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Abstract: The key element of dopamine (DA) neurotransmission is undoubtedly DA transporter
(DAT), a transmembrane protein responsible for the synaptic reuptake of the mediator. Changes in
DAT'’s function can be a key mechanism of pathological conditions associated with hyperdopaminer-
gia. The first strain of gene-modified rodents with a lack of DAT were created more than 25 years ago.
Such animals are characterized by increased levels of striatal DA, resulting in locomotor hyperactivity,
increased levels of motor stereotypes, cognitive deficits, and other behavioral abnormalities. The
administration of dopaminergic and pharmacological agents affecting other neurotransmitter systems
can mitigate those abnormalities. The main purpose of this review is to systematize and analyze
(1) known data on the consequences of changes in DAT expression in experimental animals, (2) results
of pharmacological studies in these animals, and (3) to estimate the validity of animals lacking DAT
as models for discovering new treatments of DA-related disorders.

Keywords: dopamine transporter; hyperdopaminergia; hypodopaminergia; dopamine transporter
knockout rodents; locomotor hyperactivity

1. Introduction

Dopamine (DA) is one of the most important monoaminergic neurotransmitters in the
brain. The DA system is critically involved in controlling many physiological functions,
including the initiation of motion, reinforcement, and motivation processes, as well as
affecting emotional reactions and cognitive functions (learning, attention, memory) [1].
The key element of DA neurotransmission is undoubtedly the DA transporter (DAT).
DAT, a member of the Na*/Cl~ —dependent transporter family selectively expressed in
dopaminergic neurons, critically regulates DA homeostasis by transporting extracellular
DA into the intracellular space [2]. DAT plays a dominant role in DA clearance in the
striatum; this area contains the largest amount (=80%) of this neurotransmitter within
the brain [3,4]. Thereby, DAT strictly controls the synaptic levels of DA in the mesolimbic
and nigrostriatal pathways. The role of DAT in the regulation of DA metabolism in other
DA pathways is less significant. The controlled pituitary prolactin secretion hypothalamic
DA neurons (the tuberoinfundibular pathway) mainly release the mediator into the portal
system from the median eminence [5]; however, some level of DAT seems to be expressed
in the pituitary since silencing of DAT in mice results in significant pituitary hypoplasia and
lactation problems (see below). At the same time it plays a significant role in the prefrontal
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cortex (the mesocortical pathway) [6], but the norepinephrine transporter seems to also
play an important role in in DA re-uptake in this brain area [7].

A growing amount of evidence suggests that the decrease of DAT levels, as well as the
polymorphisms of its gene (SIc6a3), are etiopathogenetic factors for the development of a
wide number of DA-related disorders, including Parkinson’s disease (PD) [8,9], attention
deficit hyperactivity disorder (ADHD) [9], post-traumatic stress disorder [10], drug abuse,
obsessive-compulsive disorder (OCD) [11], and bipolar depression (BD) [12]. DAT is also
the target for many addictive psychoactive compounds, such as cocaine, amphetamine,
methamphetamine, etc. [2].

Genetic mutations in the DAT-encoding gene affect different functional parameters
of the transporter: gene expression, ability to integrate into the membrane, substrates
affinity, reuptake activity, transport direction, etc. These and other changes influence DA
neurotransmission and contribute to the pathophysiology of CNS diseases. It is reported
that numerous missense mutations of Slc6a3 are subjected to negative selection and DAT
is classified as “loss-of-function-intolerant”. This statement additionally shows the tragic
consequences of DAT dysfunction [13-15].

Mutations in Slc6a3 have been described in patients with DAT deficiency syndrome
(DTDS). For example, some of these mutations are Ile312Phe (I312F) and Asp421Asn
(D421N). These gene changes were demonstrated in a person with DTDS (Ile312Phe was in-
herited from his father, and Asp421Asn was a de novo mutation). As a result of these amino
acid substitutions, both mutant hDATs have a reduced ability to capture DA. hDAT-I312F is
characterized by low substrate affinity, high blockers affinity, and high anion conductivity.
hDAT-D421N is characterized by impaired Na* and Cl1~ binding (DA co-transport ions)
and constitutive leak of cations. Moreover, hDAT-D421N provokes anomalous dopamine
efflux (ADE; abnormal leak of cytoplasmic DA through non-vesicular DA release by the
DAT). Collectively, these events have a destructive effect on neurons [9,14].

Genetic variation of Slc6a3 is a risk factor for autism spectrum disorder (ASD). One
of the mutations is Thr356Met (T356M). This substitution occurs in highly conserved
sequences of the ion binding region. The mutant hDAT-T356M is characterized by extremely
low DA affinity and slow DA reuptake. Because of the occurrence of ADE, this mutation
prevents the accumulation of intracellular DA. Other mutations associated with autism
are Arg51Trp, Ala559Val, and AN336 [16,17]. AN336 is a rare in-frame deletion of residue
Asn336 and it leads to a decrease in DA reuptake. Studies on Drosophila melanogaster
demonstrated a pronounced violation of social behavior in the mutant flies [16,18].

The Ala559Val (A559V) mutation of Sic6a3 is found not only in ASD but also in ADHD
and bipolar affective disorder. It is believed that amino acid substitution leads to changes
in steric interactions between transmembrane domains of hDAT and changes in transporter
conformational dynamics. hDAT-A559V is characterized by increased transporter activity
and the occurrence of ADE [17,19].

Some ADHD patients have Arg615Cys mutation (R615C). This mutation leads to a
change in the dynamics of the DAT along the cell surface. DAT membrane transfer is an
important post-translational regulatory process. It is assumed that it could be the risk factor
for some CNS diseases. The R615Cys substitution is on the distal C-terminus in the region
responsible for transporter relocation. Normal DAT-proteins are in special GM1/flotillin-1
enriched microdomains of the cell membrane. These microdomains limit the lateral mobil-
ity of DAT. DAT is distributed in a highly regulated manner, but hDAT-R615C constitutively
recirculates throughout the cell and demonstrates insensitivity to the endocytic activation
factors, possibly due to disruption of phosphorylation/dephosphorylation zones at the
C-terminus of the transporter; this could be caused by the disruption of phosphoryla-
tion/dephosphorylation zones at the C-terminus of the transporter [19,20].

In a screening of the entire coding region of hDAT, a rare missense mutation, Glu602Gly
(E602G), was identified in a patient with bipolar disorder. His father had this mutation as
well and suffered from the same disorder. A DAT with this mutation after the translation
stage is not delivered to the cell surface and does not integrate into the membrane [21].
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Changes due to mutations in the Slc6a3 gene, which correlate with CNS diseases, are
found along the entire protein structure, thereby affecting various aspects of the functioning
of DAT [9,15]. Each mutation in the DAT gene exhibits unique properties that ultimately
lead to destructive effects on the nervous system [14]. It is worth noting that a relationship
has been found between the type of mutation and the response to therapeutic agents. This
relationship has been established for ADHD and PD. This fact needs to be verified in
relation to other diseases in order to improve the effectiveness of treatments [15].

2. Genetically Modified Animals Affecting Function of DAT

Genetically modified animals deficient in DAT (knockouts (KO) or knockdowns (KD))
are still one of the most used models for studying DA functions. Summary information
about the stocks and strains is presented in Table 1.

Table 1. Rodent strains lacking DAT.

Rodent Specie

Stocks and Strains

o .
% of Dopamine Methods and
Transporter Reference

. Selectivit
Expression Decrease iy

C57/B6Jx129/Sv /] and

C57/B6] 100%, DAT-KO o [22]
in vivo homologous
C57/BLy6] 100%, DAT-KO recombination [23]
129 Sv/] 90%, DAT-KD [24]
o Knock-in of
C57/BL6 45-50%, DAT lower hemagglutinin epitope [25]
expresser .
in EL2
Mice
Intra-accumbal
delivery of DAT
C57BL/6] shRNA-expressing [20]
lentiviral vectors
Variable (inducible -
DAT-KD) Intraven’Fncular local
BALB/c nonviral RNA [27]
interference
C57BL6/] Tetracycline inducible 28]
system
Fiocher 344 Less than 25%, N—Zthyl(;lN—nltr‘:)sourea- 001
ischer DAT-KD induced spontaneous
mutation
Rats Wistar Han Zinc finger nuclease [30]
technology
: 100%, DAT-KO CRISPR/Cas9
Wistar [31]
technology

DAT—dopamine transporter; DAT-KO—DAT knockout; DAT-KD—DAT knockdown.

According to Table 1, the first mouse strain lacking DAT was developed more than
25 years ago [22]. Studies on mice with decreased DAT expression have significantly
expanded our understanding of the basic principles of DA neurotransmission, the mech-
anisms of action of various psychotropic drugs, and the interaction of the most impor-
tant neurotransmitters of CNS, as well as the pathophysiological mechanisms of DA-
related disorders. However, certain questions can be more reliably addressed in transgenic
rats [32]. The first gene-modified rats that lack of DAT were introduced to scientists in
2016-2018 [29,30]. The greater sizes of rats and their brains allow for a number of practical
benefits, especially in relation to surgical (mainly, neurosurgical) techniques [33,34]. More-
over, there are strong differences in neuroanatomical and neuroprotein pattern expression
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between rats and mice, giving rise to rats’ richer behavior and demonstrating more robust
and reproducible performance in cognitive tasks [32,34].

3. Impact of DAT Deletion on Neurotransmission and Neuroanatomy

Striatal DA neurotransmission is dysregulated in both DAT-KO rats and mice. The
lack of DAT expression is known to lead to approximately a 5-7-fold increase in extra-
cellular DA levels in the striatum (Str), one of the essential structures of CNS, involving
both nigrostriatal (transmitting DA from substantia nigra pars compacta (SNc) to the cau-
date nucleus and putamen) and mesolimbic (transmitting DA from the ventral tegmental
area (VTA) to the nucleus accumbens (NAcc)) pathways [24,30,35,36]. DA persists for a
longer period in the synaptic cleft, and consequently, extracellular clearance of DA, which
is mainly driven through diffusion, is delayed by almost 40-300 times compared to WT
controls [22,30,37-40]. Concurrently, the intracellular tissue content of striatal DA is de-
creased by 13-20-fold, suggesting a crucial contribution of DAT in the sustainment of
intracellular stores of DA [24,30,35,36,40]. Additionally, these results are also supported by
a reduction of striatal mMRNA and the alterations of protein expression and phosphorylation
of tyrosine hydroxylase (TH), the rate-limiting enzyme for DA biosynthesis [23,30,35,41].
Specifically, TH mRNA levels are only marginally reduced, while protein levels are reduced
by almost 90%; notably, its immunoreactivity is almost undetectable in several striatal
projections [41]. Decreased intracellular DA pool apparently leads to a reduced stimulated
DA release [24,37,38]. Nonetheless, it should be noted that the lack of DAT does not result
in changes in intracellular DA transport in vesicles [40,41]. Additionally, one more feature
of DA tone in DAT-KO rodents is the dearth of diurnal variation observed in wild-type
(WT) animals [42].

DA overflow in DAT-KO and DAT-KD animals causes a permanent activation of
postsynaptic D1- and D2-like DA receptors (D1R and D2R, respectively) [22,29,43,44], which
results in their down-regulation [30,43,45,46]. This also leads to a decreased expression
and function of presynaptic D2R in DAT-KO animals [22,42,47]. Notably, in DAT-KD mice,
only the decrease of presynaptic D2R expression was shown [24]. At the same time, down-
regulation of DA autoreceptors was not detected when DAT expression was decreased
in adult animals (tetracycline-inducible DAT-KD), an aspect that may point to long-term
mechanisms of their down-regulation [28].

Increased DA concentration in DAT-KO animals is associated with its intensified
degradation by catechol-O-methyltransferase (COMT) and monoamine oxidase (MAO),
which results in increased levels of such DA metabolites as 3-methoxytyramine, 3,4-
dihydroxyphenylacetic acid, and homovanillic acid [30,35,40]. Interestingly, COMT in-
hibition does not affect the rate of synaptic DA clearance while MAO inhibition prolongs
DA half-life [30,38]. Considering that MAO is predominantly involved in the oxygenation
of intracellular DA, we might speculate that homeostasis of synaptic DA strongly depends
on the pool of DA synthesis de novo in the case of DAT hypofunction. The other possible
explanation of COMT inhibition’s “ineffectiveness” is that action of tolcapone administra-
tion on DA levels was measured in the striatum. DA metabolism seems to primarily rely
on COMT in PFEC but not in the striatum [48].

