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A B S T R A C T

Background and purpose: Hyperdopaminergia is a key feature of neuropsychiatric disorders including schizo
phrenia, attention deficit hyperactivity disorder, and bipolar disorder and can be modeled using dopamine 
transporter knockout (DAT KO) rats. Previous studies have shown that acute amphetamine has a paradoxical 
calming effect in DAT KO rats, but the effects of repeated amphetamine treatment are unknown.
Experimental approach: We studied the effect of subchronic amphetamine on hyperdopaminergia-related disease 
symptoms and underlying mechanisms using male and female DAT KO rats. We measured locomotor activity, 
anxiety-like behaviour, social behaviour, anhedonia and problem-solving behaviour at baseline and after 10 days 
of amphetamine treatment and assessed protein expression changes in the glutamate system in the prefrontal 
cortex.
Key results: Both female and male DAT KO rats exhibited hyperlocomotion compared to control rats. Subchronic 
amphetamine treatment significantly dampened this effect in female, but not in male DAT KO rats. Additionally, 
amphetamine increased sociability in female, but not in male DAT KO rats. From a molecular point of view, we 
observed differences in the modulation of glutamatergic transmission between males and females mainly at the 
level of the infralimbic, but not prelimbic, prefrontal cortex, suggesting that the glutamatergic synapse may 
contribute to the behavioral response to amphetamine between the two sexes.
Conclusion and implications: Subchronic amphetamine treatment decreased the hyperactivity, anxiety-like, anti- 
social and anhedonic phenotypes of female DAT KO rats, potentially by modulating glutamate transmission in the 
prefrontal cortex. These findings foster further research into the treatment of hyperdopaminergia-related 
disorders.

1. Introduction

Dopamine dysregulation is a key characteristic of several psychiatric 
conditions. In particular, hyperdopaminergia has been observed in pa
tients suffering from attention deficit hyperactivity disorder (ADHD) 
(Volkow et al., 2009), schizophrenia (Mateos et al., 2007), bipolar dis
order (Anand et al., 2011) and substance use disorder (Kohno et al., 
2022; Yen et al., 2015). The key molecule involved in the regulation of 

extracellular dopamine levels is the dopamine transporter (DAT). DAT 
mediates dopamine reuptake via a Na+-dependent active transport 
mechanism (Gainetdinov et al., 1998; Giros et al., 1996; Herborg et al., 
2018). Despite DAT modulation is indeed common among different 
psychiatric conditions, DAT down-regulation has been primarily 
demonstrated in ADHD (Artiges et al., 2017; Greenwood et al., 2013).

A milestone contributing towards the understanding of the impact of 
the reduced levels of DAT and hyperdopaminergia on behaviour was the 
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development of the DAT knockout (KO) rat (Leo et al., 2018), whose 
characteristics have been shown to resemble those of the previously 
investigated DAT KO mice (Giros et al., 1996). DAT KO rats present 
endophenotypes as found in several psychiatric disorders, such as 
hyperlocomotion (Leo et al., 2018; Reinwald et al., 2022), cognitive 
dysfunctions (Leo et al., 2018), anhedonia (Mallien et al., 2022), ste
reotypies (Reinwald et al., 2022), altered sexual behavior (Sanna et al., 
2020) and reduced social interaction (Mallien et al., 2022). Magnetic 
resonance imaging revealed that hyperlocomotion in DAT KO rats is 
associated with changes in functional connectivity in the prefrontal 
cortex and midbrain (Reinwald et al., 2022). In addition, alterations of 
the AMPA glutamate receptor trafficking and intracellular vesicular 
sorting was observed in the prefrontal cortex of DAT KO rats (Targa 
et al., 2023). Taken together, DAT KO rats represent an important and 
promising experimental tool for the identification of the neurobiological 
mechanisms involved in disorders with increased dopaminergic activity.

