ncbi.nlm.nih.gov/pubmed/31057408
http://doi.org/10.2174/157015908787386069
http://doi.org/10.1186/1742-2094-10-43
http://doi.org/10.3389/fncel.2019.00044
http://doi.org/10.1016/j.tins.2004.05.010
http://doi.org/10.1016/j.neuroscience.2015.05.073

Biomedicines 2021, 9, 157 14 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Drzewiecki, C.M.; Willing, J.; Juraska, ].M. Synaptic number changes in the medial prefrontal cortex across adolescence in male
and female rats: A role for pubertal onset. Synapse 2016, 70, 361-368. [CrossRef]

Carlsson, M.; Carlsson, A. Interactions between glutamatergic and monoaminergic systems within the basal ganglia-implications
for schizophrenia and Parkinson’s disease. Trends Neurosci. 1990, 13, 272-276. [CrossRef]

Svensson, A.; Carlsson, M.L.; Carlsson, A. Interaction between glutamatergic and dopaminergic tone in the nucleus accumbens of
mice: Evidence for a dual glutamatergic function with respect to psychomotor control. J. Neural. Transm. Gen. Sect. 1992, 88,
235-240. [CrossRef]

Bellini, S.; Fleming, K.E.; De, M.; McCauley, J.P.; Petroccione, M.A.; D’Brant, L.Y.; Tkachenko, A.; Kwon, S.; Jones, L.A.; Scimemi,
A.; et al. Neuronal Glutamate Transporters Control Dopaminergic Signaling and Compulsive Behaviors. . Neurosci. 2018, 38,
937-961. [CrossRef]

Li, C.T,; Yang, K.C.; Lin, W.C. Glutamatergic Dysfunction and Glutamatergic Compounds for Major Psychiatric Disorders:
Evidence From Clinical Neuroimaging Studies. Front. Psychiatry 2018, 9, 767. [CrossRef] [PubMed]

Gandal, M.].; Anderson, R.L; Billingslea, E.N.; Carlson, G.C.; Roberts, T.P.; Siegel, S.J. Mice with reduced NMDA receptor
expression: More consistent with autism than schizophrenia? Genes Brain Behav. 2012, 11, 740-750. [CrossRef] [PubMed]
Chang, J.P; Lane, H.Y.; Tsai, G.E. Attention deficit hyperactivity disorder and N-methyl-D-aspartate (NMDA) dysregulation.
Curr. Pharm. Des. 2014, 20, 5180-5185. [CrossRef]

Leo, D.; Sukhanov, I.; Zoratto, F,; Illiano, P,; Caffino, L.; Sanna, F; Messa, G.; Emanuele, M.; Esposito, A.; Dorofeikova, M.; et al.
Pronounced Hyperactivity, Cognitive Dysfunctions, and BDNF Dysregulation in Dopamine Transporter Knock-out Rats. |.
Neurosci. 2018, 38, 1959-1972. [CrossRef] [PubMed]

Mariano, S.; Pardo, M.; Bucchetri, C.; Illiano, P.; Adinolfi, A.; Russo, S.L.M.L.; Alleva, E.; Carbone, C.; Adriani, W. Own or dam’s
genotype? Classical colony breeding may bias spontaneous and stress-challenged activity in DAT-mutant rats. Dev. Psychobiol.
2020, 62, 505-518. [CrossRef] [PubMed]

Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates-The New Coronal Set; Academic Press: New York, NY, USA, 2004.
Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef] [PubMed]
Tavares, G.; Martins, M.; Corretia, ].S.; Sardinha, V.M.; Guerra-Gomes, S.; Das Neves, S.P.; Marques, F.; Sousa, N.; Oliveira, J.F.
Employing an open-source tool to assess astrocyte tridimensional structure. Brain Struct. Funct. 2017, 222, 1989-1999. [CrossRef]
Ferreira, T.A.; Blackman, A.V.; Oyrer, |.; Jayabal, S.; Chung, A.].; Watt, A.].; Sjostrom, P.J.; Van Meyel, D.]. Neuronal morphometry
directly from bitmap images. Nat. Methods 2014, 11, 982-984. [CrossRef] [PubMed]