Structurally, DAT-KO animals show a reduced volume of the striatum followed by
a concurrent volume increase in other important regions, such as the PFC and cerebel-
lum [49]. Striatal volume loss in mice is mainly caused by a decreased density of GABAergic
interneurons and raised markers of neurodegeneration (e.g., hyperphosphorylated tau
protein) [50-53]. Notably, this negative correlation between striatal and cerebellar volume
areas points out a potential neurodevelopmental compensation [49].

In addition, the decreased DAT activity leads to biochemical and structural changes
that also affect other neurotransmitter pathways. Indeed, DAT-KO animals showed a de-
creased density of GABAergic neurons, as well as decreased concentrations of anandamide
and serotonin [30,52]. Moreover, elevated numbers of neurodegeneration markers, such as



Biomolecules 2023, 13, 806

50f 20

hyperphosphorylated tau protein, that are also associated with dyskinesia manifestation,
have been revealed in DAT-KO mice striatal samples [50-53].

Another brain area potently altered by DAT deletion or hypofunction is PFC, where
monoamine alterations play a crucial role in the development of various neuropsychiatric
disorders [54]. Notably, an increased and prominent hyperconnectivity has been observed
in the cortico-striatal circuit in DAT-KO compared to WT animals [49]. These alterations
in the PFC could lead to working memory impairments that might be caused by several
different pathways and mechanisms. For example, Leo et al. found downregulation in
the neurotrophin BDNF mRNA and protein levels, as well as the downstream pathway,
that involve high-affinity receptor TrkB [30]; pro-inflammatory processes in the PFC of
female rats lacking DAT was also seen in another study, suggesting a prominent role in
neurodegeneration activity [55]; and, recently, Targa et al. found significant dysregulation
of AMPA receptor trafficking through an altered endosomal regulation [56].

All these morphological and functional variations also induce neurophysiological and
synaptic plasticity disruptions such as, on the one hand, increased long-term potentiation
(LTP) in the cortico-striatal synapses that is correlated with a decrease in PSD-95 concentra-
tion [57,58] and, on the other hand, LTP deficiency in the 5th layer of cortical pyramidal
neurons [6,59]. At the same time, a weakening of long-term depression in the hippocampus
was also seen [57]. Additionally, changes in cortical and striatal power spectra and inter-
areal coherence were detected [60]. Proteomic analysis revealed modifications in striatal
proteins expression that were closely related to learning and memory mechanisms (i.e.,
synaptic transmission, axodendritic transport, and DA-binding processes) [61].

In general, disruption of the DAT function provokes significant DA neurotransmission
impairments affecting almost all its stages, highlighting the key role of DAT in the main-
tenance of DA homeostasis and the dramatic neurobiological changes in the CNS, which
mostly concern the cortico-striatal system.

4. Impact of DAT Deficiency on Animal Physiological Phenotype

Unlike DAT-KD [24] animals, DAT-KO [22,30,62] are characterized by reduced body
weight. Even though mutant animals do not show any propensity to die at birth, DAT-KO
mice (but not rats) have increased mortality [22,50,63]. However, it should be noted that
genetic background can affect DAT-KO mice’s rate of survival [64]. DAT-KO mice show a
higher mortality rate at all ages in comparison to heterozygotes and WT littermates. Just
before death, mutant mice are characterized by loss of hyperactivity, tremor appearance,
rapid weight loss, and pronounced dorsal kyphosis [50], and, correspondingly, reduced
bone strength [64]. Intriguingly, premature death was prevented in DAT-KO mice gene ther-
apy by expressing DAT selectively in DA neurons and terminals through gene therapy [65].
Furthermore, DAT silencing was found to affect colon peristaltic in mice [66]. In addition,
DAT-KO mice display reduced breath rate, body temperature, and rod sensitivity [67,68].
Deletion of DAT in mice is also accompanied by decreased natural killer cell activity and
mitogen-induced cytokine responses [69]. In contrast, LPS-induced cytokine production by
macrophages was enhanced in DAT-KO mice [69]. Aberrant immune reaction, as well as
reduced angiogenesis, can cause decreased tumor growth [70]. Even though little is known
about the effects of DAT-deficits, it is obvious that DAT depletion seriously affects many
body organs. Further studies aimed at analyzing these actions are warranted. In addition,
these effects should be considered for a correct interpretation of behavioral experiment
data aiming at studying central nervous system functioning.

5. Behavioral Phenotype of Animals with DAT Hypofunction

The most pronounced behavioral feature of DAT-deficient animals is locomotor hy-
peractivity [22,23,30,31,37,71-75]. When animals are placed in their home cages, this
hyperactivity appears mainly during the dark phase [30], and it is exacerbated in a new
environment. Such hyperactivity is observed in a new environment only in the case of
partial deficiency of DAT (DAT-KD and DAT-LE mice) [24,25,27,76]. Other aberrant motor
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reactions are observed in DAT-KO rodents: increased level of stereotypies [31,74,77,78],
a reduced fore- and hind-limb mean stride length [50,53] (for controversial see [74]), and
impaired motor coordination [53].

The impact of DAT deficit on Negative Valence Systems has been studied very inten-
sively. In several studies, the reduction of depression-like behavior development [71,79-81]
and decreased anxiety [82-84] were observed in DAT-KO rodents. Notably, the selec-
tive decrease of DAT expression in NAcc of adult mice resulted in the same behavioral
changes [85]. It should also be considered that ablation of DAT is associated with altered
behavioral reactions to stress [86]. It should also be noticed that some scientific groups
reported controversial results regarding this topic. For example, Takamatsu et al. failed to
find any difference between DAT-KO and WT mice in a tail suspension test [87], and no
signs of decreased anxiety were shown in the elevated plus maze in DAT-KD rats from
Prof. Spanagel’s group [72].

Much less is known about the impact of DAT deficits on sensitivity to reward stimuli
(Positive Valence System). According to some studies performed on DAT-KO mice, silenc-
ing of DAT was associated with increased sucrose solution consumption [71] and positive
bias toward a hedonically positive tastant [80]. In addition, Pecina and colleagues reported
that DAT-KD mice have greater incentive performance for a sweet reward [88]. At the same
time, DAT-KO and DAT-KD rats were demonstrated not to have a preference for sweet
solutions [72,89]. Moreover, Mallien and colleagues found less preference for saccharin in
the two bottle test in DAT-KO rats [74]. DAT-KO mice also exhibited a stronger rewarding
response to morphine compared with control littermates [79].

During experiments with food reinforcement, the lack of DAT does not affect the
operant conditioning of DAT-KO and -KD mice [44,90-93]. We further supported these
observations in DAT-KO rats trained to perform lever presses [94,95]. DAT deficiency-
associated hyperdopaminergia seems to seriously affect rodent behavior when conditions
of schedules were changed. In this way, DAT-KO mice failed to change the temporal
pattern of their responses in either fixed-interval or peak-interval timing procedures [93].
In addition, these mice are characterized by enhanced resistance to extinction [90].

It is well established in experiments in both humans and rodents that DA levels
contribute to cost-benefit analysis. High DA levels are associated with a preference for
“high-cost” reactions [96-98]. Vice versa, low DA levels are correlated to the preference for
“low-cost” reactions [99-101]. In full concordance, DAT-KD mice are characterized by a
preference for “high-cost” responses in the “closed economy” paradigm [91]. DAT-KD mice
also earned more reinforcers than WT littermates under the progressive ratio paradigm [44].
However, we failed to reproduce these results in DAT-KO rats [95]; indeed, mutant and
control rats acquired the same number of reinforcers. However, the local response rate
dynamics were dramatically changed in the DAT-KO rats: progressive increase of ratio was
accompanied by a decrease in local response rate in control animals; on the contrary, in
DAT-KO littermates, the response rate was gradually increased as the required number of
responses to obtain a reward was growing.

Considerable efforts have been made at studying the impact of DAT deficit on cognitive
functions. The full lack of DAT in rodents is accompanied by spatial memory deficits in the
Morris water navigation task, 8-arm, Hebb-Williams, T-, H-, and Y-mazes [30,57,77,102-105].
However, Chang et al. failed to find memory deficits in DAT-KD mice in the Morris water
navigation task and Y-maze [106]. DAT-KO and DAT-KD learning and memory deficits
were also revealed in a novel object recognition test [72,106]. Although the lack of DAT does
not seem to affect simple Pavlovian conditioning [61,72,92], DAT-KO rats were incapable
of learning new stimulus-response associations [61], while DAT-KO mice performed less
avoidance in the Conditioned Avoidance Responding Test than WT littermates [87]. Simi-
larly, aberrant Pavlovian-to-instrumental transfer was revealed in DAT-KD mice [92]. Part
of the learning deficits associated with DAT silencing might be explained by their locomotor
hyperactivity; however, the role of DA in the processes of assigning incentive salience to
stimuli plays a key role in this aspect [107]. Under hyperdopaminergic conditions, this
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process might become aberrant and result in learning deficits as well as a reduction of
stimulus control. The reported results of experiments on sensorimotor gating indirectly sup-
port this speculation on DAT-deficits association with impairment of sensory information
filtration. Thus, decreased pre-pulse inhibition (PPI) was demonstrated in both DAT-KO
mice [108-113] and rats [30], but not in DAT-KD mice [114]. It should also be noted that
DAT-KO animals are characterized by increased amplitude of startle response [30,109,110].
However, Kurzina et al. reported decreased amplitude in DAT-KO rats [60]. Additionally,
olfactory discrimination deficits were demonstrated in DAT-KO mice [115].

Rodents lacking DAT also show some atypical social behavior traits. For instance,
female DAT-KO mice are characterized by a deficit of maternal behavior [64,71]. This deficit
can be explained by either locomotor hyperactivity or decreased prolactin release [62].
At the same time, it is not quite clear whether the lack of DAT affects social interaction.
On the one hand, some research groups observed impaired social behavior in DAT-KO
and DAT-KD rats [72,74]; on the other hand, Cinque and colleagues found intact social
behavior in DAT-KO [89]. The different methods used in these studies (social interaction
with an unfamiliar social partner vs Social Preference Test) can explain the discrepancies
between them. Interestingly, DAT-KO mice retain the ability to establish social hierarchies,
but the DAT deficit was accompanied by increased rates of reactivity and aggression [116].
However, little is known about the sexual behavior of DAT-KO animals; only Sanna et al.
reported that DAT-KO rats have a more rapid acquisition of stable sexual activity levels
and higher levels of sexual motivation and activity [117].

In summary, we can conclude that lack of DAT is associated with significant hyper-
activity and impairment of motor function control, mild cognitive (spatial memory and
learning) deficits, increased motivation for reward, aberrant cost-benefit analysis, and
few changes of social behavior (most reliable one being the deficit of maternal behavior).
However, data on behavioral methods in cases of DAT silencing should be considered with
caution since hyperactivity associated with the lack of DAT can affect the reported results.
Moreover, we hypothesize that hyperdopaminergia associated with DAT silencing might
result in depleted behavioral flexibility. A number of scientists working with animals lack-
ing DAT reported that these animals’ behavior is characterized by perseverative patterns of
behavior. For example, hyperactivity of both DAT-KO mice and rats manifests in exhibited
non-focal preservative patterns of locomotion [49,53,108]. Rodriguiz et al. reported that
the aggressivity of DAT-KO mice can be partly caused by stereotyped and perseverative
patterns of their social responses [116], features which are also shown in DAT-KO rats [89].

6. DAT Deficient Animals as Models in Experimental Neuropsychopharmacology
6.1. DTDS

Currently, DAT-KO mice have proven themselves to be the best animal model for
Dopamine Transporter Deficiency Syndrome (DTDS) [65]. DTDS is an inherited DA “trans-
portopathy” resulting from missense variants of the Slc6a3 gene. Depending on the type
of mutation, the patients might have symptoms of ADHD, atypical parkinsonism, or
autism [15]. The classic manifestation of DTDS is a hyperkinetic movement disorder with
onset in infancy and progression to severe parkinsonism in early childhood. Another
manifestation of the disease is an atypical DTDS, which is characterized by manifestation
in later childhood with a relatively milder course of the disease [118,119]. It was shown
that DAT dysfunction may consist in the loss of primary DAT function, which leads to the
absence or a strong decrease in DA uptake, a decrease in DAT binding to the cell surface, a
decrease in the affinity of DAT for DA, a decrease in DA recognition by DAT, a decrease in
DAT expression with a predominance of an excess of non-glycosylated DAT [118].

