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Abstract

A range of dopamine-dominating neuropsychiatric disorders present with cognitive deficits. In accordance, the dopamine
transporter overexpressing rat model (DAT-tg rat) displays cognitive deficits by means of behavioral inflexibility and learning
disabilities. It remains to be investigated when cognitive deficits emerge, due to the inherent DA irregularities, during the
life course of the DAT-tg rat and what may relieve symptoms. The Morris water maze (MWM) was used to assess cognitive
abilities in three cohorts of DAT-tg rats. In the first cohort, the development of cognitive deficits was assessed by repeat-
edly testing animals in the MWM at postnatal day (PND) 35, 60, and 90. In the second and third cohort, pharmacological
interventions and transcranial direct current stimulation (tDCS) were tested in adult animals to understand what drives, and
thus relieves, the deficits. Minor differences were observed between DAT-tg rats and control rats at PND 35 and 60, whereas
cognitive deficits fully emerged at PND 90. A high dosage of methylphenidate diminished both behavioral inflexibility and
improved learning abilities in adult rats. Interestingly, rats subjected early in life to the MWM also displayed improved
behavioral flexibility as compared to rats naive to the paradigm. Cognitive deficits gradually develop over time and fully
emerge in adulthood. Pharmacological modulation of the ubiquitous DAT overexpression overall improves deficits in adult
rats, whereas early training decreases later development of behavioral inflexibility. Thus, former training may constitute a
preventive avenue that alters some aspects of cognitive deficits resulting from inherent DA abnormalities.
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Introduction

A stable and adequate dopamine (DA) signaling is required
in the regulation of cognitive functions [1]. DA modulates
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of DAT expression alongside DA irregularities are found in
neuropsychiatric disorders in which also cognition is known
to be affected, including attention-deficit hyperactive disor-
der (ADHD) and schizophrenia but also Tourette syndrome
(TS) [11, 12]. The behavioral features observed in such neu-
ropsychiatric disorders are considered to result from abnormal
neural development [13—16]. The implications of DA irregu-
larities on the development of cognitive deficits remain to be
further explored. Here, the transgenic rat model that overex-
presses the DAT (DAT-tg rat) allows for a direct investigation.
The DAT-tg rat displays ubiquitous DAT overexpression in
numerous areas, including the medial PFC (mPFC), striatum,
hippocampus, thalamus, and nucleus accumbens. In adjacent
to this, the DAT-tg rat displays specific up- and downregula-
tion of dopamine receptors (DRD1 and DRD?2) and altered
DA content levels in areas specifically involved in cognition.
Dopamine receptors are overexpressed in the hippocampus and
striatum, yet downregulated in the mPFC. DA content levels
are increased twofold in the hippocampus. On the contrary,
levels are low in the striatum and paralleled with an increase
in striatal monoamine oxidase (MAO) activity. In the striatum
and hippocampus, distinct structural alterations are also found,
including a decrease in the number of striatal interneurons and
increased hippocampal volumes [17]. These profound imbal-
ances in the DA system make the DAT-tg prone to cognitive
deficits including learning and memory difficulties. Indeed,
the DAT-tg rat displays cognitive deficits by means of learn-
ing deficits and behavioral inflexibility in the Morris water
maze (MWM) [18]. DAT overexpression is further linked to
repetitive behavior as also observed within a wide range of
neuropsychiatric disorders. The DAT-tg rats display a repeti-
tive grooming pattern which exacerbates following stress and
amphetamine exposure. Collectively, the neurobiological
alterations alongside the repetitive behavior and cognitive
deficits found in the DAT-tg rat correlate with the clinical
observations seen in TS [17, 18]. Here, we utilized the DAT-
tg rat to investigate when, from juvenility to adulthood, the
cognitive deficits appear, and which interventions may reverse
these deficits. Specific drugs were applied to evaluate how
manipulating distinct aspects of the DA system affected the
deficits. To explore the repetitive nature of the behavior seen
in the maze, the impact of anodal transcranial direct current
stimulation (tDCS) and clonidine was assessed, as both have
previously shown to reduce the repetitive behavior in the DAT-
tgrat [17, 19].

Materials and Methods
Animals

We used male DAT-tg rats and their respective controls
(wildtype (WT) rats) [17]. Rats were housed in a 12-h light/

dark cycle (lights on at 6 a.m.), with food and water ad libi-
tum. Animals that underwent surgery were single housed
following the procedure. All efforts were made to reduce
animal suffering and the numbers used. Experiments were
conducted under the European Communities Council Direc-
tive and after approval by the local ethics committees.

Morris Water Maze

A circular black pool (diameter 1.4 m) was filled with water
to a depth of 33 cm. The water was made opaque by non-
toxic white paint and the temperature was maintained at
24 °C (%1 °C). Distal cues were provided around the pool.
The pool was divided into four quadrants and a platform
(14 x 14 cm) was placed in one quadrant of the maze. Ani-
mal behavior in the pool was videotaped and analyzed using
EthoVision®XT by Noldus (Wageningen, Netherlands) and
the Rtrack software package [20]. Testing consisted of an
acquisition phase and a probe trial. During the acquisition
phase, the platform was submerged below the water and
animals could learn the location, through the use of distal
cues and by releasing them from different starting points.
The platform position quadrant had the following nomen-
clature: T (target), L (left from target), R (right from target),
O (opposite target). The animal’s ability to locate the plat-
form was tested in four trials per day with a 60-s trial limit
over four consecutive days. After finding the platform, ani-
mals were allowed to remain for 5 s on the platform before
being removed. Animals could rest for at least 15 min in
between trials. On day 5, the platform was removed and
one 60-s probe trial was performed. The success rate (% of
trials) in finding the platform was computed for acquisition
days. During probe trial, the time spent in the former target
quadrant and platform crossings were recorded. Path length,
swim velocity, and time animals spent close to the wall were
assessed during all trials. Finally, the probability of using
distinct search strategies to locate the platform was analyzed,
including non-goal-oriented strategies (swimming close to
the wall (i.e., thigmotaxis)), procedural strategies (i.e., scan-
ning the pool), and contextual strategies (i.e., directly swim-
ming towards the platform) for acquisition and probe trials.
Maps were generated to visualize track densities and spatial
search strategies.