DAT has been extensively studied not only because of its essential 
role in dopaminergic neurotransmission, but also because it is an 
important target for treatments, including the stimulant amphetamine 
(Berman et al., 2009; Heal et al., 2013; Herborg et al., 2018) used for 
ADHD. Amphetamine binds to all monoamine transporters: its stimulant 
effects are mainly mediated through dopamine and are strongly 
dependent on DAT (Berman et al., 2009) while its calming effect in 
ADHD is mediated by the increased synaptic availability of dopamine, 
noradrenaline and serotonin (Muller et al., 2007). Amphetamine in
hibits the vesicular storage of dopamine, causing its accumulation in the 
cytoplasm and reversing the action of DAT thus increasing extracellular 
levels of dopamine (Berman et al., 2009). Paradoxically, while 
amphetamine increases the extracellular levels of dopamine, acute 
amphetamine treatment decreases hyperlocomotion in DAT KO mice 
and rats (Gainetdinov et al., 1999). Of note, the mechanism through 
which acute amphetamine exerts this action involves at least in part the 
glutamatergic signaling in dopaminergic neurons of the midbrain 
(Underhill et al., 2014). However, since psychiatric conditions require 
prolonged treatment, our work aims to determine the molecular changes 
induced by subchronic amphetamine treatment on pathological-like 
phenotypes in DAT KO rats.

We assessed locomotor activity, anxiety-like behaviour, social 
behaviour and (an)hedonia in both male and female DAT KO rats at 
baseline and after subchronic amphetamine treatment. Amphetamine 
was administered subchronically to avoid negative effects of chronic 
treatment such as psychosis (Berman et al., 2009). Since dopamine and 
NMDA glutamate receptors interact (Sonnenschein et al., 2020; Caffino 
et al., 2024), we focused the molecular studies on NMDA subunit 
composition and membrane localization in the prefrontal cortex of DAT 
KO rats. In particular, we targeted the infralimbic (ILc) and prelimbic 
(PLc) regions of the prefrontal cortex, since these brain subregions 
receive dopaminergic projection from the midbrain and project to other 
key dopaminergic areas, such as the striatum. Many evidence demon
trated that the function of this corticostriatal circuit is specifically 
associated with motivated behaviors and particularly reward-based 
decision-making (Otis et al., 2017), however many challenges in un
derstanding the involvement of the prefrontal cortex in this complex, 
bidirectional interaction still remain. Interestingly, although the ILc and 
PLc are two anatomically distinct but contiguous subregions, they 
nevertheless modulate different, sometimes even opposite, functions, for 
example, in the expression and extinction of drug seeking behaviors. In 
fact, while PLc is critical for the initiation of cocaine seeking, ILc 
modulated extinction to reduce cocaine seeking (Van den Oever et al., 
2010; Peters et al., 2008).

2. Materials and methods

2.1. Animals

We used DAT KO rats replicating aspects of hyperdopaminergia- 

related psychiatric disorders in humans (see introduction). DAT KO 
rats were generated as described elsewhere (Leo et al., 2018) and kindly 
provided by Dr. Damiana Leo (Mons, Belgium). Based on previous work 
(Illiano et al., 2020), the power analysis for female rats revealed an ef
fect size of 0.32 with α = 0.05, 1-β = 0.8 and n = 11, while for male rats 
an effect size of 0.4 was found with α = 0.05, 1-β = 0.8 and n = 8. Thus, 
for the behavioural assessments, a total of 11 female and 8 male ho
mozygous DAT KO and 11 female and 8 male wildtype (WT) rats (bred 
on Wistar background) were used. For in vivo microdialysis, we used 12 
DAT KO and 8 WT male rats. For ex vivo Western blot analysis, we used 
12 DAT KO and 12 WT male rats and 12 DAT KO and 12 WT female rats. 
DAT KO experimental animals were bred through crossings between 
heterozygous DAT KO rats. All animals were weaned and genotyped at 
postnatal day 21. They were pair-housed with cage mates of the same 
genotype, in conventional Type IV polypropylene cages (1820 cm2 floor 
area and 21 cm height; Techniplast 1291H, Tecnilab-BMI) with corncobs 
bedding (irradiated, SPPS COB12, Bio Services) under conventional 
conditions (no filtertops). The animals had access to food (dried pellets 
of standard chow food (Ssniff RM V1534-703 diet supplied by Bio
Services) and water ad libitum, except during behavioural testing. The 
rats were housed under a normal 12hr day and night cycle (8:00 a.m. on, 
20:00 p.m. off) in temperature (21 ± 1 ◦C) and humidity (55 ± 5 %) 
controlled rooms. Testing took place in the dark phase of the light/dark 
cycle. Rats were tested from postnatal day 70 and were gently handled 
once daily for a week prior to the behavioral tests. Animals could not be 
tested blindly, because the smaller size and hyperactive nature of the 
DAT KO rats were directly visible. However, the animals from different 