DAT-KO mice reproduce the main clinical features of DTDS patients, which have
a tendency to develop recurrent hyperkinesis from an early age, development of motor
deficits, loss of the ability to move, hyperactivity, striatal neurodegeneration, high mortality,
and a patient-like change in the concentration of DA metabolites [65]. The validity of this
model allows testing of the potential variant of DTDS therapy, for example, using gene
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therapy. Using a dual combinatorial AAV-based gene therapy approach, aimed at the
restoration of native Slc6a3 gene expression, it was possible to ensure stable expression
of healthy DAT in dopaminergic neurons of the midbrain and striatum. This method of
therapy led to the normalization of DA signaling and markedly changed the behavioral
phenotype of mice; for example, the development of motor disorders that led to death was
completely prevented [65].

6.2. States Associated with Increased Levels of DA

Increased DA neurotransmission has been hypothesized to contribute to the pathogen-
esis of several mental illnesses and conditions. Animals with a lack of DAT are thought to
model some signs and symptoms of ADHD (for review see [120]), schizophrenia [121], ma-
niac phases of BD [76], protracted abstinence [29], and dopamine dysregulation syndrome
(Sukhanov, Volnova and Gainetdinov, unpublished). However, it should be considered
that (1) the accurate impact of DAT hypofunction in the pathogenesis of the listed above
diseases is partially controversial and (2) with the exception of inducible DAT-KD mice,
these animals have permanent hyperdopaminergia as soon as DA structures in the brain
are formed in the prenatal period.

To illustrate the limited usefulness of the approach to the DAT-depleted rodents as
the models of specific mental diseases, we collected results of pharmacological tests with
compounds mitigating their increased locomotor activity (Table 2). Studies demonstrate
that pretreatment with drugs used to control ADHD symptoms, such as amphetamine
and methylphenidate, resulted in a dose-dependent reduction of hyperactivity in DAT-KO
and -KD rodents and increased locomotor activity of WT and HT littermates [24,30,71,77].
Fluoxetine decreased the locomotor activity of DAT-KO rodents without any effect on
control animals” motor behavior [77]. However, the action of the other anti-ADHD agent,
atomoxetine, seems to be non-selective. Administration of atomoxetine resulted in de-
creased locomotor activity of both WT and KO rats [72]. Of course, the list of the agents
mitigating hyperactivity is not limited only to the ones mentioned above, and many of
them cannot be used to treat ADHD even theoretically. In summary, we suggest employing
DAT-deficit rodents in the first place to model behavioral correlates of hyperdopaminergia
but not some specific pathology.

6.3. States Associated with Decreased Levels of DA

In case of lack of DAT, as mentioned above, the vesicular storage of DA is depleted.
DA release is therefore strongly dependent on its de novo synthesis mediated by tyrosine
hydroxylase (TH). Thus, animals with DAT silencing are very sensitive to the actions of
irreversible TH inhibitor alpha-methyl-para-tyrosine (aMPT). Following its administration,
synaptic DA disappears in DAT-KO animals [38,40,122,123]. Behaviorally, the abrupt DA
depletion is accompanied by striking akinesia and catalepsy [122-124]. In summary, aMPT-
treated animals (DA deficient DAT-KO—DDD rodents) can be considered as a model of
DA deficiency associated with PD [122,124]. Pretreatment with DA precursor L-DOPA
and DA receptor agonists results in locomotor activity recovery and/or elimination of
catalepsy [123,124]. Primarily, the mutual activation of both D1- and D2-R is thought
to be required for these effects. However, we demonstrated that activation of striatal
DI1R expressing medial spiny neurons by phosphodiesterase 10A inhibitors seems to
be sufficient for the recovery of motor functions in DDD rats [123]. Administration of
amphetamine-like psychostimulants is also able to revert aMPT effects on locomotor
activity in DDD mice [124]. Non-dopaminergic mechanisms are supposed to be responsible
for psychostimulant action [124]. Additionally, DA depletion in mice is accompanied by
suppression of slow-wave sleep and REM sleep disappearance [125]. In this case, treatment
with D2-(but not D1-) receptor agonists can recover REM sleep in these mice [125].
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Table 2. Pharmacological agents decreasing locomotor hyperactivity in rodents with lack of DAT.
Dr Mechanism of Animals Doses Administration Administration Number of Influencing WT Reference
us Action Route Schedule Animals per Group Activity
DAT-KO mice F1 0.5and 1 mg/kg s/c before testing 16-24 0 [46]
DAT-KO mice 1and 3 mg/kg i/p before testing 8-12 - [113]
Nicotine NACchR agonist
DAT-KD s/c, by
C57BL6/] mice 40 mg/kg/day mini-osmotic for 26 days 27-30 - [126]
pumps
Choline o7 agonist DAT-KO mice F1 5mg/kg s/c before testing 12 - [46]
Epibatidine + 32 agonist + &7 . .
Choline agonist DAT-KO mice F1 0.5 mcg/kg + 0.5 mg/kg s/c before testing 8 - [46]
DAT-KO mice :
B-phenethylamine TAAR agonist C57BL/6] x 10, 30, 50/'1<7 0,100 i/p 30 r:“rl.before 10-15 T [127]
129/SV] mg/kg esting
DAlg_gK/% ;I;lce 30 mg/kg i/p before testing 8 [77]
Methylphenidate DA.T a.n<.:1 NET 0
inhibitor DAT-KO rats 122 K . bef . 1
Wistar Han .2,2.5,5mg/kg i/p efore testing 6-19 [30]
DAT-KO mice . .
129/C57 0.2 mg/kg i/p before testing 6 [77]
DAT-KO mice 30 min before
C57BL/6 0.15,0.2,0.3 mg/kg s/c testing 10-15 [71]
Haloperidol D2R antagonist DAT HET mice 30 min before g 1
C57BL/6 0.1,0.15,0.2,0.3 mg/kg s/c testing 10-15 [71]
DAT-KO rats .
Wistar Han 0.5mg/kg s/c before testing 6-19 [30]
DAT HET rats .
Wistar Han 0.5mg/kg s/c before testing 4 [30]
DAT-KO mice 30 min before
o . D2-/5-HT2A C57BL/6 2 and 3 mg/kg s/c testing 10-15 . [71]
ozapine .
antagonist DAT HET mice 30 min before
C57BL/6 1,2,3mg/kg s/c testing 10-15 [71]
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Table 2. Cont.

Dr Mechanism of Animal D Administration Administration Number of Influencing WT Referen
u8 Action tma’s oses Route Schedule Animals per Group Activity eterence
. . DAT-KO mice . 10 min before
Raclopride D2R antagonist C57BL/129Sv] 0.1 mg/kg i/p testing 9-18 - [108]
. DAT-KO mice 10 min before
SCH23390 D1R antagonist C57BL,/129Sv] 0.01 mg/kg s/c testing 9-18 - [108]
. DAT, SERT and DAT-KO mice . .
Cocaine NET inhibitor 129/C57 40 mg/kg i/p before testing 8 T [77]
DAT-KO mice .
C57BL/6 1,3,10 mg/kg s/c before testing 8-15 [128]
DAT HET mice .
C57BL/6 1mg/kg s/c before testing 11-16 [128]
DAT-KO mice 0.75mg/kg i/p ? ? [77]
DAT, SERT and 129757 2mg/kg i/p before testing 8 [77]
. NET 1nh1b1t0r, DA DAT-KO rats . .
Amphetamine and 5-HT Wistar Han 1,2,3,4mg/kg i/p before testing 6-19 + [30]
receptors agonist ;
DAT-KD rats F344 1and 2 mg/kg i/p 30 min before 7-10 [72]
testing
. . 30 min before
DAT-KO mice F1 3mg/kg i/p esting 7-11 [129]
DATKO mice . bilateral PFC .
C57B1/6] 100 uM /0.5 ul./side infusion before testing 6-8 [130]
DAT-KD mice 129 1,2,3mg/kg i/p before testing 6-8 [24]
Svy]
DAT-KO mice :
129/C57 20 mg/kg s/c before testing 6 [77]
. R DAT-KO mice .
Fluoxetine SERT inhibitor C57BL/6 20 mg/kg s/c before testing 5 [128]
DAT-KO mice 20 mg/kg s/c before testing 6-12 ? [130]

C57B1/6]
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Table 2. Cont.
Dr Mechanism of Animals Doses Administration Administration Number of Influencing WT Reference
u8 Action Route Schedule Animals per Group Activity
- 5-HT 2A and DAT-KO mice 3mg/kg i/p before testing 6 B [77]
Quipazine 5-HT3 agonist 129/C57 05 . . . o
5 mg/kg i/p ? ? [77]
5.HTP serotonine DAT-KO mice 50 mg/kg i/p before testing 6 ) [77]
) precursor 129/C57 :
10 mg/kg i/p ? ? - [77]
) serotonine DAT-KO mice 100 mg/kg i/p before testing 6 [77]
L-Tryptophan precursor 129/C57 . -
10 mg/kg i/p ? ? [77]
partial TAAR1 DAT-KO rats . . . .
RO5203648 agonist Wistar Han 3mg/kg i/p before testing 6-19 [30]
partial TAAR1 DAT-KO mice . . 2 )
RO5166017 agonist C57BL/129Sv] 0.5and 1 mg/kg i/p before testing 7-8 [131]
. DA receptors ;
Apomorphine agonil:; ¢ DAT-KD mice 129 0.1,0.5,1,2mg/kg s/c before testing 6-8 T [24]
Quinpirole D2/D3 agonist vyl 0.1,0.5,2,6,20 mg/kg i/p before testing 6-8 T [24]
DAT, SERT and
NET inhibitor, DA DAT-KO mice . 10 min before
MDMA and 5-HT C57BL/129Sv] 20 mg/kg i/p testing 71 T [132]
receptors agonist
o DAT-KO mice . .
SL 327 MEK inhibitor C57BL/129Sv] 100 mg/kg i/p before testing 11 - [133]
. . . 30 min before
Reboxetine DAT-KO mice F1 5and 10 mg/kg i/p testing 6-18 - [129]
Atomoxetine - DAT-KD rats F344 1and 3 mg/kg i/p 30 min before 7-11 . [72]
NET inhibitor testing
) 25 mg/kg i/p
. . DATKO mice . . [130]
Desipramine C57B1/6] 41g/05 ul/side bll'atera‘l PFC before testing 6-12 ?
infusion
. . . 30 min before
U99194 D3 antagonist DAT-KO mice F1 30 and 60 mg/kg i/p 5-7 - [129]

testing
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Table 2. Cont.
Dr Mechanism of Animal D Administration Administration Number of Influencing WT Referen
u8 Action tma’s oses Route Schedule Animals per Group Activity eterence
SB-277011A D3 antagonist DAT-KO mice F1 3,10,30 mg/kg i/p 30 II:;; egfore 5-7 - [129]
MGIluR2 DAT-KO rats . 30 min before
Ly-341495 antagonist N157K 1,3,10mg/kg i/p testing 69 ) 721
. DAT-KO mice . 60 min before
SB 224289 5-HT1B antagonist C57BL/1295v] 20 mg/kg i/p testing 10 - [134]
5-HT2A DAT-KO mice 30 min before
M100907 antagonist C57BL/129Sv] 0.3and 1 mg/kg s/c testing 10-17 ) [135]
. DAT-KO mice . .
_ ?
Aniracetam C57BL,/129Sv] 20 and 50 mg/kg i/p before testing 8-10 ? [136]
DAT-KO mice :
_ ?
CX516 N C57BL/129Sv] 100 mg/kg s/c before testing 6-11 [136]
AMPA positive
allosteric DAT-KO mice . . »
CX546 modulator C57BL/129Sv] 50 and 70 mg/kg s/c before testing 6-11 [136]
DAT-KO mice . .
? ?
CX672 C57BL/129Sv] 1mg/kg i/p before testing [136]
DAT-KO mice :
? ?
CX776 C57BL/1295v] 3mg/kg s/c before testing [136]
GABA A and .
Pregnenolone NMDA allosteric DAT-KOmice 30 and 60 mg/kg i/p before testing 10-15 - [109]
C57BL/6
modulator
Donepezil DI%;;? che 1and 3 mg/kg i/p 20 min 'before ? 1 [137]
cholinesterase / testing
. inhibitor DAT-KO mice . 20 min before
?
Tacrine C57BL/6 3,10, 30 mg/kg i/p testing N [137]
M4 positive . .
. DAT-KO mice . 20 min before
?
VU0152100 allosteric C57BL/6 1mg/kg i/p testing 5 [137]

modulator




Biomolecules 2023, 13, 806 13 of 20
Table 2. Cont.
Dr Mechanism of Animal D Administration Administration Number of Influencing WT Referen
u8 Action tma’s oses Route Schedule Animals per Group Activity eterence
AM404 Anandamide 0.3,1,3 mg/kg i/p before testing 8 - [52]
VDM11 reuptake inhibitor AT KO mice F1 2 and 5 mg/kg i/p before testing 6-8 - [52]
AASHT FAAH inhibitor 2 and 5 mg/kg i/p before testing 6-8 - [52]
DAT-KD mice 129 . 60 min before
Na channels Svy] 100 mg/kg i/p testing 14 ) [114]
Valproic acid blocker, GABA :
’ DAT-KO mice . .
enhancer C57BL/129Sv] 300 mg/kg i/p before testing 8 1 [138]
LiCl 50, 100, 200 mg/kg i/p before testing 9-12 ? [138]
SB 216763 3,5,10 mg/kg i/p before testing 6-8 ? [138]
o DAT-KO mice . .