Pharmacological Treatment

Pharmacological interventions known to target different
aspects of DA signaling were applied to assess the impact
on performance in the MWM. The psychostimulant methyl-
phenidate affects catecholamine transmission via regulation
of DAT [21]. Lower dosages of methylphenidate (2.0 mg/
kg) has shown to improve cognitive functions in male rats
by distinctively activating the PFC, whereas higher dosages
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than this are believed to have more widespread effects
throughout the brain [22]. Here, we chose to apply methyl-
phenidate at both a lower and higher dosage than previously
described to evaluate the differential effect between local-
ized versus more widespread activation of brain areas in
the DAT-tg rat. Methylphenidate was applied 15 min before
MWM testing at a dosage of 0.5 (abbreviated MP 0.5) or
2.5 mg/kg subcutaneously (s.c) (MP 2.5), dissolved in 0.9%
saline. To assess the impact of increasing DA content, levo-
dopa (DO) was administered 30 min before MWM testing as
a 20 mg/kg mixture in a ratio of 4:1 dissolved in 0.9% saline
[23]. To evaluate the impact of DA receptors, the D2-recep-
tor-antagonist haloperidol (HA) was applied 45 min before
MWM testing, at a dosage of 0.30 mg/kg i.p, with a 0.2 M
lactic acid vehicle [24]. To evaluate the repetitive nature of
the behavior seen in the MWM, the alpha2-adrenoceptor-
agonist clonidine (CL) was applied, as it has specifically
been found to reduce repetitive behavior in the DAT-tg rat
[17]. Clonidine was administered 20 min before MWM test-
ing, at 0.01 mg/kg intraperitoneally (i.p), dissolved in 0.9%
saline (SA) [17]. A group of WT- and DAT-tg animals were
treated 15 min before MWM testing with 0.9% SA (i.p) and
served as controls.

Transcranial Direct Current Stimulation
Surgery

Animals were anesthetized using a cocktail of fentanyl
(0.005 mg/kg), midazolam (2 mg/kg), and medetomidine
hydrochloride (0.135 mg/kg). An epicranial electrode
(2.1 mm diameter) was placed over the frontal cortex
(AP +2.0) [25] and fixed using autopolymerizing prosthetic
repair material (Paladur; Kulzer GmbH, Hanau, Germany)
and UV-induced light curing microparticle composite (Sin-
fony; 3 M Espe Dental AG, Seefeld, Germany). A small
swab was placed in the epicranial electrode to prevent dirt
from entering. For the counter electrode, the thorax was
shaved to optimize the current application. Anesthesia was
antagonized by a cocktail of naloxone (0.12 mg/kg), fluma-
zenil (0.2 mg/kg), and atipamezole hydrochloride (0.75 mg/
kg). Following surgery, animals were repeatedly observed
for optimal recovery. Analgesia (meloxicam 0.2 mg/kg) was
given for three consecutive days.

Stimulation

For delivery of tDCS, the epicranial electrode was filled with
saline (0.9%) (contact area of 3.5 cm?) and a gold pin was
inserted for stimulation application. A counter electrode (8
cm?; Physiomed Elektromedizin AG, Schnaittach, Germany)
was placed on the thorax alongside electroencephalography
(EEG) conductive paste (AC Cream, Spes Medica, Genova,
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Italy) and kept in place by a jacket (Lomir Biomedical Inc.,
Notre—Dame—de—l’ile—Perrot, Canada). Animals received
30 min of anodal (200 pA) or sham stimulation applied in
the home cage starting 60 min before MWM testing. These
settings have previously shown to reduce repetitive behav-
ior in the DAT-tg rat by altering cortical activity levels and
increasing striatal inhibitory properties [19]. We are thus
confident that these settings are effective in the surpassing
the thick scull of rats and alter neuronal activity. Stimula-
tion was applied by a computer-interfaced current generator
(STG4008 Multi Channel System GmbH, Reutlingen, Ger-
many). The current strength was ramped for 10 s to prevent
abrupt interruption and stimulation break effects. Animals
receiving sham stimulation were connected to the system,
yet no current was flowing.

Statistical Analysis

Data analysis was done using RStudio (version 3.6.1, Bos-
ton, USA) (RStudio Team (2020): Integrated Development
for R. RStudio, PBC, Boston, MA URL http://www.rstud
io.com/). The probability level of p <0.05 was considered
statistically significant for all tests.

Acquisition Phase Performance measures success rate, path
length, velocity, and time spent in the wall zone were ana-
lyzed by repeated measures ANOVA (aov, package: afex;
group, MWM day*trial). Greenhouse—Geisser adjustment
was used to correct violations of sphericity. For post hoc
tests, we used Tukey’s method for multiple comparisons.
Extraction of strategy usage was done using the Rtrack pack-
age and evaluated using binomial logistic regression (glmer,
package: Ime4) and odds ratio (OR).

Probe Trial One-way ANOVA was used was used to test for
statistical significance between experimental groups in path
length, velocity, time spent in the wall zone, and platform
crossings. In addition, time spent in different quadrants of
the water maze was analyzed using two-sided #-test, in which
the target quadrant was compared against the other quad-
rants. Test for equality of proportions without continuity cor-
rection was used for hippocampal strategy analysis in probe
trials, with Holm adjustment for p values when applicable.

Experimental Design

Experiments were conducted in three distinct cohorts of
animals, in which (1) the development of cognitive deficits,
(2) the effect of pharmacological interventions, and (3) the
effect of transcranial direct current stimulation (tDCS) on
MWM performance were assessed. To trace the emergence
of cognitive deficits during the course of development,
the same DAT-tg (n=13) and WT (n=12) animals were
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«Fig. 1 Former exposition to the Morris water maze enables DAT-tg
rats to develop spatial search strategies. A Experimental layout to
assess the effect of repeated MWM testing from postnatal day (PND)
35 to PND 90. B The group-wise probabilistic occupancy plots
(red=high probability, blue=low probability) visualize intact acqui-
sition (day 4) of platform position and spatial preference around the
former platform position (day 5) for both genotypes. C Success rates
in acquisition training prove the ability of DAT-tg rats to localize the
hidden platform at adolescence and early adulthood. In full matured
DAT-tg rats, success rate did not improve and was lower compared
to WTs (p=0.019). D Bar plots show percentage stay in each quad-
rant (T, target; L, left from target; R, right from target; O, opposite
target) in probe trial and demonstrate quadrant preferences of both
DAT-tg (gray) and WT (white) rats. While the latter clearly identi-
fied the former target quadrant at all three time points, adult trans-
genic rats did not display any preferences. Differences in time of resi-
dence were calculated with paired r-test against the target quadrant.
E, F, G Path length (cm; top), velocity (cm/s, center), and time in
wall zone (s, bottom) of DAT-tg and WT rats plotted separately for
each study point. DAT-tg rats showed longer path length compared
to WT rats on PND 35 (day 2: p=0.003; day 3 p=0.009) and PND
90 (day 2: p=0.036; day 4: p=0.01). WT rats were found to mini-
mized their presence close to the wall as compared to DAT-tg during
assessment at PND 60 (day 1: p=0.048; day 3: p=0.024) and PND
90 (all days: p<0.001). H Percentage distribution of used strategies
in the MWM ranged from non-goal-oriented movement patterns like
thigmotaxis and random searching to spatial and focused motion to
the platform. Differences in strategy usage were calculated using a
binomial regression model testing thigmotaxis versus other strategies.
At PND 35 (p=0.002, OR=3.45), DAT-tg showed more thigmotaxis
compared to WT over all testing days. Bars in C, D, E, F, and G rep-
resent SEM. *p <0.05 assessed by repeated measure ANOVA (C, E,
F, G). Dotted lines (E, F, G, H) separate acquisition from probe trial

repeatedly testing at postnatal days (PND) 35, 60, and > 90.
At each age, the MWM test was set-up with different plat-
form positions to allow for repeated evaluation of learning
the location of the hidden platform. The experiments per-
formed at each age are thus considered to be independent
experiments. The effect of pharmacological interventions
and tDCS was tested in adult animals at PND > 90. Phar-
macological interventions were applied to five groups of
DAT-tg animals that received levodopa (n=7), low dose
methylphenidate (n=7), high dose methylphenidate (n=5),
haloperidol (n=8), or clonidine (n=38), while a group of
DAT-tg (n=38) and a group of WT rats (n=_8) were admin-
istered saline and served as controls. Animals of the third
cohort received either anodal tDCS (DAT-tg, n=16; WT,
n="7) or sham stimulation (DAT-tg, n=14; WT, n=7).