Cheng, J.; Liu, A,; Shi, M.Y,; Yan, Z. Disrupted Glutamatergic Transmission in Prefrontal Cortex Contributes to Behavioral
Abnormality in an Animal Model of ADHD. Neuropsychopharmacology 2017, 42, 2096-2104. [CrossRef]

Cyr, M.; Beaulieu, J.; Laakso, A.; Sotnikova, T.D.; Yao, W.-D.; Bohn, L.M.; Gainetdinov, R.R.; Calron, M.G. Sustained elevation of
extracellular dopamine causes motor dysfunction and selective degeneration of striatal GABAergic neurons. Proc. Natl. Acad. Sci.
USA 2003, 100, 11035-11040. [CrossRef] [PubMed]

Ehara, A.; Ueda, S. Application of Fluoro-Jade C in acute and chronic neurodegeneration models: Utilities and staining differences.
Acta Histochem. Cytochem. 2009, 42, 171-179. [CrossRef]

Jarskog, L.F; Gilmoret, ] H.; Glantz, L.A.; Gable, K.L.; German, T.T.; Tong, R.I.; Lieberman, J.A. Caspase-3 activation in rat frontal
cortex following treatment with typical and atypical antipsychotics. Neuropsychopharmacology 2007, 32, 95-102. [CrossRef]
Cahoy, J.D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, ].L.; Christopherson, K.S; Xing, Y.; Lubischer, J.L.; Krieg, P.A.; Krupenko,
S.A,; et al. A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain
development and function. J. Neurosci. 2008, 28, 264-278. [CrossRef]

Zhang, Y.; Chen, K; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.; Ruderisch,
N.; et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J.
Neurosci. 2014, 34, 11929-11947. [CrossRef]

Bijlard, M.; Klundetr, B.; De Jonge, J.C.; Nomden, A.; Tyagi, S.; De Vries, H.; Hoekstra, D.; Baron, W. Transcriptional expression of
myelin basic protein in oligodendrocytes depends on functional syntaxin 4: A potential correlation with autocrine signaling. Mol.
Cell Biol. 2015, 35, 675-687. [CrossRef]

Zhang, J.; Liu, Y;; Zheng, Y.; Luo, Y,; Du, Y,; Zhao, Y.; Guan, ]J.; Zhang, X.; Fu, ]. TREM-2-p38 MAPK signaling regulates
neuroinflammation during chronic cerebral hypoperfusion combined with diabetes mellitus. ]. Neuroinflamm. 2020, 17, 2.
[CrossRef] [PubMed]

Barcia, C.; Ros, C.M.; Annese, V.; Gomez, A ; Ros-Bernal, F.; Aguado-Llera, D.; Martinez-Pagan, M.E.; De Pablos, V.; Fernandez-
Villalba, E.; Herrero, M.T. IFN-gamma signaling, with the synergistic contribution of TNF-alpha, mediates cell specific microglial
and astroglial activation in experimental models of Parkinson’s disease. Cell Death Dis. 2012, 3, €379. [CrossRef] [PubMed]
Hopperton, K.E.; Mohammad, D.; Trepanier, M.O.; Giuliano, V.; Bazinet, R.P. Markers of microglia in post-mortem brain samples
from patients with Alzheimer’s disease: A systematic review. Mol. Psychiatry 2018, 23, 177-198. [CrossRef] [PubMed]
Gainetdinov, R.R.; Jones, S.R.; Caron, M.G. Functional hyperdopaminergia in dopamine transporter knock-out mice. Biol
Psychiatry 1999, 46, 303-311. [CrossRef]