Fig. 1. Overview of the experimental procedures. Different batches of animals 
were used for the behavioural measurements (Part 1) and the ex vivo molecular 
analyses (Part 2). The procedures are provided in the supplement. WT = wild- 
type; KO = knockout.
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litters were randomized over groups and the animals were randomly 
housed over positions on shelves in the housing room. The experimental 
procedures were performed under a project license from the Central 
Committee on Animal Experiments (Central Commissie Dierproeven, 
The Hague, The Netherlands), in full compliance with the legal re
quirements of Dutch legislation on the use and protection of laboratory 
animals (Animal Testing Act). All efforts were made to reduce the 
number of animals used and their suffering. Animal studies are reported 
in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020).

2.2. Experimental procedures

2.2.1. Treatment and testing regime
As shown in Fig. 1, at first the animals underwent behavioural testing 

without being treated. Subsequently, the same animals received 5 
amphetamine (AMPH) injections (2 mg/kg) once every 2 days and they 
were subjected again to behavioural testing (Fig. 1, Part 1). A separate 
batch of animals received AMPH (5 x 2 mg/kg) or saline and was 
decapited 24 h later for molecular analyses (Fig. 1, Part 2). A last batch 
of animals was subjected to the same regime as for behavioural testing 
but instead underwent in vivo microdialysis (see Supplementary Mate
rial). Amphetamine was dissolved in 0,9 % sodium chloride (Lot-num
ber: 20PMF10) and administered subcutaneously (s.c.) in the hip.

2.2.2. Behavioural test battery
To assess endophenotypes (hyperlocomotion, social dysfunction, 

anhedonia and anxiety-like behaviour) of hyperdopaminergic disorders, 
rats underwent a battery of behavioural tests, which were conducted 
twice in the same animals, first without any treatment and subsequently 
after amphetamine treatment (Fig. 1). One hour before testing, the an
imals were placed in the test room in their home cage to acclimatize to 
the new environment. After each behavioral test, the rats were returned 
to their home cages.

2.3. Open field test

The open field test was used for the assessment of locomotion, 
exploration activity and anxiety-like behaviour (Golebiowska et al., 
2019). The experiments were conducted by using a rectangular open 
field arena (50 cm length × 50 cm width × 50 cm height) made of black 
Plexiglas. The apparatus was dimly illuminated with indirect light of 12 
Lux. Rats were individually placed in the arena and allowed to freely 
move for 1 h. The total distance moved (cm) to assess locomotion and 
the time spent in the center and border areas of the apparatus (s), were 
recorded and processed afterwards using the Noldus EthoVision XT 10 
software (Noldus Information Technology, Wageningen, The 
Netherlands) (Grieco et al., 2021).

2.4. Elevated plus maze test

This test is based on the innate fear of rodents for open and elevated 
spaces and therefore it was used to measure anxiety-like behaviours but 
also the locomotor and exploratory activity of the animals. It was per
formed as previously described (Roversi et al., 2020). Briefly, the 
apparatus consisted of a plus-shaped platform which was elevated from 
the floor by 50 cm. The two vertical arms (50 cm × 10 cm) were enclosed 
by 40 cm high walls while the two horizontal arms were open (no walls). 
At the intersection of the four arms there was a central platform, giving 
access to all arms. The apparatus was dimly illuminated with indirect 
light of 12 Lux. During the beginning of the task, the rat was placed on 
the central platform oriented towards an open arm. The movements and 
position of the animal were recorded for 5 min and processed afterwards 
using Noldus EthoVision XT 10 software (Grieco et al., 2021). The total 
time spent in open or closed arms (s) as well as the number of entries to 
the open arms were used as the standard anxiety indices. Locomotor 
activity was expressed as the total distance (cm) travelled by the animal 

aze.