Results

Performance in the MWM as Animals Mature

During the acquisition phase, adolescent and early adult
DAT-tg rats displayed similar rate of success in finding the

hidden platform as compared to WT rats (PND 35 genotype:
F=1.83, p=0.190; PND 60 genotype: F=3.19, p=0.087),
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whereas the rate of success was significantly reduced once
DAT-tg rats reached adulthood (PND 90 genotype: FF=6.39,
p=0.019) (Fig. 1A-C). During the probe trial both ado-
lescent and early adult DAT-tg rats spent the majority of
time in the former target quadrant (PND 35 paired #-test all
p<0.001; PND 60 paired t-test all p <0.0001), whereas no
preference was detected in the adult DAT-tg rats (PND 90
WT paired #-test all p <0.05: DAT paired #-test all p > 0.05)
(Fig. 1D). Adolescent and adult DAT-tg rats displayed an
increased preference for the wall of the maze (PND 60 geno-
type: F=11.66, day F=18.93, p<0.001; PND 90 genotype:
F=33.07, p<0.001, day F=44.40, p <0.001). Adolescent
and adult DAT-tg rats displayed a longer path length com-
pared to WT rats (PND 35: genotype: F=10.09, p=0.004;
day: F=28.05, p<0.001, trial: F=7.62, p<0.001; PND
90 genotype: F=8.53, p=0.008; day F=6.07, p=0.002).
There was no difference in swim velocity between groups
at any of the time points tested (PND 35 genotype: F=0.61,
p=0.441; PND 60 genotype: F=0.92, p=0.348; PND 90
genotype: F=0.19, p=0.670) (Fig. 1E-G).

When search strategies were assessed, adolescent DAT-
tg rats displayed a higher chance of choosing thigmot-
axic behavior as compared to WT rats (PND 35 genotype
7=2.97, OR=3.45, p=0.003). When behavior was plotted
over the course of days, thigmotaxic behavior was especially
present in both WT rats and DAT rats during the first days
of testing. Interestingly, once animals reached adolescence
and adulthood, the use of thigmotaxic behavior was low
and DAT-tg rats employed spatial search strategies compa-
rable to the WT rats (PND 60 z=0.005, p=0.996; PND 90
z=0.008, p=0.993) (Fig. 1H). These results are surprising
when compared to both, previous findings [18] and to the
adult DAT-tg rats in the present study serving as controls
(sham and saline groups) in which thigmotaxic behavior in
both cases was the dominating strategy (Fig. 2E, Fig. 3E).
This indicates that exposing animals to the MWM from
an early age may enable them to develop more successful
search strategies as compared to adult DAT-tg rats who are
naive to the paradigm.

The Effect of Pharmacological Interventions
in the Adult DAT-tg Animal

WT rats and DAT-tg rats who had been exposed to MP
displayed a comparable rate of success in finding the hid-
den platform (genotype: F=6.66, p <0.0001, post hoc
p=0.991) (Fig. 2A-B) and platform crossings (genotype:
F=4.50, p=0.001, post hoc p=0.776) (Fig. 2C). The WT
rats and DAT-tg rats exposed to MP further displayed simi-
lar path lengths (genotype: F=11.99, p <0.001, post hoc
p=0.338), swim velocity (genotype: F=12.39, p<0.001,
post hoc p=0.332), and time spent close to the wall (geno-
type: F=7.92, p<0.001, day F=6.55, p<0.001, post hoc
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Fig.2 High dose methylphenidate improves MWM performance
in adult DAT-tg rats. A Group-wise probabilistic occupancy plots
(red =high probability, blue =low probability) demonstrate the devel-
opment of place-specific preferences for the platform position during
MWM assessment in WT/saline and DAT-tg/MP 2.5 (2.5 mg “high”
dose methylphenidate) rats, while all other groups fail to acquire suf-
ficient knowledge of platform position. B WT and DAT-tg/MP 2.5
rats show a comparable high success rate during acquisition train-
ing (WT vs. MP 2.5: p=0.991) and C number of platform crossings
in the probe trial (WT vs. MP 2.5: p=0.776). D Path length (cm;
left), velocity (cm/s; middle), and time in zone wall (s; right) further
illustrate the treatment effect and similarities in regard to wall zone
time between WT and DAT-tg/MP 2.5 rats, while DAT-tg rats in all

p=0.991). DAT-tg rats in all other groups spent the major-
ity of time close to the wall (Fig. 2D). MP increased the
chance by 13 times of employing more elaborate strategies
as opposed to thigmotaxis (comparison to DAT-tg saline:
z=7.143, OR=12.94, p=9.12e — 13), whereas application
of HA further increased the use of thigmotaxis (comparison
to DAT-tg saline: z= —4.109, OR=0.19, p=3.97e-0.5)
(Fig. 2E). Exposure to the remaining pharmacological inter-
ventions did not have any impact on search strategies in the
MWM.

The Effect of tDCS in the Adult DAT-tg Animals

WT rats displayed a higher success in finding the plat-
form (genotype: F=59.09, p <0.0001), spent more time

other group present spent most of their time swimming close to the
wall (WT vs. MP 2.5: p=0.991; DAT-tg vs. MP 2.5: p=0.002). E
Movement patterns in the water maze were classified from non-goal-
oriented like thigmotaxis to contextual search strategies like focal
or direct search towards the target platform. As previously shown
[18], adult WT but not DAT-tg rats employ advanced spatial search
strategies indicating a hippocampal involvement. When thigmotaxis
was tested against all other strategies in a binomial logistic regres-
sion model, only DAT-tg/MP 2.5 rats showed a similar strategy use
compared to WT (MP 2.5 vs. WT: p=0.349; MP 2.5 vs. DAT-tg
p<0.001). *p<0.05 assessed by repeated measure ANOVA (D)
respectively ANOVA (B, C). Error bars in B, C, D show SEM. Dot-
ted lines (D, E) separate acquisition from probe trial

in the target quadrant (genotype F=10.25, p=0.00271),
and crossed the goal zone more frequently as compared
to DAT-tg rats, regardless of the type of stimulation
applied (genotype F=59.41, p <0.0001) (Fig. 3A-C).
DAT-tg rats displayed a longer path length (genotype:
F=63.24, p<0.001, day: F=5.34, p=0.003; trial
F=33.84, p<0.001) and spent more time close to the
wall (genotype: F=167.34, p<0.001, day: F=11.59,
p<0.001; genotype:day F=9.84, p<0.001). There was
no difference in swim velocity between groups (Fig. 3D).
DAT-tg rats displayed high levels of thigmotaxic behav-
ior irrespective of the type of stimulation applied (acqui-
sition trial: z= —6.34, OR=0.009, p <0.001), whereas
the WT rats did not display this behavior (probe trial:

@ Springer



Molecular Neurobiology (2022) 59:7182-7193

A em | 1cs E
-@DO®O

Acquisition Probe

Acquisition Probe

B C

[J wr [l pat

(2]
o

platform crossings
N
o

N
o

Success rate [%)]
H [e2]
o o

sham tDCS O~ sham oGS

O

Treatment (O sham A toCs Genotype [] wT [l DAT

)
1500- E 25-
§ 1250 * * * y @ 20-
= J €
% 1000 5 15
c  750- 2
< ‘S 10-
< 500 ks
T O .
& 250- > 5
0- 0-

Fig.3 tDCS does not facilitate spatial learning in adult DAT-tg rats.
A Group-wise probabilistic occupancy plots (red=high probabil-
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position during acquisition training (day 4) and former platform posi-
tion during probe trial (day 5) in WT animals. DAT-tg rats however
swam mostly in more peripheral zones. B Box-Whisker plots empha-
size the difference regarding success rates between WT and DAT-tg
rats independent of their treatment (p <0.001). C Platform crossings
in probe trial underline the lack of spatial memory in DAT-tg rats.
WTs remembered the locality of the platform and thus crossed the
former position more often (p <0.001). tDCS treatment did not ena-
ble DAT-tg rats to improve their spatial memory. D Path length (left,

X-squared =24.548, p <0.0001, tDCS WT 0%; sham WT
0%; tDCS DAT-tg 86.6%; sham DAT-tg 71.4%) (Fig. 3E).

Discussion

We here find that the cognitive deficits observed in DAT-tg
rats gradually emerge and become fully evident once animals
reach adulthood. Of the interventions investigated, solely a
high dose of methylphenidate overall improved cognitive
deficits in the adult rats. Interestingly, the animals who had
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cm), velocity (center, cm/s), and time in wall zone (right, s) indicate
shorter swimming distance in acquisition training (p<0.001) and
less time spent in the area close to the wall (p <0.001) for WT rats
whereas swimming speed displayed no differences between groups.
E Color-coded plots represent strategy usage under acquisition train-
ing and probe trials. Thigmotaxis as rather instinct-driven movement
(brown) was tested against spatial search strategies in a binomial
logistic regression model. Note the lack of thigmotaxis in WTs com-
pared to DAT-tg rats (p <0.001) independent of the treatment. Bars in
B, C, and D represent SEM. *p <0.05 assessed by repeated measure
ANOVA (B and D) and ANOVA for probe trial data on day 5 (B, C,
and D). Dotted lines (D, E) separate acquisition from probe trial

repeatedly been subjected to training from an early age dis-
played less inflexible behavior. This indicates that for some
aspects of the cognitive deficits observed in the DAT-tg rat,
former training has the potential as a preventive avenue.

Former Training Decreases Behavioral Inflexibility
in the DAT-tg Rats

The cognitive deficits observed by the adult DAT-tg rats in
the MWM are twofold as they include (1) spatial learning
difficulties as adult animals are unable to successfully learn
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the location of the hidden platform and (2) behavioral inflex-
ibility as adult animals display profound thigmotaxic behav-
ior indicating an inability to perform goal-directed behavior
[18]. In the present study, the same batch of DAT-tg rats
were repeatedly tested in the MWM as they matured, to
evaluate when the cognitive deficits emerge. At adolescence
(PND 35) and early adulthood (PND 60), the DAT-tg rats
exhibited the same rate of success in finding the hidden plat-
form and the same level of reference memory, as measured
by the time spent in the former target quadrant as control
animals. This was despite the fact that adolescent DAT-tg
rats (PND 35) displayed an increase in thigmotaxic behav-
ior and path length as compared to controls. Once reach-
ing full maturity (PND > 90), a decline in performance was
found, as DAT-tg rats now showed lower success in finding
the platform and a reduction in reference memory. As such,
we here find that the DAT-tg rats’ ability to successfully
solve the MWM gradually decreases as animals mature. Of
note, other behavioral features such as repetitive behavior
in the DAT-tg rats are also found to develop over time, as
it becomes visible from PND 60 and continues to intensify
towards PND 95 (Bernhardt et al., in preparation). Other
animal studies have shown that normal cognitive functioning
in adulthood relies on a maturation of the mesocortical DA
system that takes place during late adolescence [26, 27]. The
overexpression of DAT is present in the DAT-tg rats from
birth, yet given that the cognitive deficits only fully emerge
in adulthood, it remains to be investigated which pathophysi-
ological processes take place as the rats mature and whether
adolescence here also constitutes a critical time period in the
transition towards cognitive deficits.

Most interestingly, however, our results show that adult
DAT-tg rats who had been subjected to former training in
the MWM were now able to choose more flexible behavio-
ral search strategies once reaching adulthood. These results
are in contrast to our previous findings in which immense
thigmotaxic behavior was the dominating strategy in the
adult DAT-tg rats during all days of testing [18]. Thigmo-
taxic behavior is a common, initial behavior observed in
rats, yet as animals adapt to the maze this behavior is nor-
mally replaced by other more efficient search strategies. In
accordance, we also find that WT rats initially display thig-
motaxic behavior during the first trials, yet this is swiftly
replaced by the use of spatial search strategies. Performance
in the MWM relies not only on the ability to learn the spa-
tial location of the platform, but also requires that animals
are flexible in their behavioral response and are able to
plan and execute the behavior needed to successfully get
to the platform [28]. We here show that exposing DAT-tg
rats to early training has the potential of diminishing behav-
ioral inflexibility later in life, thus improving some of the
required abilities needed to succeed in the MWM. However,
despite this improvement, early training did not translate

into animals successfully identifying the platform, as DAT-
tg rats continued to display low success rate and deficits in
reference memory once reaching adulthood. As such, early
training may enable the animals to adapt their behavior to
their surroundings, yet this improvement is not sufficient to
ultimately solve the maze, thus indicating persistent learn-
ing deficits. Adequate performance in the MWM is found to
rely on a coordinated activity between several brain areas,
including the striatum, hippocampus, and frontal cortex, in
which the DA system has a regulatory role [28, 29]. As the
DAT-tg rats display DA irregularities within all the above-
mentioned brain areas, it is not surprising that adult animals
fail to ultimately solve the task in the MWM. The dissocia-
tion we report following early training in the DAT-tg rat, in
which behavioral flexibility improves yet learning deficits
persists, shows that early training may influence some but
not all of the brain areas needed to successfully perform in
the MWM. The mPFC and dorsomedial striatum are found
to form a corticostriatal circuit involved in goal-directed
behavior and thus may be involved in selecting the appropri-
ate behavioral strategy needed in the MWM [28, 30-32]. In
accordance, when tested in the MWM, rats with lesion to the
PFC are incapable of planning and performing the required
course of movements needed to get to the platform [33] and
inflexible behavior by means of thigmotaxic behavior is
induced in rats following specific lesion to the dorsomedial
striatum [34]. On the other hand, the hippocampus has long
been considered to play a central role in the spatial learning
aspects of the MWM [28]. As such, the selective improve-
ment in behavioral flexibility following early training in the
DAT-tg rats may result from a positive effect on DA signal-
ing within corticostriatal circuits, while at the same time
reflecting an inability to modulate other areas such as the
hippocampus by which spatial learning deficits persist.