s . ”
Indirubin GSK-3 inhibitor C57BL,/1295v] 10 and 20 mg/kg i/p before testing 8-11 ? [138]
Alsterpaullon 3,5,10 mg/kg i/p before testing 8-10 ? [138]
TDZD 30 mg/kg i/p before testing 7 ? [138]

CBI1R allosteric DAT-KO mice . 30 min before
ABMB300 modulator C57Bl1/6] 10mg/kg i/p testing 10-13 ) [139]
) 40 mg/kg i/p

. o DAT-KO mice . . [130]

Nepicastat DBH inhibitor C57Bl/6] 4 ug/0.5 uL/side bllfr:felj:iloI;FC before testing 6-12 ?

T—increase of locomotor activity; |—decrease of locomotor activity; - —no effect; >—effect did not described in the study; s/c—subcutaneous; i/ p—intraperitoneal.
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7. Conclusions and Future Directions

Summing up, the phenotypic features of DAT-deficient animals are frequently related
to pathogenesis and symptoms of such DA-related disorders as schizophrenia, ADHD,
drug addiction, etc. According to our opinion (Table 3), described in the present review,
DAT-deficient animals have some but limited usefulness as models of neuropsychiatric
disorders. The division of lack of DAT into nigrostriatal and mesolimbic pathways is,
therefore, the most obvious way to create a new type of deficiency-based model. Simi-
lar region-selective approaches should be applied for DAT overexpressing rodents since
only mice with global overexpression of DAT are currently available [140]. The second
direction is the selective depletion of DAT in particular DA neurons. It is well-known that
most of striatal GABA-ergic medium spiny neurons (MSNs) belong to either D1R or D2R
expressing populations [141,142]. Distinct populations of MSNs give rise to direct and
indirect pathways in the frame of both nigrostriatal and mesolimbic pathways. There are
four pathways that originate from MSNs that seem to play different roles. We suggest
that selective hyperdopaminergia allows us to better understand the role of DA in these
pathways in normal conditions and in the pathogenesis of neuropsychiatric disorders.

Table 3. Validity of animals with DAT hypofunction as the model of neuropsychiatric disorders.

Face Validity Predictive Validity
Model Schizophrenia ADHD Mania Deplgrllltligence P]a)riléiel;sszn Schizophrenia ADHD Mania Dep]:e’rlllcllgence P]a)rilgiel;sszn
DAT KO + + + ? + ++ + ?
DAT KD - + + + - + ++ ?
DDD ++ ++

DAT-KO—dopamine transporter knockout; DAT-KD—dopamine transporter knockdowns; DDD—dopamine
deficient DAT-KO; ++—high validity; +—moderate validity; - —no validity; ?—no information.

Author Contributions: All authors contributed to the preparation of the manuscript and were
involved in the revision of the draft manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: Z.F. and 1.S. were supported by the Russian Science Foundation grant number 21-75-20069.
R.R.G. was supported by project ID: 93018770 of St. Petersburg State University. DL and GT were
supported by European Joint Program Rare Disease, EJP RD 2019 Urgent project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Klein, M.O.; Battagello, D.S.; Cardoso, A.R.; Hauser, D.N.; Bittencourt, J.C.; Correa, R.G. Dopamine: Functions, Signaling, and
Association with Neurological Diseases. Cell. Mol. Neurobiol. 2019, 39, 31-59. [CrossRef] [PubMed]

2. Sotnikova, T.D.; Gainetdinov, R.R.; Beaulieu, ].-M.; Caron, M.G. Molecular Biology, Pharmacology and Functional Role of the
Plasma Membrane Dopamine Transporter. CNS Neurol. Disord. Drug Targets 2006, 5, 45-56. [CrossRef] [PubMed]

3. Sano, I; Gamo, T.; Kakimoto, Y.; Taniguchi, K.; Takesada, M.; Nishinuma, K. Distribution of Catechol Compounds in Human
Brain. Biochim. Biophys. Acta 1959, 32, 586-587. [CrossRef] [PubMed]

4. Bertler, A Rosengren, E. Occurrence and Distribution of Dopamine in Brain and Other Tissues. Experientia 1959, 15, 10-11.
[CrossRef]

5. Hoffman, B.J.; Hansson, S.R.; Mezey, E.; Palkovits, M. Localization and Dynamic Regulation of Biogenic Amine Transporters in
the Mammalian Central Nervous System. Front. Neuroendocrinol. 1998, 19, 187-231. [CrossRef]

6. Xu, T.-X,; Sotnikova, T.D.; Liang, C.; Zhang, J.; Jung, ].U.; Spealman, R.D.; Gainetdinov, R.R.; Yao, W.-D. Hyperdopaminergic Tone

Erodes Prefrontal Long-Term Potential via a D2 Receptor-Operated Protein Phosphatase Gate. J. Neurosci. 2009, 29, 14086-14099.
[CrossRef]


https://doi.org/10.1007/s10571-018-0632-3
https://www.ncbi.nlm.nih.gov/pubmed/30446950
https://doi.org/10.2174/187152706784111579
https://www.ncbi.nlm.nih.gov/pubmed/16613553
https://doi.org/10.1016/0006-3002(59)90652-3
https://www.ncbi.nlm.nih.gov/pubmed/14441532
https://doi.org/10.1007/BF02157069
https://doi.org/10.1006/frne.1998.0168
https://doi.org/10.1523/JNEUROSCI.0974-09.2009

Biomolecules 2023, 13, 806 15 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mor6n, J.A.; Brockington, A.; Wise, R.A.; Rocha, B.A.; Hope, B.T. Dopamine Uptake through the Norepinephrine Transporter
in Brain Regions with Low Levels of the Dopamine Transporter: Evidence from Knock-out Mouse Lines. J. Neurosci. 2002, 22,
389-395. [CrossRef]

Caspell-Garcia, C.; Simuni, T.; Tosun-Turgut, D.; Wu, 1.-W.; Zhang, Y.; Nalls, M.; Singleton, A.; Shaw, L.A.; Kang, J.-H.; Trojanowski,
J.Q.; et al. Multiple Modality Biomarker Prediction of Cognitive Impairment in Prospectively Followed de Novo Parkinson
Disease. PLoS ONE 2017, 12, €0175674. [CrossRef]

Hansen, EH.; Skjerringe, 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. J. Clin. Investig.
2014, 124, 3107-3120. [CrossRef]

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]

Hesse, S.; Miiller, U.; Lincke, T.; Barthel, H.; Villmann, T.; Angermeyer, M.C.; Sabri, O.; Stengler-Wenzke, K. Serotonin and
Dopamine Transporter Imaging in Patients with Obsessive-Compulsive Disorder. Psychiatry Res. Neuroimaging 2005, 140, 63-72.
[CrossRef] [PubMed]

Vaughan, R.A; Foster, J.D. Mechanisms of Dopamine Transporter Regulation in Normal and Disease States. Trends Pharmacol. Sci.
2013, 34, 489-496. [CrossRef] [PubMed]

Kurian, M.A; Li, Y,; Zhen, ].; Meyer, E.; Hai, N.; Christen, H.].; 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] [PubMed]

Herborg, F.; Andreassen, T.F; Berlin, F; Loland, C.J.; Gether, U. Neuropsychiatric Disease—Associated Genetic Variants of the
Dopamine Transporter Display Heterogeneous Molecular Phenotypes. J. Biol. Chem. 2018, 293, 7250-7262. [CrossRef] [PubMed]
Reith, M.E.A; Kortagere, S.; Wiers, C.E.; Sun, H.; Kurian, M.A.; Galli, A.; Volkow, N.D,; Lin, Z. The Dopamine Transporter Gene
SLC6A3: Multidisease Risks. Mol. Psychiatry 2022, 27, 1031-1046. [CrossRef]

Hamilton, PJ.; Campbell, N.G.; Sharma, S.; Erreger, K.; Herborg, H.F.; Saunders, C.; Belovich, A.N.; Daly, M.].; Gibbs, R.A;
Boerwinkle, E.; et al. De Novo Mutation in the Dopamine Transporter Gene Associates Dopamine Dysfunction with Autism
Spectrum Disorder. Mol. Psychiatry 2013, 18, 1315-1323. [CrossRef]

Bowton, E.; Saunders, C.; Reddy, I.A.; Campbell, N.G.; Hamilton, PJ.; Henry, L.K.; Coon, H.; Sakrikar, D.; Veenstra-VanderWeele,
J.M.; Blakely, R.D.; et al. SLC6A3 Coding Variant Ala559Val Found in Two Autism Probands Alters Dopamine Transporter
Function and Trafficking. Transl. Psychiatry 2014, 4, e464. [CrossRef]

Campbell, N.G.; Shekar, A.; Aguilar, ].I.; Peng, D.; Navratna, V,; Yang, D.; Morley, A.N.; Duran, A.M.; Galli, G.; O’Grady, B.; et al.
Structural, Functional, and Behavioral Insights of Dopamine Dysfunction Revealed by a Deletion in SLC6A3. Proc. Natl. Acad. Sci.
USA 2019, 116, 3853-3862. [CrossRef]

Sakrikar, D.; Mazei-Robison, M.S.; Mergy, M.A.; Richtand, N.W.; Han, Q.; Hamilton, PJ.; Bowton, E.; Galli, A.; Veenstra-
VanderWeele, J.; Gill, M.; et al. Attention Deficit/Hyperactivity Disorder-Derived Coding Variation in the Dopamine Transporter
Disrupts Microdomain Targeting and Trafficking Regulation. J. Neurosci. 2012, 32, 5385-5397. [CrossRef]

Kovtun, O.; Sakrikar, D.; Tomlinson, I.D.; Chang, J.C.; Arzeta-Ferrer, X.; Blakely, R.D.; Rosenthal, S.J. Single-Quantum-Dot
Tracking Reveals Altered Membrane Dynamics of an Attention-Deficit/Hyperactivity-Disorder-Derived Dopamine Transporter
Coding Variant. ACS Chem. Neurosci. 2015, 6, 526-534. [CrossRef]

Horschitz, S.; Hummerich, R.; Lau, T.; Rietschel, M.; Schloss, P. A Dopamine Transporter Mutation Associated with Bipolar
Affective Disorder Causes Inhibition of Transporter Cell Surface Expression. Mol. Psychiatry 2005, 10, 1104-1109. [CrossRef]
[PubMed]

Giros, B.; Jaber, M.; Jones, S.R.; Wightman, R.M.; Caron, M.G. Hyperlocomotion and Indifference to Cocaine and Amphetamine in
Mice Lacking the Dopamine Transporter. Nature 1996, 379, 606-612. [CrossRef] [PubMed]