2.5. Three-chamber social novelty test

To assess sociability and social novelty, the three-chamber test was 
performed as previously described (Crews et al., 2012; Manfré et al., 
2018). The testing apparatus consisted of a rectangular cage separated 
into three chambers of the same size (30 cm length × 35 cm width × 35 
cm height) and it was dimly illuminated with indirect light of 12 Lux. 
Lateral chambers were connected to the central one and contained wire 
cages. The test had three consecutive trials: habituation (5 min), socia
bility (10 min, 1 stranger rat present – rat a and 1 empty cage containing 
no rat), and social novelty (10 min, 2 stranger rats present, the already 
investigated rat a and a novel non-investigated rat - rat b). A 7 min in
terval was applied between the test trials. In the first trial (habituation), 
the experimental rat was placed in the central chamber and was allowed 
to explore all chambers for 5 min. In the second trial (sociability), a 
stranger rat (rat a) was introduced to the wire cage in one of the lateral 
chambers (the other lateral cage remained empty), while the experi
mental rat was placed in the central chamber and allowed to explore for 
10 min. In the third trial (social novelty), a second stranger rat (rat b) 
was placed in the wire cage of the opposite lateral chamber. The 
experimental rat could choose whether to explore the first, already 
investigated rat (rat a, familiar rat) or the newly introduced one (rat b, 
novel rat). The locations of both wire cages in the compartment on the 
left or right side of the apparatus were counterbalanced across the 
groups. Age, gender and genotype-matched animals were used as rats a 
and b and were acclimatised to the wire cage before the test. The time (s) 
the experimental rat spent sniffing the stranger rats was recorded by a 
camera placed above the apparatus and connected to the Noldus MPEG. 
Videos were analyzed using Noldus EthoVision 10 software (XT Noldus 
Information Technology, The Netherlands) (Grieco et al., 2021).

2.6. Sucrose preference test

The sucrose preference test was used to measure anhedonia (Barnes 
et al., 2014), as normally rats prefer a sweetened solution over plain 
water. The rats were individually housed for 7 days and their home cage 
included two bottles. The animals were given three days to habituate to 
the two bottles both containing drinking water. On day 4 (test day 1) one 
of the water bottles was replaced by a similar one containing a 14 % 
sucrose solution (Cinque et al., 2018). On day 5 the sucrose solution was 
again replaced with drinking water. On day 6 (test day 2) the other 
bottle was replaced with a 14 % sucrose solution. To prevent the position 
of the bottle being a confounding factor, the position of the sucrose 
bottles was counterbalanced among the animals and switched between 
day 4 and day 6. The weight of the animals and the bottles was moni
tored daily. The sucrose intake in grams relative to body weight in Kg 
(intake in grams divided by body weight in grams/1000) and the sucrose 
preference (sucrose intake in ml divided by total intake x100 %) were 
subsequently calculated.

2.7. Tissue isolation

Rats were killed 24 h after the last treatment by decapitation without 
anesthesia, in order to avoid interference of the anesthesia with the 
molecular results. The brains of the animals were snap frozen on dry ice. 
Infralimbic cortex (ILc) and prelimbic cortex (PLc) tissues were 
dissected via micropunching as previously described (Caffino et al., 
2021). Briefly, coronal slices of 200 μm were cut from the whole brain, 
and the ILc and PLc were micro dissected from Bregma +4.20 mm to 
Bregma +2.52 mm with a needle of 1 mm of inner diameter. The 
dissected tissue pellets were blown out of the needle in centrifuge tubes, 
immediately frozen on dry ice, and stored at − 80 ◦C until being pro
cessed for molecular analysis.
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2.8. Protein extraction and western blotting

The ILc and PLc tissues were sonicated in a buffer consisting of 0,32M 
sucrose, 0,1 mM PMSF, 1 mM Hepes, 0,1 mM EGTA pH 7,4, 1X com
mercial protease inhibitor cocktail and 1X phosphatase inhibitors 
cocktail, and preserved as the homogenate fraction. Using bovine serum 
albumin as the calibration standard, the total quantity of proteins in the 
homogenate was quantified using the Bradford Protein Assay method 
(Bio-Rad, Milan, Italy). All the samples were then stored at − 20 ◦C until 
molecular analysis.