Methylphenidate at a Higher Dosage Relieves
Cognitive Deficits in Adulthood

Given the regulatory role of DA in MWM performance
and cognitive functioning in general, we chose to apply
DA modulating drugs prior to adult animals having to
perform in the MWM, to determine what aspects of DA
signaling drive the cognitive deficits seen in adult rats.
Methylphenidate is known to increase catecholamine neu-
rotransmission by interference with DAT [21]. Here, we
applied methylphenidate at a low and high dose to investi-
gate how modulating DAT activity, either locally or more
broadly throughout the brain, influences behavior in the
MWM. In the DAT-tg rat, DAT overactivity causes rapid
clearing of DA from synapses leading to synaptic DA
deficiency as well as changes in DA receptor availability
[17]. We applied levodopa and haloperidol to access how
interfering with the consequence of DAT overexpression
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impacts performance in the MWM. Levodopa is an amino
acid precursor of DA that increases synaptic levels of
DA [35]. Haloperidol is an antipsychotic that works as
a D2-receptor antagonist [36]. Solely the application
of methylphenidate led to improved performance. Dos-
age was of importance, as a higher dosage was needed
(2.5 mg/kg) whereas a lower dosage (0.5 mg/kg) had no
effect. Methylphenidate has been shown to improve spatial
working memory in healthy subjects as well as in children
and adults with ADHD [21, 37-39]. Methylphenidate is
known to block the reuptake of DA by acting on DAT, thus
increasing the synaptic DA availability in areas such as
the hippocampus, striatum, and PFC. This effect has been
coupled with an improvement in the attention needed to
successfully perform spatial learning and memory pro-
cesses [21, 22, 40, 41]. As such, the overall improvement
in performance following the application of a higher dose
of methylphenidate in the DAT-tg rat may reflect the need
for interfering with DAT activity in several implicated
brain areas, in order to reverse all aspects of the cognitive
deficits seen in the MWM. It is shown in rats that DAT
mainly plays a central role in regulating extracellular DA
in the striatum, whereas the norepinephrine transporter
(NET) plays a large role in regulating DA levels in the
mPFC [42]. As methylphenidate acts on both DA and nor-
epinephrine uptake, future studies investigating the effect
of selective DAT and NE inhibitors in the DAT-tg rat are
necessary for further increasing our understanding on how
methylphenidate mediates its positive effect on the cog-
nitive deficits. Application of the D2-receptor antagonist
haloperidol further exacerbated the occurrence of thigmo-
taxic behavior in the DAT-tg rats. Such increase in thig-
motaxic behavior following blockage of D2 receptors by
haloperidol is suggested to reflect an induced inability to
choose the strategy needed to solve the task [43]. Others
have found that blocking D2 receptors specifically in the
prefrontal cortex leads to inflexible behavior [44]. Mice
who selectively overexpress D2 receptors in the striatum
display persistent changes in PFC functioning, resulting
in behavioral inflexibility [45]. As DAT-tg rats display
low levels of D2 receptor expression in the mPFC, yet
increased levels in the striatum, D2 receptors may indeed
play a role in the observed thigmotaxic behavior. The
influence of D1 receptors on behavior in the DAT-tg rats
still needs to be assess; however, it is not unlikely that a
combined effect of D1 and D2 receptors are involved in the
cognitive deficits, as D1 and D2 receptors are considered
to work in concert when it comes to behavioral flexibil-
ity and cognitive control [30]. Collectively this suggests
that the altered expression levels of DA receptors, as a
consequence of DAT overexpression, may work as a driv-
ing force especially within the corticostriatal circuit to
produce the thigmotaxic behavior seen in the DAT-tg rat.
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In contrast to these findings, levodopa had no impact on
performance in the MWM, indicating that a direct increase
in DA levels is not sufficient to counterbalance the wide-
spread deficits induced by DAT overexpression.

Apart from an inadequate ability to select an appropriate
strategy, it has also been proposed that thigmotaxic behavior
in the DAT-tg rats rather reflects stress-induced repetitive
behavior, as the inherent DA irregularities increase the ani-
mals’ susceptibility towards such behavior [18]. The appli-
cation of clonidine and anodal tDCS applied to the frontal
cortex have previously been shown to successfully reduce
repetitive behavior in the DAT-tg rat [17, 19]. Therefore,
both interventions were applied in the present study, to fur-
ther disentangle the repetitive nature of the behavior seen
in the MWM and to test the therapeutic potential. Here,
we show no effect of clonidine or tDCS on any of the fea-
tures investigated in the MWM, as DAT-tg rats continued
to display poor spatial learning and heightened thigmotaxic
behavior. Either this suggests that the observed thigmotaxic
behavior does not reflect repetitive behavior or that the thig-
motaxic behavior represents a different mode of repetitive
symptoms that differ from those previously observed. Never-
theless, whether the thigmotaxic behavior is a consequence
of an inadequate ability to choose an efficient strategy or
rather due to a restriction and rigidity in behavior as defined
by repetitive symptoms, it overall reflects behavioral inflex-
ibility. As mentioned, both clinical and preclinical data dem-
onstrate that the ability to adapt to changing environments
relies on functional changes in DA signaling [29, 46—48].
Neither anodal tDCS that has previously been tested in the
DAT-tg rats nor clonidine is primarily effective via the DA
system, which may account for the lack of effect of these
interventions in MWM [19]. Other studies have shown that
the application of the atypical antipsychotic drug risperidone
as well as tDCS before symptom manifestation prevents later
symptoms in an animal model of schizophrenia [49, 50]. As
symptoms only start to emerge in adulthood, it remains to be
investigated whether the interventions tested in the present
study would have a stronger impact in the DAT-tg rat, if
applied before the manifestation of symptoms.