Sora, I.; Wichems, C.; Takahashi, N.; Li, X.-F.; Zeng, Z.; Revay, R.; Lesch, K.-P.; Murphy, D.L.; Uhl, G.R. Cocaine Reward Models:
Conditioned Place Preference Can Be Established in Dopamine- and in Serotonin-Transporter Knockout Mice. Proc. Natl. Acad.
Sci. USA 1998, 95, 7699-7704. [CrossRef]

Zhuang, X.; Oosting, R.S.; Jones, S.R.; Gainetdinov, R.R.; Miller, G.M.; Caron, M.G.; Hen, R. Hyperactivity and Impaired Response
Habituation in Hyperdopaminergic Mice. Proc. Natl. Acad. Sci. USA 2001, 98, 1982-1987. [CrossRef] [PubMed]

Rao, A.; Sorkin, A.; Zahniser, N.R. Mice Expressing Markedly Reduced Striatal Dopamine Transporters Exhibit Increased
Locomotor Activity, Dopamine Uptake Turnover Rate, and Cocaine Responsiveness. Synapse 2013, 67, 668-677. [CrossRef]
[PubMed]

Bahi, A.; Dreyer, ].-L. No Effect of Sex on Ethanol Intake and Preference after Dopamine Transporter (DAT) Knockdown in Adult
Mice. Psychopharmacology 2019, 236, 1349-1365. [CrossRef]

Thakker, D.R; Natt, F.; Hiisken, D.; Maier, R.; Miiller, M.; van der Putten, H.; Hoyer, D.; Cryan, J.E. Neurochemical and Behavioral
Consequences of Widespread Gene Knockdown in the Adult Mouse Brain by Using Nonviral RNA Interference. Proc. Natl. Acad.
Sci. USA 2004, 101, 17270-17275. [CrossRef]

Cagniard, B.; Beeler, J.A; Britt, ].P.; McGehee, D.S.; Marinelli, M.; Zhuang, X. Dopamine Scales Performance in the Absence of
New Learning. Neuron 2006, 51, 541-547. [CrossRef]


https://doi.org/10.1523/JNEUROSCI.22-02-00389.2002
https://doi.org/10.1371/journal.pone.0175674
https://doi.org/10.1172/JCI73778
https://doi.org/10.1089/cap.2012.0072
https://doi.org/10.1016/j.pscychresns.2005.07.002
https://www.ncbi.nlm.nih.gov/pubmed/16213689
https://doi.org/10.1016/j.tips.2013.07.005
https://www.ncbi.nlm.nih.gov/pubmed/23968642
https://doi.org/10.1016/S1474-4422(10)70269-6
https://www.ncbi.nlm.nih.gov/pubmed/21112253
https://doi.org/10.1074/jbc.RA118.001753
https://www.ncbi.nlm.nih.gov/pubmed/29559554
https://doi.org/10.1038/s41380-021-01341-5
https://doi.org/10.1038/mp.2013.102
https://doi.org/10.1038/tp.2014.90
https://doi.org/10.1073/pnas.1816247116
https://doi.org/10.1523/JNEUROSCI.6033-11.2012
https://doi.org/10.1021/cn500202c
https://doi.org/10.1038/sj.mp.4001730
https://www.ncbi.nlm.nih.gov/pubmed/16103889
https://doi.org/10.1038/379606a0
https://www.ncbi.nlm.nih.gov/pubmed/8628395
https://doi.org/10.1073/pnas.95.13.7699
https://doi.org/10.1073/pnas.98.4.1982
https://www.ncbi.nlm.nih.gov/pubmed/11172062
https://doi.org/10.1002/syn.21671
https://www.ncbi.nlm.nih.gov/pubmed/23564231
https://doi.org/10.1007/s00213-018-5144-9
https://doi.org/10.1073/pnas.0406214101
https://doi.org/10.1016/j.neuron.2006.07.026

Biomolecules 2023, 13, 806 16 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hirth, N.; Meinhardt, M.W.; Noori, H.R.; Salgado, H.; Torres-Ramirez, O.; Uhrig, S.; Broccoli, L.; Vengeliene, V.; RoSmanith, M.;
Perreau-Lenz, S.; et al. Convergent Evidence from Alcohol-Dependent Humans and Rats for a Hyperdopaminergic State in
Protracted Abstinence. Proc. Natl. Acad. Sci. USA 2016, 113, 3024-3029. [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. J.
Neurosci. 2018, 38, 1959-1972. [CrossRef]

Lloyd, ].T.; Yee, A.G.; Kalligappa, P.K,; Jabed, A.; Cheung, P.Y.; Todd, K.L.; Karunasinghe, R.N.; Vlajkovic, S.M.; Freestone, P.S.;
Lipski, . Dopamine Dysregulation and Altered Responses to Drugs Affecting Dopaminergic Transmission in a New Dopamine
Transporter Knockout (DAT-KO) Rat Model. Neuroscience 2022, 491, 43—64. [CrossRef]

Abbott, A. Laboratory Animals: The Renaissance Rat. Nature 2004, 428, 464-466. [CrossRef] [PubMed]

Xu, N.; LaGrow, T.].; Anumba, N.; Lee, A.; Zhang, X.; Yousefi, B.; Bassil, Y.; Clavijo, G.P,; Khalilzad Sharghi, V.; Maltbie, E.; et al.
Functional Connectivity of the Brain across Rodents and Humans. Front. Neurosci. 2022, 16, 816331. [CrossRef]

Ellenbroek, B.; Youn, ]J. Rodent Models in Neuroscience Research: Is It a Rat Race? Dis. Model. Mech. 2016, 9, 1079-1087. [CrossRef]
[PubMed]

Salvatore, M.F.; Calipari, E.S.; Jones, S.R. Regulation of Tyrosine Hydroxylase Expression and Phosphorylation in Dopamine
Transporter-Deficient Mice. ACS Chem. Neurosci. 2016, 7, 941-951. [CrossRef] [PubMed]

Ji, J.; Dluzen, D.E. Sex Differences in Striatal Dopaminergic Function within Heterozygous Mutant Dopamine Transporter
Knock-out Mice. J. Neural Transm. 2008, 115, 809-817. [CrossRef]

Gainetdinov, R.R; Jones, S.R.; Caron, M.G. Functional Hyperdopaminergia in Dopamine Transporter Knock-out Mice. Biol.
Psychiatry 1999, 46, 303-311. [CrossRef]

Benoit-Marand, M.; Jaber, M.; Gonon, E. Release and Elimination of Dopamine in Vivo in Mice Lacking the Dopamine Transporter:
Functional Consequences. Eur. J. Neurosci. 2000, 12, 2985-2992. [CrossRef]

Shen, H.; Hagino, Y.; Kobayashi, H.; Shinohara-Tanaka, K.; Ikeda, K.; Yamamoto, H.; Yamamoto, T.; Lesch, K.-P.; Murphy, D.L.;
Hall, FS.; et al. Regional Differences in Extracellular Dopamine and Serotonin Assessed by in Vivo Microdialysis in Mice Lacking
Dopamine and/or Serotonin Transporters. Neuropsychopharmacology 2004, 29, 1790-1799. [CrossRef]

Jones, S.R.; Gainetdinov, R.R;; Jaber, M.; Giros, B.; Wightman, R.M.; Caron, M.G. Profound Neuronal Plasticity in Response to
Inactivation of the Dopamine Transporter. Proc. Natl. Acad. Sci. USA 1998, 95, 4029-4034. [CrossRef]

Jaber, M.; Dumartin, B.; Sagné, C.; Haycock, ].W.; Roubert, C.; Giros, B.; Bloch, B.; Caron, M.G. Differential Regulation of Tyrosine
Hydroxylase in the Basal Ganglia of Mice Lacking the Dopamine Transporter. Eur. J. Neurosci. 1999, 11, 3499-3511. [CrossRef]
[PubMed]

Ferris, M.].; Milenkovic, M.; Liu, S.; Mielnik, C.A.; Beerepoot, P.,; John, C.E.; Espafia, R.A.; Sotnikova, T.D.; Gainetdinov, R.R,;
Borgland, S.L.; et al. Sustained N-Methyl-d-Aspartate Receptor Hypofunction Remodels the Dopamine System and Impairs
Phasic Signaling. Eur. J. Neurosci. 2014, 40, 2255-2263. [CrossRef] [PubMed]

Fauchey, V.; Jaber, M.; Caron, M.G.; Bloch, B.; Le Moine, C. Differential Regulation of the Dopamine D1, D2 and D3 Receptor Gene
Expression and Changes in the Phenotype of the Striatal Neurons in Mice Lacking the Dopamine Transporter. Eur. J. Neurosci.
2000, 12, 19-26. [CrossRef] [PubMed]

Cagniard, B.; Balsam, P.D.; Brunner, D.; Zhuang, X. Mice with Chronically Elevated Dopamine Exhibit Enhanced Motivation, but
Not Learning, for a Food Reward. Neuropsychopharmacology 2006, 31, 1362-1370. [CrossRef]

Fauchey, V.; Jaber, M.; Bloch, B.; Le Moine, C. Dopamine Control of Striatal Gene Expression during Development: Relevance to
Knockout Mice for the Dopamine Transporter. Eur. J. Neurosci. 2000, 12, 3415-3425. [CrossRef]

Weiss, S.; Tzavara, E.T.; Davis, R.J.; Nomikos, G.G.; Michael McIntosh, J.; Giros, B.; Martres, M.-P. Functional Alterations of
Nicotinic Neurotransmission in Dopamine Transporter Knock-out Mice. Neuropharmacology 2007, 52, 1496-1508. [CrossRef]
Jones, S.R.; Gainetdinov, R.R.; Caron, M.G. Application of Microdialysis and Voltammetry to Assess Dopamine Functions in
Genetically Altered. Psychopharmacology 1999, 147, 30-32. [CrossRef]

Yavich, L.; Forsberg, M.M.; Karayiorgou, M.; Gogos, ].A.; Mannisto, P.T. Site-Specific Role of Catechol-O-Methyltransferase in
Dopamine Overflow within Prefrontal Cortex and Dorsal Striatum. J. Neurosci. 2007, 27, 10196-10209. [CrossRef]

Reinwald, J.R.; Gass, N.; Mallien, A.S.; Sartorius, A.; Becker, R.; Sack, M.; Falfan-Melgoza, C.; Clemm von Hohenberg, C.;
Leo, D.; Pfeiffer, N.; et al. Dopamine Transporter Silencing in the Rat: Systems-Level Alterations in Striato-Cerebellar and
Prefrontal-Midbrain Circuits. Mol. Psychiatry 2022, 27, 2329-2339. [CrossRef]

Cyr, M,; Beaulieu, J.-M.; Laakso, A.; Sotnikova, T.D.; Yao, W.-D.; Bohn, L.M.; Gainetdinov, R.R.; Caron, 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]

Cyr, M.; Caron, M.G.; Johnson, G.A.; Laakso, A. Magnetic Resonance Imaging at Microscopic Resolution Reveals Subtle
Morphological Changes in a Mouse Model of Dopaminergic Hyperfunction. Neuroimage 2005, 26, 83-90. [CrossRef]