Ten micrograms of proteins for each sample were run on a sodium 
dodecyl sulfate 8 % polyacrylamide gel under reducing conditions and 
transferred onto a nitrocellulose membrane (Bio-Rad Laboratories). 
Membranes were blocked for 1 h at room temperature using an iBlock 
solution in TBS +0,1 % Tween-20 buffer to prevent unspecific antibodies 
binding, incubated overnight at 4 ◦C with primary antibodies against 
targeted proteins. The conditions of the primary antibodies were the 
following, as previously described (Mottarlini et al., 2022): antiGluN1 
(1:750; Cell Signaling Technology Inc.; RRID: AB_1904067); anti
GluN2A (1:750; Cell Signaling Technology Inc.; RRID: AB_2112295); 
antiGluN2B (1:750; Cell Signaling Technology Inc.; RRID: AB_2798506); 
antiPSD95 (1:1000; Cell Signaling Technology Inc.; RRID: AB_2292883); 
antiSAP102 (1:1000; Enzo Life Sciences; RRID: AB_10618588); anti
vGlut1 (1:500; Cell Signaling Technology Inc.; RRID: AB_2797887); 
antiGLT1 (1:3000; Abcam; RRID: AB_941782); antiβ-Actin (1:7500; 
Sigma; RRID: AB_476743). The 43 kDa β-actin control protein was uti
lized to standardize the results. Immunocomplexes were identified 
through chemiluminescence using the Chemidoc MP Imaging System 
(Bio-Rad Laboratories), evaluated with Image Lab™ software (Bio-Rad) 
by measuring the band density and representative immunoblots for each 
protein are shown in Fig. 6F, H, 6N, 6P, 7F, 7H, 7N, 7P, 8I, 8J, 8K, 8L. To 
examine different proteins on the same membrane, it was incubated 
with the antibody specific to the new target after being shaken at 60 ◦C 

for 20 min in a stripping buffer (2 % SDS, 62.5 mM Tris HCl pH 6.7, and 
10 mM β-mercaptoethanol) to remove previously bound antibodies.

Since gels were run in duplicate, the correction factor applied to the 
average of the two gel results was gel B = average of (OD protein of 
interest/OD β-actin for each sample loaded in gel A)/(OD protein of 
interest/OD β-actin for the same sample loaded in gel B) (Caffino et al., 
2020). Cropped immunoblot related to the expression levels of the 
proteins analyzed are shown in Supplementary Figs. S1 and S2.

2.9. Statistical analysis

Data were collected in individual animals (independent de
terminations). Behavioral data were evaluated using repeated measures 
two-way analysis of variance (ANOVA) with treatment as within-subject 
factor or mixed effects analysis where values were missing (open field 
and elevated plus maze tests), and repeated measures three-way ANOVA 
with treatment and cage choice (for three-chamber social novelty test) 
or day (for sucrose preference task) as within-subject factors or mixed 
effects analysis where values were missing. The Šídák and Tukey tests 
were adopted for multiple post-hoc comparisons if any of the interaction 
effects were significant. Molecular changes were evaluated by means of 
a two-way ANOVA, considering genotype (DAT KO vs. WT) and treat
ment (before-after amphetamine; saline vs. amphetamine) as the inde
pendent variables. When significant interaction terms were detected, 
Tukey’s multiple comparisons test was used to identify differences be
tween specific groups of rats. In all the other cases, Bonferroni’s cor
rected multiple t tests were performed. Detailed statistics, such as F and 
P values, of independent variables of two-way ANOVA of protein 
expression levels, are reported in Supplementary Table S2–S7.