As it currently stands, the neurobiological alterations
and behavioral profile of the DAT-tg rat are found to cor-
relate with clinical observations primarily seen in TS [51].
However, the DAT-tg offers more than a model of one dis-
tinct disorder, as it constitutes an experimental framework
in which the pathological implications of DAT overexpres-
sion and its link to a range of neuropsychiatric symptoms
in general can be investigated. As seen in the present study
and consistent with the neurodevelopmental nature of some
neuropsychiatric disorders, we find that DAT overexpres-
sion lays the foundation for negative behavioral trajectory, in
which abnormal behavior slowly, yet gradually, arises as the
animals mature. To sufficiently reverse the different aspects
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of cognitive deficits, we find that DAT activity potentially
has to be modulated in several brain regions. However, we
also find that early training selectively prevents behavioral
inflexibility as animals mature. As such, former training may
constitute a preventive approach for neuropsychiatric disor-
ders presenting with behavioral inflexibility. This is indeed
the case for TS in which symptoms often develop over time,
potentially due to an imbalance in the regulation between
goal-directed behavior and habit formation [52, 53]. For
these patients, who are often young when symptoms emerge,
the application of an early, non-pharmacological treatment
approach that decreases the later burden of symptoms may
be appealing.

Conclusion

In the DAT-tg rat, altered DAT expression levels and sub-
sequent DA irregularities lead to the inability to solve the
task at hand. These deficits are not fully present in adoles-
cent animals, indicating that symptoms gradually develop as
animals mature. A high dosage of methylphenidate known
to modulate the DAT in several brain areas diminishes both
behavioral inflexibility and learning deficits in adult rats,
whereas training of adolescent animals decreases behavio-
ral inflexibility later in adulthood. As such, former training
may constitute a non-pharmacological, preventive avenue
that has the potential of altering some aspects of cognitive
deficits seen in neuropsychiatric disorders due to inherent
DA abnormalities.

Acknowledgements We like to thank Kristin Wogan and Fabian Stech-
barth for excellent technical support and Rupert W Overall for his help
using Rtrack: a software package for reproducible automated water
maze analysis. bioRxiv 10.1101/2020.02.27.967372.

Author Contribution Material preparation, data collection, and analysis
were performed by MG, EOA, MKL, BH, RH, NB, and CW. The first
draft of the manuscript was written by HEC and all authors commented
on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. The study was funded by the Federal Ministry of Education
and Research, Germany (Grant 01EE1403A (GCBS)) and co-financed
by the German Research Foundation (WI 2140/4—1 and 5-1). NB was
supported by the woman habilitation promotion initiative from the
Medical Faculty Carl Gustav Carus at the TU Dresden.

Data Availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics Approval Experiments were conducted under the European
Communities Council Directive and after approval by the local ethics
committees. All efforts were made to reduce animal suffering and the
numbers used.

Consent to Participate Not applicable.
Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. El-Ghundi M, O’Dowd BF, George SR (2007) Insights into the
role of dopamine receptor systems in learning and memory. Rev
Neurosci 18:37-66. https://doi.org/10.1515/revneuro.2007.18.1.
37

2. Calabresi P, Pisani A, Mercuri NB, Bernardi G (1996) The corti-
costriatal projection: from synaptic plasticity to dysfunctions of
the basal ganglia. Trends Neurosci 19:19-24. https://doi.org/10.
1016/0166-2236(96)81862-5

3. Haber SN (2016) Corticostriatal circuitry. Dialogues Clin Neuro-
sci 18:7-21. https://doi.org/10.31887/DCNS.2016.18.1/shaber

4. Tsai HC, Zhang F, Adamantidis A et al (2009) Phasic firing in
dopaminergic neurons is sufficient for behavioral conditioning.
Science 324:1080-1084. https://doi.org/10.1126/science.1168878

5. Steinberg EE, Keiflin R, Boivin JR et al (2013) A causal link
between prediction errors, dopamine neurons and learning. Nat
Neurosci 16:966-973. https://doi.org/10.1038/nn.3413

6. Doeller CF, King JA, Burgess N (2008) Parallel striatal and hip-
pocampal systems for landmarks and boundaries in spatial mem-
ory. Proc Natl Acad Sci U S A 105:5915-5920. https://doi.org/
10.1073/pnas.0801489105

7. Ferbinteanu J (2020) The hippocampus and dorsolateral stria-
tum integrate distinct types of memories through time and space,
respectively. J Neurosci 40:9055-9065. https://doi.org/10.1523/
JNEUROSCI.1084-20.2020

8. Miller EK (2000) The prefontral cortex and cognitive control. Nat
Rev Neurosci 1:59-65. https://doi.org/10.1038/35036228

9. Puig MV, Rose J, Schmidt R, Freund N (2014) Dopamine modu-
lation of learning and memory in the prefrontal cortex: insights
from studies in primates, rodents, and birds. Front Neural Circuits
8:93. https://doi.org/10.3389/fncir.2014.00093

10. Avigan PD, Cammack K, Shapiro ML (2020) Flexible spatial
learning requires both the dorsal and ventral hippocampus and
their functional interactions with the prefrontal cortex. Hippocam-
pus 30:733-744. https://doi.org/10.1002/hipo.23198

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1515/revneuro.2007.18.1.37
https://doi.org/10.1515/revneuro.2007.18.1.37
https://doi.org/10.1016/0166-2236(96)81862-5
https://doi.org/10.1016/0166-2236(96)81862-5
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.1126/science.1168878
https://doi.org/10.1038/nn.3413
https://doi.org/10.1073/pnas.0801489105
https://doi.org/10.1073/pnas.0801489105
https://doi.org/10.1523/JNEUROSCI.1084-20.2020
https://doi.org/10.1523/JNEUROSCI.1084-20.2020
https://doi.org/10.1038/35036228
https://doi.org/10.3389/fncir.2014.00093
https://doi.org/10.1002/hipo.23198

7192

Molecular Neurobiology (2022) 59:7182-7193

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

McHugh PC, Buckley DA (2015) The structure and function of the
dopamine transporter and its role in CNS diseases. Vitam Horm.
https://doi.org/10.1016/bs.vh.2014.12.009

Bannon MJ, Michelhaugh SK, Wang J, Sacchetti P (2001) The
human dopamine transporter gene: gene organization, transcrip-
tional regulation, and potential involvement in neuropsychiatric
disorders. Eur Neuropsychopharmacol 11:449-455. https://doi.
org/10.1016/S0924-977X(01)00122-5

O’Reilly KC, Kao H-Y, Lee H, Fenton AA (2014) Converging on
a core cognitive deficit: the impact of various neurodevelopmental
insults on cognitive control. Front Neurosci 0:153.https://doi.org/
10.3389/FNINS.2014.00153

Vaidya CJ. Neurodevelopmental abnormalities in ADHD. https://
doi.org/10.1007/7854_2011_138

Cravedi E, Deniau E, Giannitelli M et al (2017) (2017) Tourette
syndrome and other neurodevelopmental disorders: a comprehen-
sive review. Child Adolesc Psychiatry Ment Heal 111(11):1-12.
https://doi.org/10.1186/S13034-017-0196-X