Gainetdinov, R.R.; Wetsel, W.C.; Jones, S.R.; Levin, E.D.; Jaber, M.; Caron, M.G. Role of serotonin in the paradoxical calming effect
of psychostimulants on hyperactivity. Science 1999, 283, 397-401. [CrossRef]


http://doi.org/10.1002/syn.21909
http://doi.org/10.1016/0166-2236(90)90108-M
http://doi.org/10.1007/BF01244735
http://doi.org/10.1523/JNEUROSCI.1906-17.2017
http://doi.org/10.3389/fpsyt.2018.00767
http://www.ncbi.nlm.nih.gov/pubmed/30733690
http://doi.org/10.1111/j.1601-183X.2012.00816.x
http://www.ncbi.nlm.nih.gov/pubmed/22726567
http://doi.org/10.2174/1381612819666140110115227
http://doi.org/10.1523/JNEUROSCI.1931-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29348190
http://doi.org/10.1002/dev.21927
http://www.ncbi.nlm.nih.gov/pubmed/31599465
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1007/s00429-016-1316-8
http://doi.org/10.1038/nmeth.3125
http://www.ncbi.nlm.nih.gov/pubmed/25264773
http://doi.org/10.1038/npp.2017.30
http://doi.org/10.1073/pnas.1831768100
http://www.ncbi.nlm.nih.gov/pubmed/12958210
http://doi.org/10.1267/ahc.09018
http://doi.org/10.1038/sj.npp.1301074
http://doi.org/10.1523/JNEUROSCI.4178-07.2008
http://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://doi.org/10.1128/MCB.01389-14
http://doi.org/10.1186/s12974-019-1688-9
http://www.ncbi.nlm.nih.gov/pubmed/31900229
http://doi.org/10.1038/cddis.2012.123
http://www.ncbi.nlm.nih.gov/pubmed/22914327
http://doi.org/10.1038/mp.2017.246
http://www.ncbi.nlm.nih.gov/pubmed/29230021
http://doi.org/10.1016/S0006-3223(99)00122-5
http://doi.org/10.1126/science.283.5400.397

Biomedicines 2021, 9, 157 15 of 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.
73.

Illiano, P; Bass, C.E.; Fichera, L.; Mus, L.; Budygin, E.A.; Sotnikova, T.D.; Leo, D.; Espinoza, S.; Gainetdinov, R.R. Recombinant
Adeno-Associated Virus-mediated rescue of function in a mouse model of Dopamine Transporter Deficiency Syndrome. Sci. Rep.
2017, 7, 46280. [CrossRef] [PubMed]

Mereu, M.; Contarini, G.; Buonaguro, E.F; Latte, G.; Manago, F.; Iasevoli, F.; De Bartolomeis, A.; Papaleo, F. Dopamine transporter
(DAT) genetic hypofunction in mice produces alterations consistent with ADHD but not schizophrenia or bipolar disorder.
Neuropharmacology 2017, 121, 179-194. [CrossRef] [PubMed]

Sotnikova, T.D.; Efimova, E.V,; Gainetdinov, R.R. Enhanced Dopamine Transmission and Hyperactivity in the Dopamine
Transporter Heterozygous Mice Lacking the D3 Dopamine Receptor. Int. J. Mol. Sci. 2020, 21, 8216. [CrossRef] [PubMed]

Xu, P; Chen, A; Li, Y.; Xing, X.; Lu, H. Medial prefrontal cortex in neurological diseases. Physiol. Genom. 2019, 51, 432—-442.
[CrossRef] [PubMed]

Gainetdinov, R.R.; Mohn, A.R.; Bohn, L.M.; Caron, M.G. Glutamatergic modulation of hyperactivity in mice lacking the dopamine
transporter. Proc. Natl. Acad. Sci. USA 2001, 98, 11047-11054. [CrossRef]