All analyses were performed using GraphPad Prism 9 (GraphPad 
Prism 9.0, San Diego, CA, USA). Data are represented as mean ± stan
dard error of the mean for each group and the statistical significance was 
set at p < 0.05 for all tests. NS = non-significant. Supplementary 

Fig. 2. Locomotor and anxiety-like behavior of female and male WT and DAT KO rats assessed using the open field test. (A) Total distance moved by female 
animals. (B) Total distance moved by male animals. (C) Time spent in the central area by female rats. (D) Time spent in the central area by male rats. Each circle 
represents one animal. The bars and error bars represent the mean and S.E.M. (n = 11 females and n = 8 males). AMPH = amphetamine.
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Table S1 presents all statistical outcomes of the behavioural test battery 
(P<0.05).

2.10. Materials

AMPH was purchased from Spruyt Hillen (IJsselstein, the 
Netherlands), while the following were purchased from Sigma-Aldrich 
(Milan, Italy): phosphatase inhibitors, HEPES, NaCl, Sucrose, 

Fig. 3. Locomotor and anxiety-like behaviour of female and male WT and DAT KO rats assessed using the elevated plus maze test. (A) Total distance moved 
by female animals. (B) Total distance moved by male animals. (C) Time spent in the open arms of the apparatus by female rats. (D) Time spent in the open arms of the 
apparatus by male rats. (E) Frequency the female rats entered the open arms of the elevated plus maze. (F) Frequency the male rats entered the open arms of the 
elevated plus maze. Each circle represents one animal. (G) Time spent in the closed arms of the apparatus by female rats. (H) Time spent in the closed arms of the 
apparatus by male rats. Each circle represents one animal. The bars and error bars represent the mean and S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001 indicate significant differences in post-hoc comparisons (repeated measures two-way ANOVA for females and mixed effects analyses for males; post-hoc 
analysis: Šídák’s tests; n = 11 for females and n ≥ 7 for males). AMPH = amphetamine.
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peroxymonosulfate (PMSF), EGTA, albumine. Commercial cocktails of 
protease were purchased from Roche (Monza, Italy), iBlock solution 
from Life Technologies (Italy). Details of other materials and suppliers 
were provided in the specific sections.

3. Results

3.1. Subchronic amphetamine treatment does not reduce the hyperactivity 
of DAT KO rats in the open field test

As shown in Fig. 2A–B, we found a significant genotype effect on 
total distance moved in female and male DAT KO and WT rats (F(1,20) =

106.8, P < 0.0001; F(1,14) = 1058, P < 0.0001, respectively). We did not 
find a significant amphetamine treatment effect on total distance moved 
in female and male animals (F(1,20) = 0.04971, P = 0.8258; F(1,14) =

0.5536, P = 0.4692, respectively) (Fig. 2A–B). No significant genotype 
× treatment interaction effect was observed for either female or male 
rats (F(1,20) = 3.410, P = 0.0797; F(1,14) = 0.8990, P = 0.3591, respec
tively) (Fig. 2A–B).

The analysis of the time spent in the center of the apparatus by fe
male and male rats revealed a significant genotype effect (F(1,20) =

27.59, P < 0.0001; F(1,14) = 9.168, P = 0.009, respectively) (Fig. 2C–D). 
No significant amphetamine treatment (F(1,20) = 1.311, P = 0.2657; 
F(1,14) = 0.3916, P = 0.5415, respectively) and genotype × treatment 
interaction (F(1,20) = 1.383, P = 0.2534; F(1,14) = 0.680, P = 0.4234, 
respectively) effects were found (Fig. 2C–D).

In summary, vehicle and amphetamine -treated DAT KO rats from 
both sexes presented higher locomotion and less anxiety compared to 
their respective WT animals.

3.2. Subchronic AMPH treatment reduces hyperactivity in female, but not 
male, DAT KO rats in the elevated plus maze test

As represented in Fig. 3A, we found a significant effect of amphet
amine treatment (F(1,20) = 10.3, P = 0.0044) and genotype × treatment 
interaction (F(1,20) = 7.136, P = 0.0147) for the distance moved by fe
male rats, while there was no significant genotype effect (F(1,20) = 2.388, 
P = 0.1380) (Fig. 3A). Post-hoc Šídák’s tests showed that untreated fe
male DAT KO rats travelled a significantly longer distance compared to 
the untreated female WT animals (P = 0.0134) (Fig. 3A). Additionally, 
the distance travelled was significantly less for amphetamine-treated 
DAT KO female rats compared to untreated DAT KO female rats (P =
0.001) (Fig. 3A). The analysis of the distance moved by male rats 
revealed significant genotype (F(1,14) = 17.28, P = 0.001) and treatment 
(F(1,13) = 12.43, P = 0.0037) effects, but there was no significant 
interaction genotype x treatment effect (F(1,13) = 2.882, P = 0.1134) 
(Fig. 3B).