Martino D, Johnson I, Leckman JF (2020) What does immunology
have to do with normal brain development and the pathophysiol-
ogy underlying Tourette syndrome and related neuropsychiatric
disorders? Front Neurol 0:1101https://doi.org/10.3389/FNEUR.
2020.567407

Hadar R, Edemann-Callesen H, Reinel C et al (2016) Rats over-
expressing the dopamine transporter display behavioral and neu-
robiological abnormalities with relevance to repetitive disorders.
Sci Rep 6:.https://doi.org/10.1038/srep39145

Bernhardt N, Lieser MK, Hlusicka EB et al (2018) Learning
deficits in rats overexpressing the dopamine transporter. Sci Rep
8:1-10. https://doi.org/10.1038/s41598-018-32608-7
Edemann-Callesen H, Habelt B, Wieske F et al (2018) Non-
invasive modulation reduces repetitive behavior in a rat model
through the sensorimotor cortico-striatal circuit. Transl Psychiatry
8:.https://doi.org/10.1038/s41398-017-0059-5

Overall RW, Zocher S, Garthe A, Kempermann G (2020) Rtrack: a
software package for reproducible automated water maze analysis.
bioRxiv https://doi.org/10.1101/2020.02.27.967372

Arnsten AFT, Dudley AG (2005) Methylphenidate improves pre-
frontal cortical cognitive function through a2 adrenoceptor and
dopamine D1 receptor actions: relevance to therapeutic effects in
attention deficit hyperactivity disorder. Behav Brain Funct 1:1-9.
https://doi.org/10.1186/1744-9081-1-2

Berridge CW, Devilbiss DM, Andrzejewski ME et al (2006) Meth-
ylphenidate preferentially increases catecholamine neurotransmis-
sion within the prefrontal cortex at low doses that enhance cogni-
tive function. Biol Psychiatry 60:1111-1120. https://doi.org/10.
1016/j.biopsych.2006.04.022

Bezu M, Shanmugasundaram B, Lubec G, Korz V (2016)
Repeated application of modafinil and levodopa reveals a drug-
independent precise timing of spatial working memory modula-
tion. Behav Brain Res 312:9-13. https://doi.org/10.1016/J.BBR.
2016.06.003

McFarland K, Ettenberg A (1995) Haloperidol differentially
affects reinforcement and motivational processes in rats running
an alley for intravenous heroin. Psychopharmacology 122:346—
350. https://doi.org/10.1007/BF02246264

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordi-
nates. Acad Press San Diego 3rd:

Naneix F, Marchand AR, Di Scala G et al (2012) Parallel matura-
tion of goal-directed behavior and dopaminergic systems during
adolescence. J] Neurosci 32:16223-16232. https://doi.org/10.1523/
JNEUROSCI.3080-12.2012

Wahlstrom D, White T, Luciana M (2009) Neurobehavio-
ral evidence for changes in dopamine system activity during
adolescence.https://doi.org/10.1016/j.neubiorev.2009.12.007

Springer

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

D’Hooge R, De Deyn PP (2001) Applications of the Morris water
maze in the study of learning and memory. Brain Res Rev 36:60-
90. https://doi.org/10.1016/S0165-0173(01)00067-4

Grace AA, Floresco SB, Goto Y, Lodge DJ (2007) Regulation
of firing of dopaminergic neurons and control of goal-directed
behaviors. Trends Neurosci 30:220-227. https://doi.org/10.1016/].
tins.2007.03.003

Ott T, Nieder A (2019) Dopamine and cognitive control in pre-
frontal cortex. Trends Cogn Sci 23:213-234. https://doi.org/10.
1016/J.TICS.2018.12.006

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005) The role
of the dorsomedial striatum in instrumental conditioning. Eur J
Neurosci 22:513-523. https://doi.org/10.1111/J.1460-9568.2005.
04218.X

Corbit LH, Balleine BW (2003) The role of prelimbic cortex in
instrumental conditioning. Behav Brain Res 146:145-157. https://
doi.org/10.1016/J.BBR.2003.09.023

Granon S, Poucet B (1995) Medial prefrontal lesions in the rat
and spatial navigation: evidence for impaired planning. Behav
Neurosci 109:474-484. https://doi.org/10.1037//0735-7044.
109.3.474

Devan BD, McDonald RJ, White NM (1999) Effects of medial
and lateral caudate-putamen lesions on place- and cue-guided
behaviors in the water maze: relation to thigmotaxis. Behav
Brain Res 100:5-14. https://doi.org/10.1016/S0166-4328(98)
00107-7

Fahn S (1999) Parkinson disease, the effect of levodopa, and the
ELLDOPA trial. Earlier vs later L-DOPA Arch Neurol 56:529-
535. https://doi.org/10.1001/ARCHNEUR.56.5.529

McDonagh MS, Dana T, Selph S et al (2017) Treatments for
schizophrenia in adults: a systematic review. Comp Eff Rev 534
Elliott R, Sahakian BJ, Matthews K et al (1997) Effects of meth-
ylphenidate on spatial working memory and planning in healthy
young adults. Psychopharmacology 131:196-206. https://doi.org/
10.1007/s002130050284

Mehta MA, Goodyer IM, Sahakian BJ (2004) Methylphenidate
improves working memory and set-shifting in AD/HD: relation-
ships to baseline memory capacity. J Child Psychol Psychiatry
Allied Discip 45:293-305. https://doi.org/10.1111/j.1469-7610.
2004.00221.x

Soderqvist S, Bergman Nutley S, Peyrard-Janvid M, et al (2011)
Dopamine, working memory, and training induced plasticity:
implications for developmental research. https://doi.org/10.1037/
20026179

Solanto MV (2002) Dopamine dysfunction in AD/HD: integrating
clinical and basic neuroscience research. In: Behavioural brain
research. Behav Brain Res 65-71. https://doi.org/10.1016/s0166-
4328(01)00431-4

Kuczenski R, Segal DS (2002) Exposure of adolescent rats to
oral methylphenidate: preferential effects on extracellular norepi-
nephrine and absence of sensitization and cross-sensitization to
methamphetamine. J Neurosci 22:7264—7271. https://doi.org/10.
1523/jneurosci.22-16-07264.2002

Mazei MS, Pluto CP, Kirkbride B, Pehek EA (2002) Effects
of catecholamine uptake blockers in the caudate-putamen and
subregions of the medial prefrontal cortex of the rat. Brain Res
936:58-67. https://doi.org/10.1016/S0006-8993(02)02542-8
Oltulu C, Karadag CH (2016) The effect of intrauterine antip-
sychotic drug exposure on learning and memory in adult rats.
Klin Psikofarmakol Bul 26:364—-373. https://doi.org/10.5455/bcp.
20160627090254