Hansen, FH.; Skjorringe, T.; Yasmeen, S.; Arends, N.V.; Sahai, M.A.; Erreger, K.; Andreassen, T.F; Holy, M.; Hamilton, PJ.;
Neergheen, V; et al. Missense dopamine transporter mutations associate with adult parkinsonism and ADHD. |. Clin. Investig.
2014, 124, 3107-3120. [CrossRef] [PubMed]

Greenwood, T.A.; Schork, N.J.; Eskin, E.; Kelsoe, J.R. Identification of additional variants within the human dopamine transporter
gene provides further evidence for an association with bipolar disorder in two independent samples. Mol. Psychiatry 2006, 11,
125-133, 115. [CrossRef] [PubMed]

Kurian, M.A; Li, Y.; Zhen, ].; Meyer, E.; Hai, N.; Christen, H.J.; Hoffmann, G.F; Jardine, P.; von Moers, A.; Mordekar, S.R.; et al.
Clinical and molecular characterisation of hereditary dopamine transporter deficiency syndrome: An observational cohort and
experimental study. Lancet Neurol. 2011, 10, 54-62. [CrossRef]

Ng, J.; Zhen, ].; Meyer, E.; Erreger, K.; Li, Y.; Kakar, N.; Ahmad, J.; Thiele, H.; Kubisch, C.; Rider, N.L.; et al. Dopamine transporter
deficiency syndrome: Phenotypic spectrum from infancy to adulthood. Brain 2014, 137, 1107-1119. [CrossRef] [PubMed]

Bai, J.; Blot, K.; Tzavara, E.; Nosten-Bertrand, M.; Giros, B.; Otalni, S. Inhibition of dopamine transporter activity impairs synaptic
depression in rat prefrontal cortex through over-stimulation of D1 receptors. Cereb Cortex 2014, 24, 945-955. [CrossRef] [PubMed]
Miller, E.K.; Cohen, J.D. An integrative theory of prefrontal cortex function. Ann. Rev. Neurosci. 2001, 24, 167-202. [CrossRef]
[PubMed]

Sagheddu, C.; Pintori, N.; Kalaba, P.; Dragacetvi¢, V.; Piras, G.; Aradska, J.; Simola, N.; De Luca, M.A.; Lubec, G.; Pistis, M.
Neurophysiological and Neurochemical Effects of the Putative Cognitive Enhancer (S)-CE-123 on Mesocorticolimbic Dopamine
System. Biomolecules 2020, 10, 779. [CrossRef] [PubMed]

Lohani, S.; Martig, A.K.; Deisseroth, K.; Witten, I.B.; Moghaddam, B. Dopamine Modulation of Prefrontal Cortex Activity Is
Manifold and Operates at Multiple Temporal and Spatial Scales. Cell Rep. 2019, 27, 99-114. [CrossRef]

Sanna, F; Bratzu, J.; Serra, M.P.; Leo, D.; Quartu, M.; Boi, M.; Espinoza, S.; Gainetdinov, R.R.; Melis, M.R.; Argiolas, A.
Altered Sexual Behavior in Dopamine Transporter (DAT) Knockout Male Rats: A Behavioral, Neurochemical and Intracerebral
Microdialysis Study. Front. Behav. Neurosci. 2020, 14, 58. [CrossRef]

Vidal, PM.; Pacheco, R. The Cross-Talk between the Dopaminergic and the Immune System Involved in Schizophrenia. Front.
Pharmacol. 2020, 11, 394. [CrossRef]

Montoya, A.; Elgueta, D.; Campos, J.; Chovar, O.; Falcon, P.; Matus, S.; Alfaro, I.; Bono, M.R.; Pacheco, R. Dopamine receptor D3
signalling in astrocytes promotes neuroinflammation. J. Neuroinflamm. 2019, 16, 258. [CrossRef]

Xia, Q.P; Cheng, Z.Y.; He, L. The modulatory role of dopamine receptors in brain neuroinflammation. Int. Immunopharmacol.
2019, 76, 105908. [CrossRef] [PubMed]