Tzavara, E.T.; Li, D.L.; Moutsimilli, L.; Bisogno, T.; Di Marzo, V.; Phebus, L.A.; Nomikos, G.G.; Giros, B. Endocannabinoids
Activate Transient Receptor Potential Vanilloid 1 Receptors to Reduce Hyperdopaminergia-Related Hyperactivity: Therapeutic
Implications. Biol. Psychiatry 2006, 59, 508-515. [CrossRef] [PubMed]


https://doi.org/10.1073/pnas.1506012113
https://doi.org/10.1523/JNEUROSCI.1931-17.2018
https://doi.org/10.1016/j.neuroscience.2022.03.019
https://doi.org/10.1038/428464a
https://www.ncbi.nlm.nih.gov/pubmed/15057803
https://doi.org/10.3389/fnins.2022.816331
https://doi.org/10.1242/dmm.026120
https://www.ncbi.nlm.nih.gov/pubmed/27736744
https://doi.org/10.1021/acschemneuro.6b00064
https://www.ncbi.nlm.nih.gov/pubmed/27124386
https://doi.org/10.1007/s00702-007-0017-0
https://doi.org/10.1016/S0006-3223(99)00122-5
https://doi.org/10.1046/j.1460-9568.2000.00155.x
https://doi.org/10.1038/sj.npp.1300476
https://doi.org/10.1073/pnas.95.7.4029
https://doi.org/10.1046/j.1460-9568.1999.00764.x
https://www.ncbi.nlm.nih.gov/pubmed/10564358
https://doi.org/10.1111/ejn.12594
https://www.ncbi.nlm.nih.gov/pubmed/24754704
https://doi.org/10.1046/j.1460-9568.2000.00876.x
https://www.ncbi.nlm.nih.gov/pubmed/10651856
https://doi.org/10.1038/sj.npp.1300966
https://doi.org/10.1046/j.1460-9568.2000.00220.x
https://doi.org/10.1016/j.neuropharm.2007.02.002
https://doi.org/10.1007/s002130051137
https://doi.org/10.1523/JNEUROSCI.0665-07.2007
https://doi.org/10.1038/s41380-022-01471-4
https://doi.org/10.1073/pnas.1831768100
https://doi.org/10.1016/j.neuroimage.2005.01.039
https://doi.org/10.1016/j.biopsych.2005.08.019
https://www.ncbi.nlm.nih.gov/pubmed/16199010

Biomolecules 2023, 13, 806 17 of 20

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Fernagut, P-O.; Chalon, S.; Diguet, E.; Guilloteau, D.; Tison, F.; Jaber, M. Motor Behaviour Deficits and Their Histopathological
and Functional Correlates in the Nigrostriatal System of Dopamine Transporter Knockout Mice. Neuroscience 2003, 116, 1123-1130.
[CrossRef] [PubMed]

Arnsten, A.ET. Catecholamine and Second Messenger Influences on Prefrontal Cortical Networks of “Representational Knowl-
edge”: A Rational Bridge between Genetics and the Symptoms of Mental Illness. Cereb. Cortex 2007, 17,i6—-i15. [CrossRef]
Illiano, P; Leo, D.; Gainetdinov, R.R.; Pardo, M. Early Adolescence Prefrontal Cortex Alterations in Female Rats Lacking Dopamine
Transporter. Biomedicines 2021, 9, 157. [CrossRef]

Targa, G.; Mottarlini, F,; Rizzi, B.; Leo, D.; Caffino, L.; Fumagalli, F. Dysregulation of AMPA Receptor Trafficking and Intracellular
Vesicular Sorting in the Prefrontal Cortex of Dopamine Transporter Knock-out Rats. Biomolecules 2023, 13, 516. [CrossRef]
Morice, E.; Billard, J.-M.; Denis, C.; Mathieu, F.; Betancur, C.; Epelbaum, J.; Giros, B.; Nosten-Bertrand, M. Parallel Loss of
Hippocampal LTD and Cognitive Flexibility in a Genetic Model of Hyperdopaminergia. Neuropsychopharmacology 2007, 32,
2108-2116. [CrossRef] [PubMed]

Yao, W.-D.; Gainetdinov, R.R.; Arbuckle, M.L; Sotnikova, T.D.; Cyr, M.; Beaulieu, ].-M.; Torres, G.E.; Grant, S.G.N.; Caron, M.G.
Identification of PSD-95 as a Regulator of Dopamine-Mediated Synaptic and Behavioral Plasticity. Neuron 2004, 41, 625-638.
[CrossRef]

Xu, T.-X.; Ma, Q.; Spealman, R.D.; Yao, W.-D. Amphetamine Modulation of Long-Term Potentiation in the Prefrontal Cortex:
Dose Dependency, Monoaminergic Contributions, and Paradoxical Rescue in Hyperdopaminergic Mutant. J. Neurochem. 2010,
115, 1643-1654. [CrossRef]

Ptukha, M.; Fesenko, Z.; Belskaya, A.; Gromova, A.; Pelevin, A.; Kurzina, N.; Gainetdinov, R.R.; Volnova, A. Effects of Atomoxetine
on Motor and Cognitive Behaviors and Brain Electrophysiological Activity of Dopamine Transporter Knockout Rats. Biomolecules
2022, 12, 1484. [CrossRef]

Savchenko, A.; Miiller, C.; Lubec, J.; Leo, D.; Korz, V.; Afjehi-Sadat, L.; Malikovic, ].; Sialana, FJ.; Lubec, G.; Sukhanov, I. The Lack
of Dopamine Transporter Is Associated with Conditional Associative Learning Impairments and Striatal Proteomic Changes.
Front. Psychiatry 2022, 13, 799433. [CrossRef] [PubMed]

Bossé, R.; Fumagalli, F.; Jaber, M.; Giros, B.; Gainetdinov, R.R.; Wetsel, W.C.; Missale, C.; Caron, M.G. Anterior Pituitary
Hypoplasia and Dwarfism in Mice Lacking the Dopamine Transporter. Neuron 1997, 19, 127-138. [CrossRef]

Espinoza, S.; Leo, D.; Sotnikova, T.D.; Shahid, M.; Kdaridinen, T.M.; Gainetdinov, R.R. Biochemical and Functional Characterization
of the Trace Amine-Associated Receptor 1 (TAAR1) Agonist RO5263397. Front. Pharmacol. 2018, 9, 645. [CrossRef]

Morice, E.; Denis, C.; Giros, B.; Nosten-Bertrand, M. Phenotypic Expression of the Targeted Null-Mutation in the Dopamine
Transporter Gene Varies as a Function of the Genetic Background. Eur. J. Neurosci. 2004, 20, 120-126. [CrossRef]

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]

Walker, ] K.L.; Gainetdinov, R.R.; Mangel, A.W.; Caron, M.G.; Shetzline, M.A. Mice Lacking the Dopamine Transporter Display
Altered Regulation of Distal Colonic Motility. Am. J. Physiol. Liver Physiol. 2000, 279, G311-G318. [CrossRef]

Vincent, 5.G.; Waddell, A.E.; Caron, M.G.; Walker, ].K.L.; Fisher, ].T. A Murine Model of Hyperdopaminergic State Displays
Altered Respiratory Control. FASEB J. 2007, 21, 1463-1471. [CrossRef]

Lavoie, J.; llliano, P.; Sotnikova, T.D.; Gainetdinov, R.R.; Beaulieu, J.-M.; Hébert, M. The Electroretinogram as a Biomarker of
Central Dopamine and Serotonin: Potential Relevance to Psychiatric Disorders. Biol. Psychiatry 2014, 75, 479-486. [CrossRef]
[PubMed]

Kavelaars, A.; Cobelens, PM.; Teunis, M.A.T.; Heijnen, C.J. Changes in Innate and Acquired Immune Responses in Mice with
Targeted Deletion of the Dopamine Transporter Gene. . Neuroimmunol. 2005, 161, 162-168. [CrossRef] [PubMed]

Asada, M.; Ebihara, S.; Numachi, Y.; Okazaki, T.; Yamanda, S.; Ikeda, K.; Yasuda, H.; Sora, I.; Arai, H. Reduced Tumor Growth in
a Mouse Model of Schizophrenia, Lacking the Dopamine Transporter. Int. ]. Cancer 2008, 123, 511-518. [CrossRef]

Spielewoy, C.; Roubert, C.; Hamon, M.; Nosten-Bertrand, M.; Betancur, C.; Giros, B. Behavioural Disturbances Associated with
Hyperdopaminergia in Dopamine-Transporter Knockout Mice. Behav. Pharmacol. 2000, 11, 279-290. [CrossRef] [PubMed]
Vengeliene, V.; Bespalov, A.; Roffmanith, M.; Horschitz, S.; Berger, S.; Relo, A.L.; Noori, H.R.; Schneider, P; Enkel, T.; Bartsch,
D.; et al. Towards Trans-Diagnostic Mechanisms in Psychiatry: Neurobehavioral Profile of Rats with a Loss of Function Point
Mutation in the Dopamine Transporter Gene. Dis. Model. Mech. 2017, 10, 451-461. [CrossRef] [PubMed]

Karoum, F; Potkin, S.G.; Murphy, D.L.; Wyatt, K.J. Quantitation and Metabolism of Phenylethylamine and Tyramine’s Three
Isomers in Humans. In On-Catecholic Phenylethylamines, Part 2. Phenylethanolamine, Tyramines and Octopamine; Mosnaim, A.D.,
Wolf, M.h., Eds.; Marcel Dekker: New York, NY, USA, 1980; pp. 177-200.

Mallien, A.S.; Becker, L.; Pfeiffer, N.; Terraneo, F.; Hahn, M.; Middelman, A.; Palme, R.; Creutzberg, K.C.; Begni, V.; Riva, M.A;
et al. Dopamine Transporter Knockout Rats Show Impaired Wellbeing in a Multimodal Severity Assessment Approach. Front.
Behav. Neurosci. 2022, 16, 924603. [CrossRef] [PubMed]

Pardo, M.; Martin, M.; Gainetdinov, R.R.; Mash, D.C.; Izenwasser, S. Heterozygote Dopamine Transporter Knockout Rats Display
Enhanced Cocaine Locomotion in Adolescent Females. Int. ]. Mol. Sci. 2022, 23, 15414. [CrossRef]


https://doi.org/10.1016/S0306-4522(02)00778-9
https://www.ncbi.nlm.nih.gov/pubmed/12617953
https://doi.org/10.1093/cercor/bhm033
https://doi.org/10.3390/biomedicines9020157
https://doi.org/10.3390/biom13030516
https://doi.org/10.1038/sj.npp.1301354
https://www.ncbi.nlm.nih.gov/pubmed/17342172
https://doi.org/10.1016/S0896-6273(04)00048-0
https://doi.org/10.1111/j.1471-4159.2010.07073.x
https://doi.org/10.3390/biom12101484
https://doi.org/10.3389/fpsyt.2022.799433
https://www.ncbi.nlm.nih.gov/pubmed/35370807
https://doi.org/10.1016/S0896-6273(00)80353-0
https://doi.org/10.3389/fphar.2018.00645
https://doi.org/10.1111/j.1460-9568.2004.03465.x
https://doi.org/10.1038/srep46280
https://www.ncbi.nlm.nih.gov/pubmed/28417953
https://doi.org/10.1152/ajpgi.2000.279.2.G311
https://doi.org/10.1096/fj.06-7248com
https://doi.org/10.1016/j.biopsych.2012.11.024
https://www.ncbi.nlm.nih.gov/pubmed/23305992
https://doi.org/10.1016/j.jneuroim.2005.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15748955
https://doi.org/10.1002/ijc.23562
https://doi.org/10.1097/00008877-200006000-00011
https://www.ncbi.nlm.nih.gov/pubmed/11103882
https://doi.org/10.1242/dmm.027623
https://www.ncbi.nlm.nih.gov/pubmed/28167616
https://doi.org/10.3389/fnbeh.2022.924603
https://www.ncbi.nlm.nih.gov/pubmed/35898652
https://doi.org/10.3390/ijms232315414

Biomolecules 2023, 13, 806 18 of 20

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kwiatkowski, M.A.; Hellemann, G.; Sugar, C.A.; Cope, Z.A.; Minassian, A.; Perry, W.; Geyer, M.A.; Young, ].W. Dopamine
Transporter Knockdown Mice in the Behavioral Pattern Monitor: A Robust, Reproducible Model for Mania-Relevant Behaviors.
Pharmacol. Biochem. Behav. 2019, 178, 42-50. [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]

Rossi, M.A.; Yin, H.H. Elevated Dopamine Alters Consummatory Pattern Generation and Increases Behavioral Variability during
Learning. Front. Integr. Neurosci. 2015, 9, 37. [CrossRef]

Perona, M.T.G.; Waters, S.; Hall, ES.; Sora, I.; Lesch, K.-P.; Murphy, D.L.; Caron, M.; Uhl, G.R. Animal Models of Depression in
Dopamine, Serotonin, and Norepinephrine Transporter Knockout Mice: Prominent Effects of Dopamine Transporter Deletions.
Behav. Pharmacol. 2008, 19, 566-574. [CrossRef]