Floresco SB, Magyar O, Ghods-Sharifi S et al (2006) Multiple
dopamine receptor subtypes in the medial prefrontal cortex of the
rat regulate set-shifting. Neuropsychopharmacology 31:297-309.
https://doi.org/10.1038/SJ.NPP.1300825


https://doi.org/10.1016/bs.vh.2014.12.009
https://doi.org/10.1016/S0924-977X(01)00122-5
https://doi.org/10.1016/S0924-977X(01)00122-5
https://doi.org/10.3389/FNINS.2014.00153
https://doi.org/10.3389/FNINS.2014.00153
https://doi.org/10.1007/7854_2011_138
https://doi.org/10.1007/7854_2011_138
https://doi.org/10.1186/S13034-017-0196-X
https://doi.org/10.3389/FNEUR.2020.567407
https://doi.org/10.3389/FNEUR.2020.567407
https://doi.org/10.1038/srep39145
https://doi.org/10.1038/s41598-018-32608-7
https://doi.org/10.1038/s41398-017-0059-5
https://doi.org/10.1101/2020.02.27.967372
https://doi.org/10.1186/1744-9081-1-2
https://doi.org/10.1016/j.biopsych.2006.04.022
https://doi.org/10.1016/j.biopsych.2006.04.022
https://doi.org/10.1016/J.BBR.2016.06.003
https://doi.org/10.1016/J.BBR.2016.06.003
https://doi.org/10.1007/BF02246264
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1016/j.neubiorev.2009.12.007
https://doi.org/10.1016/S0165-0173(01)00067-4
https://doi.org/10.1016/j.tins.2007.03.003
https://doi.org/10.1016/j.tins.2007.03.003
https://doi.org/10.1016/J.TICS.2018.12.006
https://doi.org/10.1016/J.TICS.2018.12.006
https://doi.org/10.1111/J.1460-9568.2005.04218.X
https://doi.org/10.1111/J.1460-9568.2005.04218.X
https://doi.org/10.1016/J.BBR.2003.09.023
https://doi.org/10.1016/J.BBR.2003.09.023
https://doi.org/10.1037//0735-7044.109.3.474
https://doi.org/10.1037//0735-7044.109.3.474
https://doi.org/10.1016/S0166-4328(98)00107-7
https://doi.org/10.1016/S0166-4328(98)00107-7
https://doi.org/10.1001/ARCHNEUR.56.5.529
https://doi.org/10.1007/s002130050284
https://doi.org/10.1007/s002130050284
https://doi.org/10.1111/j.1469-7610.2004.00221.x
https://doi.org/10.1111/j.1469-7610.2004.00221.x
https://doi.org/10.1037/a0026179
https://doi.org/10.1037/a0026179
https://doi.org/10.1016/s0166-4328(01)00431-4
https://doi.org/10.1016/s0166-4328(01)00431-4
https://doi.org/10.1523/jneurosci.22-16-07264.2002
https://doi.org/10.1523/jneurosci.22-16-07264.2002
https://doi.org/10.1016/S0006-8993(02)02542-8
https://doi.org/10.5455/bcp.20160627090254
https://doi.org/10.5455/bcp.20160627090254
https://doi.org/10.1038/SJ.NPP.1300825

Molecular Neurobiology (2022) 59:7182-7193

7193

45.

46.

47.

48.

49.

Kellendonk C, Simpson EH, Polan HJ et al (2006) Transient and
selective overexpression of dopamine D2 receptors in the striatum
causes persistent abnormalities in prefrontal cortex functioning.
Neuron 49:603-615. https://doi.org/10.1016/J. NEURON.2006.01.
023

Aalto S, Briick A, Laine M et al (2005) Frontal and temporal
dopamine release during working memory and attention tasks
in healthy humans: a positron emission tomography study using
the high-affinity dopamine D2 receptor ligand [11C]FLB 457.
J Neurosci 25:2471-2477. https://doi.org/10.1523/INEUROSCI.
2097-04.2005

D’Ardenne K, Eshel N, Luka J et al (2012) Role of prefrontal
cortex and the midbrain dopamine system in working memory
updating. Proc Natl Acad Sci U S A 109:19900-19909. https://
doi.org/10.1073/pnas.1116727109

Kern CH, Stanwood GD, Smith DR (2010) Preweaning man-
ganese exposure causes hyperactivity, disinhibition, and spatial
learning and memory deficits associated with altered dopamine
receptor and transporter levels. Synapse 64:363-378. https://doi.
org/10.1002/syn.20736

Hadar R, Winter R, Edemann-Callesen H et al (2020) Preven-
tion of schizophrenia deficits via non-invasive adolescent frontal
cortex stimulation in rats. Mol Psychiatry 25:.https://doi.org/10.
1038/541380-019-0356-x

50.

51.

52.

53.

Piontkewitz Y, Arad M, Weiner I (2011) Risperidone administered
during asymptomatic period of adolescence prevents the emer-
gence of brain structural pathology and behavioral abnormalities
in an animal model of schizophrenia. Schizophr Bull. https://doi.
org/10.1093/schbul/sbq040

Hadar R, Edemann-Callesen H, Reinel C et al (2016) Rats over-
expressing the dopamine transporter display behavioral and neu-
robiological abnormalities with relevance to repetitive disorders.
Sci Rep 6:39145. https://doi.org/10.1038/srep39145

Singer HS (2013) Motor control, habits, complex motor stereo-
typies, and Tourette syndrome. Ann N Y Acad Sci 1304:22-31.
https://doi.org/10.1111/NYAS.12281

Delorme C, Salvador A, Valabregue R et al (2016) Enhanced habit
formation in Gilles de la Tourette syndrome. Brain 139:605-615.
https://doi.org/10.1093/BRAIN/AW V307

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/J.NEURON.2006.01.023
https://doi.org/10.1016/J.NEURON.2006.01.023
https://doi.org/10.1523/JNEUROSCI.2097-04.2005
https://doi.org/10.1523/JNEUROSCI.2097-04.2005
https://doi.org/10.1073/pnas.1116727109
https://doi.org/10.1073/pnas.1116727109
https://doi.org/10.1002/syn.20736
https://doi.org/10.1002/syn.20736
https://doi.org/10.1038/s41380-019-0356-x
https://doi.org/10.1038/s41380-019-0356-x
https://doi.org/10.1093/schbul/sbq040
https://doi.org/10.1093/schbul/sbq040
https://doi.org/10.1038/srep39145
https://doi.org/10.1111/NYAS.12281
https://doi.org/10.1093/BRAIN/AWV307

	Former Training Relieves the Later Development of Behavioral Inflexibility in an Animal Model Overexpressing the Dopamine Transporter
	Abstract
	Introduction
	Materials and Methods
	Animals
	Morris Water Maze
	Pharmacological Treatment
	Transcranial Direct Current Stimulation
	Surgery
	Stimulation
	Statistical Analysis

	Experimental Design

	Results
	Performance in the MWM as Animals Mature
	The Effect of Pharmacological Interventions in the Adult DAT-tg Animal
	The Effect of tDCS in the Adult DAT-tg Animals

	Discussion
	Former Training Decreases Behavioral Inflexibility in the DAT-tg Rats
	Methylphenidate at a Higher Dosage Relieves Cognitive Deficits in Adulthood

	Conclusion
	Acknowledgements 
	References