Powell, N.J.; Redish, A.D. Complex neural codes in rat prelimbic cortex are stable across days on a spatial decision task. Front.
Behav. Neurosci. 2014, 8, 120. [CrossRef]

Juarez, B.; Han, M.H. Diversity of Dopaminergic Neural Circuits in Response to Drug Exposure. Neuropsychopharmacology 2016,
41, 2424-2446. [CrossRef]

Petralia, R.S. Distribution of extrasynaptic NMDA receptors on neurons. Sci. World J. 2012, 267120. [CrossRef]

Monaco, S.A.; Gulchina, Y.; Gao, W.J. NR2B subunit in the prefrontal cortex: A double-edged sword for working memory function
and psychiatric disorders. Neurosci. Biobehav. Rev. 2015, 56, 127-138. [CrossRef] [PubMed]

Bian, G.L.; Wei, L.C.; Shi, M.; Wang, Y.Q.; Cao, R.; Chen, L.W. Fluoro-Jade C can specifically stain the degenerative neurons in
the substantia nigra of the 1-methyl-4-phenyl-1,2,3,6-tetrahydro pyridine-treated C57BL/6 mice. Brain Res. 2007, 1150, 55-61.
[CrossRef]

Falcicchia, C.; Tozzi, F; Arancio, O.; Watterson, D.M.; Origlia, N. Involvement of p38 MAPK in Synaptic Function and Dysfunction.
Int. J. Mol. Sci. 2020, 21, 5624. [CrossRef] [PubMed]

Kawano, M.; Takagi, R.; Saika, K.; Matsui, M.; Matsushita, S. Dopamine regulates cytokine secretion during innate and adaptive
immune responses. Int. Immunol. 2018, 30, 591-606. [CrossRef]

Miller, A.H. Beyond depression: The expanding role of inflammation in psychiatric disorders. World Psychiatry 2020, 19, 108-109.
[CrossRef]

Giovannoni, F.; Quintana, FJ. The Role of Astrocytes in CNS Inflammation. Trends Immunol. 2020, 41, 805-819. [CrossRef]
Graeber, M.B. Changing face of microglia. Science 2010, 330, 783-788. [CrossRef] [PubMed]


http://doi.org/10.1038/srep46280
http://www.ncbi.nlm.nih.gov/pubmed/28417953
http://doi.org/10.1016/j.neuropharm.2017.04.037
http://www.ncbi.nlm.nih.gov/pubmed/28454982
http://doi.org/10.3390/ijms21218216
http://www.ncbi.nlm.nih.gov/pubmed/33153031
http://doi.org/10.1152/physiolgenomics.00006.2019
http://www.ncbi.nlm.nih.gov/pubmed/31373533
http://doi.org/10.1073/pnas.191353298
http://doi.org/10.1172/JCI73778
http://www.ncbi.nlm.nih.gov/pubmed/24911152
http://doi.org/10.1038/sj.mp.4001764
http://www.ncbi.nlm.nih.gov/pubmed/16261167
http://doi.org/10.1016/S1474-4422(10)70269-6
http://doi.org/10.1093/brain/awu022
http://www.ncbi.nlm.nih.gov/pubmed/24613933
http://doi.org/10.1093/cercor/bhs376
http://www.ncbi.nlm.nih.gov/pubmed/23236206
http://doi.org/10.1146/annurev.neuro.24.1.167
http://www.ncbi.nlm.nih.gov/pubmed/11283309
http://doi.org/10.3390/biom10050779
http://www.ncbi.nlm.nih.gov/pubmed/32443397
http://doi.org/10.1016/j.celrep.2019.03.012
http://doi.org/10.3389/fnbeh.2020.00058
http://doi.org/10.3389/fphar.2020.00394
http://doi.org/10.1186/s12974-019-1652-8
http://doi.org/10.1016/j.intimp.2019.105908
http://www.ncbi.nlm.nih.gov/pubmed/31622861
http://doi.org/10.3389/fnbeh.2014.00120
http://doi.org/10.1038/npp.2016.32
http://doi.org/10.1100/2012/267120
http://doi.org/10.1016/j.neubiorev.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26143512
http://doi.org/10.1016/j.brainres.2007.02.078
http://doi.org/10.3390/ijms21165624
http://www.ncbi.nlm.nih.gov/pubmed/32781522
http://doi.org/10.1093/intimm/dxy057
http://doi.org/10.1002/wps.20723
http://doi.org/10.1016/j.it.2020.07.007
http://doi.org/10.1126/science.1190929
http://www.ncbi.nlm.nih.gov/pubmed/21051630