Costa, RM.; Gutierrez, R.; de Araujo, L.E.; Coelho, M.R.P; Kloth, A.D.; Gainetdinov, R.R.; Caron, M.G.; Nicolelis, M.A.L.; Simon,
S.A. Dopamine Levels Modulate the Updating of Tastant Values. Genes Brain Behav. 2007, 6, 314-320. [CrossRef]

Tur, M.; Belozertseva, I.V. Behavioural Profile of DAT-KO Rats: Water Escape Test and Forced Swim Test. Eur. Neuropsychopharma-
col. 2019, 29, S260. [CrossRef]

Carpenter, A.C.; Saborido, T.P,; Stanwood, G.D. Development of Hyperactivity and Anxiety Responses in Dopamine Transporter-
Deficient Mice. Dev. Neurosci. 2012, 34, 250-257. [CrossRef]

Fox, M.A,; Panessiti, M.G.; Hall, ES.; Uhl, G.R.; Murphy, D.L. An Evaluation of the Serotonin System and Perseverative,
Compulsive, Stereotypical, and Hyperactive Behaviors in Dopamine Transporter (DAT) Knockout Mice. Psychopharmacology 2013,
227, 685-695. [CrossRef] [PubMed]

Pogorelov, VM.; Rodriguiz, R.M.; Insco, M.L.; Caron, M.G.; Wetsel, W.C. Novelty Seeking and Stereotypic Activation of Behavior
in Mice with Disruption of the Datl Gene. Neuropsychopharmacology 2005, 30, 1818-1831. [CrossRef] [PubMed]

Bahi, A.; Dreyer, J.-L. Dopamine Transporter (DAT) Knockdown in the Nucleus Accumbens Improves Anxiety- and Depression-
Related Behaviors in Adult Mice. Behav. Brain Res. 2019, 359, 104-115. [CrossRef] [PubMed]

liano, 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] [PubMed]

Takamatsu, Y.; Hagino, Y.; Sato, A.; Takahashi, T.; Nagasawa, S.Y.; Kubo, Y.; Mizuguchi, M.; Uhl, G.R;; Sora, I.; Ikeda, K.
Improvement of Learning and Increase in Dopamine Level in the Frontal Cortex by Methylphenidate in Mice Lacking Dopamine
Transporter. Curr. Mol. Med. 2015, 15, 245-252. [CrossRef]

Pecifia, S.; Cagniard, B.; Berridge, K.C.; Aldridge, ].W.; Zhuang, X. Hyperdopaminergic Mutant Mice Have Higher “Wanting” but
Not “Liking” for Sweet Rewards. J. Neurosci. 2003, 23, 9395-9402. [CrossRef]

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]

Hironaka, N.; Ikeda, K;; Sora, L; Uhl, G.R; Niki, H. Food-Reinforced Operant Behavior in Dopamine Transporter Knockout Mice:
Enhanced Resistance to Extinction. Ann. N. Y. Acad. Sci. 2004, 1025, 140-145. [CrossRef]

Beeler, J.A.; Daw, N.; Frazier, C.R.M.; Zhuang, X. Tonic Dopamine Modulates Exploitation of Reward Learning. Front. Behav.
Neurosci. 2010, 4, 170. [CrossRef]

Yin, H.H.; Knowlton, B.J. The Role of the Basal Ganglia in Habit Formation. Nat. Rev. Neurosci. 2006, 7, 464-476. [CrossRef]
Meck, W.H.; Cheng, RK.; MacDonald, C.J.; Gainetdinov, R.R.; Caron, M.G.; Evik, M.O. Gene-Dose Dependent Effects of
Methamphetamine on Interval Timing in Dopamine-Transporter Knockout Mice. Neuropharmacology 2012, 62, 1221-1229.
[CrossRef]

Savchenko, A.; Tarchokov, S.; Sukhanov, I. Dopaminergic Modulation of Effort-Cost Dependent Performance in Rats. Eur.
Neuropsychopharmacol. 2021, 53, S180-5181. [CrossRef]

Savchenko, A.; Sukhanov, I. Hyperdopaminergia in Rats Is Associated with Reverse Effort-Cost Dependent Performance. Eur.
Neuropsychopharmacol. 2021, 44, S18-519. [CrossRef]

Sommer, S.; Danysz, W.; Russ, H.; Valastro, B.; Flik, G.; Hauber, W. The Dopamine Reuptake Inhibitor MRZ-9547 Increases
Progressive Ratio Responding in Rats. Int. ]. Neuropsychopharmacol. 2014, 17, 2045-2056. [CrossRef]

Soder, H.E.; Cooper, ].A.; Lopez-Gamundi, P; Hoots, ].K.; Nunez, C.; Lawlor, VM,; Lane, S.D.; Treadway, M.T.; Wardle, M.C. Dose-
Response Effects of d-Amphetamine on Effort-Based Decision-Making and Reinforcement Learning. Neuropsychopharmacology
2021, 46, 1078-1085. [CrossRef] [PubMed]

Westbrook, A.; van den Bosch, R.; Mdittd, J.I.; Hofmans, L.; Papadopetraki, D.; Cools, R.; Frank, M.]. Dopamine Promotes
Cognitive Effort by Biasing the Benefits versus Costs of Cognitive Work. Science 2020, 367, 1362-1366. [CrossRef]

Yohn, S.E.; Santerre, J.L.; Nunes, E.J.; Kozak, R.; Podurgiel, S.J.; Correa, M.; Salamone, J.D. The Role of Dopamine D1 Receptor
Transmission in Effort-Related Choice Behavior: Effects of D1 Agonists. Pharmacol. Biochem. Behav. 2015, 135, 217-226. [CrossRef]
Mazzoni, P.; Shabbott, B.; Cortés, J.C. Motor Control Abnormalities in Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012,
2,a009282. [CrossRef]

Yang, J.-H.; Presby, R.E.; Rotolo, R.A.; Quiles, T.; Okifo, K.; Zorda, E.; Fitch, R.H.; Correa, M.; Salamone, J.D. The Dopamine
Depleting Agent Tetrabenazine Alters Effort-Related Decision Making as Assessed by Mouse Touchscreen Procedures. Psy-
chopharmacology 2020, 237, 2845-2854. [CrossRef]


https://doi.org/10.1016/j.pbb.2017.12.007
https://doi.org/10.1126/science.283.5400.397
https://doi.org/10.3389/fnint.2015.00037
https://doi.org/10.1097/FBP.0b013e32830cd80f
https://doi.org/10.1111/j.1601-183X.2006.00257.x
https://doi.org/10.1016/j.euroneuro.2018.11.415
https://doi.org/10.1159/000336824
https://doi.org/10.1007/s00213-013-2988-x
https://www.ncbi.nlm.nih.gov/pubmed/23417514
https://doi.org/10.1038/sj.npp.1300724
https://www.ncbi.nlm.nih.gov/pubmed/15856082
https://doi.org/10.1016/j.bbr.2018.10.028
https://www.ncbi.nlm.nih.gov/pubmed/30367968
https://doi.org/10.3390/biom10060842
https://www.ncbi.nlm.nih.gov/pubmed/32486390
https://doi.org/10.2174/1566524015666150330144018
https://doi.org/10.1523/JNEUROSCI.23-28-09395.2003
https://doi.org/10.3389/fpsyt.2018.00043
https://doi.org/10.1196/annals.1316.018
https://doi.org/10.3389/fnbeh.2010.00170
https://doi.org/10.1038/nrn1919
https://doi.org/10.1016/j.neuropharm.2011.01.042
https://doi.org/10.1016/j.euroneuro.2021.10.239
https://doi.org/10.1016/j.euroneuro.2021.01.033
https://doi.org/10.1017/S1461145714000996
https://doi.org/10.1038/s41386-020-0779-8
https://www.ncbi.nlm.nih.gov/pubmed/32722661
https://doi.org/10.1126/science.aaz5891
https://doi.org/10.1016/j.pbb.2015.05.003
https://doi.org/10.1101/cshperspect.a009282
https://doi.org/10.1007/s00213-020-05578-w

Biomolecules 2023, 13, 806 19 of 20

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Del’Guidice, T.; Lemasson, M.; Etiévant, A.; Manta, S.; Magno, L.A.V.; Escoffier, G.; Roman, F.S.; Beaulieu, ].-M. Dissociations
between Cognitive and Motor Effects of Psychostimulants and Atomoxetine in Hyperactive DAT-KO Mice. Psychopharmacology
2014, 231, 109-122. [CrossRef]

Kurzina, N.P; Aristova, L.Y.; Volnova, A.B.; Gainetdinov, R.R. Deficit in Working Memory and Abnormal Behavioral Tactics in
Dopamine Transporter Knockout Rats during Training in the 8-Arm Maze. Behav. Brain Res. 2020, 390, 112642. [CrossRef]
Kurzina, N.; Belskaya, A.; Gromova, A.; Ignashchenkova, A.; Gainetdinov, R.R.; Volnova, A. Modulation of Spatial Memory
Deficit and Hyperactivity in Dopamine Transporter Knockout Rats via A2A-Adrenoceptors. Front. Psychiatry 2022, 13, 503.
[CrossRef]

Li, B.; Arime, Y,; Hall, ES.; Uhl, G.R;; Sora, I. Impaired Spatial Working Memory and Decreased Frontal Cortex BDNF Protein
Level in Dopamine Transporter Knockout Mice. Eur. ]. Pharmacol. 2010, 628, 104-107. [CrossRef] [PubMed]

Chang, P.-K; Yu, L.; Chen, J.-C. Dopamine D3 Receptor Blockade Rescues Hyper-Dopamine Activity-Induced Deficit in Novel
Object Recognition Memory. Neuropharmacology 2018, 133, 216-223. [CrossRef]

Berridge, K.C.; Robinson, T.E. Liking, Wanting, and the Incentive-Sensitization Theory of Addiction. Am. Psychol. 2016, 71,
670-679. [CrossRef]

Ralph, R.J.; Paulus, M.P; Fumagalli, F; Caron, M.G.; Geyer, M.A. Prepulse Inhibition Deficits and Perseverative Motor Patterns in
Dopamine Transporter Knock-out Mice: Differential Effects of D1 and D2 Receptor Antagonists. J. Neurosci. 2001, 21, 305-313.
[CrossRef] [PubMed]

Wong, P.,; Chang, C.C.R.; Marx, C.E.; Caron, M.G.; Wetsel, W.C.; Zhang, X. Pregnenolone Rescues Schizophrenia-like Behavior in
Dopamine Transporter Knockout Mice. PLoS ONE 2012, 7, €51455. [CrossRef] [PubMed]

Wong, P; Sze, Y.; Chang, C.C.R;; Lee, J.; Zhang, X. Pregnenolone Sulfate Normalizes Schizophrenia-like Behaviors in Dopamine
Transporter Knockout Mice through the AKT/GSK3p Pathway. Transl. Psychiatry 2015, 5, €528. [CrossRef]

Yamashita, M.; Sakakibara, Y.; Hall, F.S.; Numachi, Y.; Yoshida, S.; Kobayashi, H.; Uchiumi, O.; Uhl, G.R; Kasahara, Y.; Sora, I.
Impaired Cliff Avoidance Reaction in Dopamine Transporter Knockout Mice. Psychopharmacology 2013, 227, 741-749. [CrossRef]
Yamashita, M.; Fukushima, S.; Shen, H.; Hall, ES.; Uhl, G.R.; Numachi, Y.; Kobayashi, H.; Sora, I. Norepinephrine Transporter
Blockade Can Normalize the Prepulse Inhibition Deficits Found in Dopamine Transporter Knockout Mice. Neuropsychopharmacol-
0gy 2006, 31, 2132-2139. [CrossRef] [PubMed]

Uchiumi, O.; Kasahara, Y.; Fukui, A.; Hall, ES.; Uhl, G.R.; Sora, I. Serotonergic Involvement in the Amelioration of Behavioral
Abnormalities in Dopamine Transporter Knockout Mice by Nicotine. Neuropharmacology 2013, 64, 348-356. [CrossRef]
Ralph-Williams, R.J.; Paulus, M.P,; Zhuang, X.; Hen, R.; Geyer, M.A. Valproate Attenuates Hyperactive and Perseverative
Behaviors in Mutant Mice with a Dysregulated Dopamine System. Biol. Psychiatry 2003, 53, 352-359. [CrossRef]