As shown in Fig. 3C, the investigation of the time the female animals 
spent in the open arms of the apparatus revealed significant treatment 
(F(1,20) = 53.03, P < 0.0001) and genotype × treatment interaction 
(F(1,20) = 4.629, P = 0.0438) effects, but no genotype effect was found 
(F(1,20) = 0.7116, P = 0.4089) (Fig. 3D). Subsequent post-hoc Šídák’s 
tests showed that amphetamine-treated female animals, regardless of 
genotype, spent significantly more time in the open arms of the appa
ratus compared to the untreated rats (P = 0.0033 for DAT KO and P <
0.0001 for WT) (Fig. 3C). The analysis of the time spent in the open arms 
of the apparatus by male rats from both genotypes revealed a significant 
genotype (F(1,14) = 17.64, P = 0.0009) effect, and no significant treat
ment (F(1,13) = 2.527, P = 0.1359) or genotype × treatment interaction 
(F(1,13) = 0.07797, P = 0.7845) effects (Fig. 3D).

Analysis of the frequency the female DAT KO and WT rats entered the 
open arms of the maze revealed significant genotype (F(1,20) = 5.602, P 

Fig. 4. Sociability and social novelty seeking behaviour in female and male DAT KO and WT rats assessed using the three-chamber test. (A) Time the female rats 
spent sniffing the empty cage and the stranger rat (rat a). (B) Time the male rats spent sniffing the empty cage and the stranger rat (rat a). (C) Time the female rats 
spent sniffing the already investigated rat (rat a) and the novel non-investigated rat (rat b). (D) Time the male rats spent sniffing the already investigated rat (rat a) 
and the novel non-investigated rat (rat b). Each circle represents one animal. The bars and error bars represent the mean and S.E.M. *P < 0.05 and **P < 0.01 
indicate significant differences in post-hoc comparisons (repeated measures two-way ANOVA for females and mixed effects analyses for males; post-hoc analysis: 
Šídák’s and Tukey’s tests; n = 11 for females and n = 7 for males). AMPH = amphetamine.
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= 0.0281) and treatment (F(1,20) = 27.42, P < 0.0001) effects but no 
genotype × treatment interaction (F(1,20) = 3.705, P = 0.0686) effect 
(Fig. 3E). Regarding the frequency the male rats entered the open arms, 
a significant genotype (F(1,14) = 6.988, P = 0.0193) effect was observed, 
whereas no significant treatment (F(1,13) = 2.245, P = 0.1580) nor ge
notype × treatment interaction (F(1,13) = 0.07767, P = 0.7849) effects 

occurred (Fig. 3F).
The investigation of the time the female DAT KO and WT rats spent in 

the closed arms of the apparatus showed significant genotype (F(1,20) =

7.910, P = 0.0108) and treatment (F(1,20) = 6.426, P = 0.0197) effects 
but no genotype × treatment interaction (F(1,20) = 0.3575, P = 0.5566) 
effect was observed (Fig. 3G). As shown in Fig. 3H, analysis of the time 