Biomedicines 2021, 9, 157 16 of 16

74.

75.

76.

77.

78.

79.

80.

Benusa, S.D.; George, N.M.; Sword, B.A.; DeVries, G.H.; Dupree, ].L. Acute neuroinflammation induces AIS structural plasticity
in a NOX2-dependent manner. J. Neuroinflamm. 2017, 14, 116. [CrossRef]

World Health Organization. Women’s Mental Health: An Evidence Based Review. 2000. Available online: https://www.who.int/
mental_health/publications/women_mh_evidence_review/en/ (accessed on 15 November 2020).

Bolea-Alamanac, B.; Bailey, S.J.; Lovick, T.A.; Scheele, D.; Valentino, R. Female psychopharmacology matters! Towards a
sex-specific psychopharmacology. J. Psychopharmacol. 2018, 32, 125-133. [CrossRef]

Almeida Montes, L.G.; Hernandez Garcia, A.O.; Ricardo-Garcell, ]. ADHD prevalence in adult outpatients with nonpsychotic
psychiatric illnesses. J. Atten. Disord. 2007, 11, 150-156. [CrossRef] [PubMed]

Tolin, D.F,; Foa, E.B. Sex differences in trauma and posttraumatic stress disorder: A quantitative review of 25 years of research.
Psychol. Bull. 2006, 132, 959-992. [CrossRef]

Choi, N.G.; DiNitto, D.M.; Marti, C.N.; Choi, B.Y. Association of adverse childhood experiences with lifetime mental and
substance use disorders among men and women aged 50+ years. Int. Psychogeriatr. 2017, 29, 359-372. [CrossRef] [PubMed]
Ajayi, A.F; Akhigbe, R.E. Staging of the estrous cycle and induction of estrus in experimental rodents: An update. Fertil. Res.
Pract. 2020, 6, 5. [CrossRef] [PubMed]


http://doi.org/10.1186/s12974-017-0889-3
https://www.who.int/mental_health/publications/women_mh_evidence_review/en/
https://www.who.int/mental_health/publications/women_mh_evidence_review/en/
http://doi.org/10.1177/0269881117747578
http://doi.org/10.1177/1087054707304428
http://www.ncbi.nlm.nih.gov/pubmed/17709815
http://doi.org/10.1037/0033-2909.132.6.959
http://doi.org/10.1017/S1041610216001800
http://www.ncbi.nlm.nih.gov/pubmed/27780491
http://doi.org/10.1186/s40738-020-00074-3
http://www.ncbi.nlm.nih.gov/pubmed/32190339

	Introduction 
	Methods 
	Animals 
	Locomotor Activity 
	Western Blotting 
	Tissue Preparation for Histological Assessments 
	Image Analyses 
	ELISA 
	Statistical Analysis 

	Results 
	Locomotor Activity of Female Adolescent DAT+/- and DAT-/- Rats 
	Glutamatergic and Synaptic Alterations in Female Adolescent DAT+/- and DAT-/- Rats 
	DAT-/- Rats Display Neuronal Cell Death in the Prefrontal Cortex 
	Pro-Inflammatory Phenotype in the Prefrontal Cortex of DAT-/- Rats 

	Discussion 
	References