Tillerson, J.L.; Caudle, W.M.; Parent, ]. M.; Gong, C.; Schallert, T.; Miller, G.W. Olfactory Discrimination Deficits in Mice Lacking
the Dopamine Transporter or the D2 Dopamine Receptor. Behav. Brain Res. 2006, 172, 97-105. [CrossRef] [PubMed]

Rodriguiz, RM.; Chu, R.; Caron, M.G.; Wetsel, W.C. Aberrant Responses in Social Interaction of Dopamine Transporter Knockout
Mice. Behav. Brain Res. 2004, 148, 185-198. [CrossRef] [PubMed]

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]

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]

Nasehi, M.M.; Nikkhah, A.; Salari, M.; Soltani, P.; Shirzadi, S. Dopamine Transporter Deficiency Syndrome: A Case with Hyper-
and Hypokinetic Extremes. Mov. Disord. Clin. Pract. 2020, 7, S57-560. [CrossRef]

Efimova, E.V.; Gainetdinov, R.R.; Budygin, E.A.; Sotnikova, T.D. Dopamine Transporter Mutant Animals: A Translational
Perspective. J. Neurogenet. 2016, 30, 5-15. [CrossRef]

Gainetdinov, R.R.; Mohn, A.R.; Caron, M.G. Genetic Animal Models: Focus on Schizophrenia. Trends Neurosci. 2001, 24, 527-533.
[CrossRef]

Sotnikova, T.D.; Caron, M.G.; Gainetdinov, R.R. DDD Mice, a Novel Acute Mouse Model of Parkinson’s Disease. Neurology 2006,
67,512-517. [CrossRef] [PubMed]

Sukhanov, I.; Dorotenko, A.; Fesenko, Z.; Savchenko, A.; Efimova, E.V.; Mor, M.S.; Belozertseva, 1.V.; Sotnikova, T.D.; Gainetdinov,
R.R. Inhibition of PDE10A in a New Rat Model of Severe Dopamine Depletion Suggests New Approach to Non-dopamine
Parkinson’s Disease Therapy. Biomolecules 2022, 13, 9. [CrossRef]

Sotnikova, T.D.; Beaulieu, J.-M.; Barak, L.S.; Wetsel, W.C.; Caron, M.G.; Gainetdinov, R.R. Dopamine-Independent Locomotor
Actions of Amphetamines in a Novel Acute Mouse Model of Parkinson Disease. PLoS Biol. 2005, 3, e271. [CrossRef] [PubMed]
Dzirasa, K.; Ribeiro, S.; Costa, R.; Santos, L.M.; Lin, S.-C.; Grosmark, A.; Sotnikova, T.D.; Gainetdinov, R.R.; Caron, M.G.; Nicolelis,
M.A L. Dopaminergic Control of Sleep-Wake States. J. Neurosci. 2006, 26, 10577-10589. [CrossRef] [PubMed]

Kwiatkowski, M.A.; Roberts, B.Z.; van Enkhuizen, J.; Ji, B.; Zhou, X.; Young, J.W. Chronic Nicotine, but Not Suramin or
Resveratrol, Partially Remediates the Mania-like Profile of Dopamine Transporter Knockdown Mice. Eur. Neuropsychopharmacol.
2021, 42, 75-86. [CrossRef]

Sotnikova, T.D.; Budygin, E.A ; Jones, S.R.; Dykstra, L.A.; Caron, M.G.; Gainetdinov, R.R. Dopamine Transporter-Dependent and
-Independent Actions of Trace Amine 3-Phenylethylamine. . Neurochem. 2004, 91, 362-373. [CrossRef]


https://doi.org/10.1007/s00213-013-3212-8
https://doi.org/10.1016/j.bbr.2020.112642
https://doi.org/10.3389/fpsyt.2022.851296
https://doi.org/10.1016/j.ejphar.2009.11.036
https://www.ncbi.nlm.nih.gov/pubmed/19932884
https://doi.org/10.1016/j.neuropharm.2018.01.046
https://doi.org/10.1037/amp0000059
https://doi.org/10.1523/JNEUROSCI.21-01-00305.2001
https://www.ncbi.nlm.nih.gov/pubmed/11150348
https://doi.org/10.1371/journal.pone.0051455
https://www.ncbi.nlm.nih.gov/pubmed/23240026
https://doi.org/10.1038/tp.2015.21
https://doi.org/10.1007/s00213-013-3009-9
https://doi.org/10.1038/sj.npp.1301009
https://www.ncbi.nlm.nih.gov/pubmed/16407898
https://doi.org/10.1016/j.neuropharm.2012.07.016
https://doi.org/10.1016/S0006-3223(02)01489-0
https://doi.org/10.1016/j.bbr.2006.04.025
https://www.ncbi.nlm.nih.gov/pubmed/16765459
https://doi.org/10.1016/S0166-4328(03)00187-6
https://www.ncbi.nlm.nih.gov/pubmed/14684259
https://doi.org/10.3389/fnbeh.2020.00058
https://doi.org/10.1093/brain/awu022
https://doi.org/10.1002/mdc3.13064
https://doi.org/10.3109/01677063.2016.1144751
https://doi.org/10.1016/S0166-2236(00)01886-5
https://doi.org/10.1212/WNL.67.7_suppl_2.S12
https://www.ncbi.nlm.nih.gov/pubmed/17030735
https://doi.org/10.3390/biom13010009
https://doi.org/10.1371/journal.pbio.0030271
https://www.ncbi.nlm.nih.gov/pubmed/16050778
https://doi.org/10.1523/JNEUROSCI.1767-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17035544
https://doi.org/10.1016/j.euroneuro.2020.11.004
https://doi.org/10.1111/j.1471-4159.2004.02721.x

Biomolecules 2023, 13, 806 20 of 20

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Spielewoy, C.; Biala, G.; Roubert, C.; Hamon, M.; Betancur, C.; Giros, B. Hypolocomotor Effects of Acute and Daily D-
Amphetamine in Mice Lacking the Dopamine Transporter. Psychopharmacology 2001, 159, 2-9. [CrossRef]

Barth, V.; Need, A.B.; Tzavara, E.T; Giros, B.; Overshiner, C.; Gleason, S.D.; Wade, M.; Johansson, A.M.; Perry, K.; Nomikos, G.G.;
et al. In Vivo Occupancy of Dopamine D3 Receptors by Antagonists Produces Neurochemical and Behavioral Effects of Potential
Relevance to Attention-Deficit-Hyperactivity Disorder. J. Pharmacol. Exp. Ther. 2013, 344, 501-510. [CrossRef]

Harris, S.S.; Green, S.M.; Kumar, M.; Urs, N.M. A Role for Cortical Dopamine in the Paradoxical Calming Effects of Psychostimu-
lants. Sci. Rep. 2022, 12, 3129. [CrossRef]

Revel, F.G.; Moreau, ]J.-L.; Gainetdinov, R.R.; Bradaia, A.; Sotnikova, T.D.; Mory, R.; Durkin, S.; Zbinden, K.G.; Norcross, R.;
Meyer, C.A.; et al. TAAR1 Activation Modulates Monoaminergic Neurotransmission, Preventing Hyperdopaminergic and
Hypoglutamatergic Activity. Proc. Natl. Acad. Sci. USA 2011, 108, 8485-8490. [CrossRef]

Powell, S.B.; Lehmann-Masten, V.D.; Paulus, M.P.; Gainetdinov, R.R.; Caron, M.G.; Geyer, M.A. MDMA “Ecstacy” Alters
Hyperactive and Perseverative Behaviors in Dopamine Transporter Knockout Mice. Psychopharmacology 2004, 173, 310-317.
[CrossRef]

Beaulieu, J.-M.; Sotnikova, T.D.; Gainetdinov, R.R.; Caron, M.G. Paradoxical Striatal Cellular Signaling Responses to Psychostimu-
lants in Hyperactive Mice. J. Biol. Chem. 2006, 281, 32072-32080. [CrossRef]

Hall, ES,; Sora, I; Hen, R.; Uhl, G.R. Serotonin/Dopamine Interactions in a Hyperactive Mouse: Reduced Serotonin Receptor 1B
Activity Reverses Effects of Dopamine Transporter Knockout. PLoS ONE 2014, 9, e115009. [CrossRef]

Barr, A.M.; Lehmann-Masten, V.; Paulus, M.; Gainetdinov, R.R.; Caron, M.G.; Geyer, M.A. The Selective Serotonin-2A Receptor
Antagonist M100907 Reverses Behavioral Deficits in Dopamine Transporter Knockout Mice. Neuropsychopharmacology 2004, 29,
221-228. [CrossRef]

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]

Nair, A.G.; Castro, L.R.V,; El Khoury, M.; Gorgievski, V.; Giros, B.; Tzavara, E.T.; Hellgren-Kotaleski, ]J.; Vincent, P. The High
Efficacy of Muscarinic M4 Receptor in D1 Medium Spiny Neurons Reverses Striatal Hyperdopaminergia. Neuropharmacology
2019, 146, 74-83. [CrossRef]

Beaulieu, J.-M.; Sotnikova, T.D.; Yao, W.-D.; Kockeritz, L.; Woodgettt, J.R.; Gainetdinov, R.R.; Caron, M.G. Lithium Antagonizes
Dopamine-Dependent Behaviors Mediated by an AKT/Glycogen Synthase Kinase 3 Signaling Cascade. Proc. Natl. Acad. Sci.
USA 2004, 101, 5099-5104. [CrossRef]

Mielnik, C.A.; Sugamori, K.S.; Finlay, D.B.; Thorpe, H.H.A.; Schapira, M.; Sivananthan, N.; Li, C.K.; Lam, V.M.; Harrington, S.;
Abdelrahman, M.H.; et al. A Novel Allosteric Modulator of the Cannabinoid CB1 Receptor Ameliorates Hyperdopaminergia
Endophenotypes in Rodent Models. Neuropsychopharmacology 2021, 46, 413-422. [CrossRef]

Masoud, S.T.; Vecchio, L.M.; Bergeron, Y.; Hossain, M.M.; Nguyen, L.T.; Bermejo, M.K;; Kile, B.; Sotnikova, T.D.; Siesser, W.B.;
Gainetdinov, R.R.; et al. Increased Expression of the Dopamine Transporter Leads to Loss of Dopamine Neurons, Oxidative Stress
and I-DOPA Reversible Motor Deficits. Neurobiol. Dis. 2015, 74, 66-75. [CrossRef]

Gerfen, C.R.; Engber, TM.; Mahan, L.C.; Susel, Z.; Chase, T.N.; Monsma, EJ.; Sibley, D.R. D1 and D2 Dopamine Receptor-Regulated
Gene Expression of Striatonigral and Striatopallidal Neurons. Science 1990, 250, 1429-1432. [CrossRef]

Valjent, E.; Bertran-Gonzalez, J.; Hervé, D.; Fisone, G.; Girault, J.A. Looking BAC at Striatal Signaling: Cell-Specific Analysis in
New Transgenic Mice. Trends Neurosci. 2009, 32, 538-547. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s002130100901
https://doi.org/10.1124/jpet.112.198895
https://doi.org/10.1038/s41598-022-07029-2
https://doi.org/10.1073/pnas.1103029108
https://doi.org/10.1007/s00213-003-1765-7
https://doi.org/10.1074/jbc.M606062200
https://doi.org/10.1371/journal.pone.0115009
https://doi.org/10.1038/sj.npp.1300343
https://doi.org/10.1073/pnas.191353298
https://doi.org/10.1016/j.neuropharm.2018.11.029
https://doi.org/10.1073/pnas.0307921101
https://doi.org/10.1038/s41386-020-00876-5
https://doi.org/10.1016/j.nbd.2014.10.016
https://doi.org/10.1126/science.2147780
https://doi.org/10.1016/j.tins.2009.06.005

	Introduction 
	Genetically Modified Animals Affecting Function of DAT 
	Impact of DAT Deletion on Neurotransmission and Neuroanatomy 
	Impact of DAT Deficiency on Animal Physiological Phenotype 
	Behavioral Phenotype of Animals with DAT Hypofunction 
	DAT Deficient Animals as Models in Experimental Neuropsychopharmacology 
	DTDS 
	States Associated with Increased Levels of DA 
	States Associated with Decreased Levels of DA 

	Conclusions and Future Directions 
	References