Fig. 5. Sucrose intake and sucrose preference in female and male DAT KO and WT rats assessed using the sucrose preference test. A) Sucrose intake of 
female rats, (B) Sucrose intake of male rats, (C) Sucrose preference of female rats, and (D) Sucrose preference of male rats on day 1. (E) Sucrose intake of female rats, 
(F) Sucrose intake of male rats, (G) Sucrose preference of female rats, and (H) Sucrose preference of male rats on day 2. Each circle represents one animal. The bars 
and error bars represent the mean and S.E.M. for n = 11 females and n = 8 males. AMPH = amphetamine.
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the male rats spent in the closed arms showed a significant genotype 
effect (F(1,14) = 6.974, P = 0.0194), that is a decrease in time spent, 
which was opposite to the increase in time spent in the closed arms 
observed in female rats (Fig. 3G and H), whereas there were no signif
icant treatment (F(1,13) = 2.258, P = 0.1568) or genotype × treatment 

interaction (F(1,13) = 2.272, P = 0.1557) effects (Fig. 3H).
Taken together, subchronic amphetamine treatment reduced hy

peractivity in female, but not in male, DAT KO rats. Additionally, sub
chronic amphetamine treatment decreased anxiety in female, but not in 
male, rats from both genotypes.

Fig. 6. Protein expression level of the main NMDA receptor subunits measured in the whole homogenate of the infralimbic and prelimbic cortices of female and male 
WT and DAT KO rats, treated with saline or AMPH. Data are expressed as mean % of WT ± S.E.M. of each group. Protein expression levels of GluN1, GluN2A, GluN2B 
in infralimbic (panels A, B, E) and prelimbic (panels I, J, M) cortices of female rats. Protein expression levels of GluN1, GluN2A, GluN2B in infralimbic (panels C, D, 
G) and prelimbic (panels K, L, O) cortices of male rats. Representative immunoblots for each protein are shown in panel (F, H, N, P). Green and grey bars represent the 
AMPH treatment in females and males, respectively. *P < 0.05, **P < 0.01 vs WT-saline; $ P < 0.05, $$ P < 0.01 and $$$ P < 0.001vs DAT KO-saline (two-way 
ANOVA followed by Tukey’s multiple comparisons test). 
WT: wild-type (females: n = 6 treated with SAL (saline), n = 6 treated with AMPH (amphetamine), males: n = 6 treated with saline, n = 6 treated with AMPH); DAT 
KO: dopamine transporter knock-out (females: n = 6 treated with saline, n = 6 treated with AMPH; males: n = 6 treated with saline, n = 6 treated with AMPH).
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3.3. Subchronic AMPH treatment increases sociability in female, but not 
male, DAT KO rats in the three-chamber social novelty test

Regarding sociability in female DAT KO and WT rats, significant 
genotype (F(3,40) = 7.396, P = 0.0005), treatment (F(1,40) = 4.660, P =
0.0369), and genotype × treatment interaction (F(3,40) = 2.890, P =
0.0472) effects were observed (Fig. 4A–Supplementary Table S1). Post- 

hoc analysis using Tukey’s tests showed that untreated DAT KO female 
rats spent significantly less time sniffing the stranger rat (rat a) 
compared to the amphetamine-treated DAT KO females (P = 0.0067) 
(Fig. 4A). Additionally, the amphetamine-treated DAT KO rats spent 
significantly more time sniffing rat a compared to the empty cage (P =
0.0032) (Fig. 4A). Analysis of the sociability in males revealed a sig
nificant genotype effect (F(3,54) = 13.27, P < 0.0001), but no significant 

Fig. 7. Protein expression level of the scaffolding proteins specific for NMDA receptors measured in the whole homogenate of the infralimbic and prelimbic cortices 
of female and male WT and DAT KO rats, treated with saline or AMPH. Data are expressed as mean % of WT ± S.E.M. of each group. Protein expression levels of 
PSD95, SAP102 and Rabphilin in infralimbic (panels A, B, E) and prelimbic (panels I, J, M) cortices of female rats. Protein expression levels of PSD95 and SAP102 and 
Rabphilin in infralimbic (panels C, D, G) and prelimbic (panels K, L, O) cortices of male rats. Representative immunoblots for each protein are shown in panel (F, H, 
N, P). Green and grey bars represent the AMPH treatment in females and males, respectively. *P < 0.05, **P < 0.01 and ***p < 0.001 vs WT-saline; $$ p < 0.01 and $ 
$$ p < 0.001vs DAT KO-saline (two-way ANOVA followed by Tukey’s multiple comparisons test). 
WT: wild-type (females: n = 6 treated with SAL (saline), n = 6 treated with AMPH (amphetamine), males: n = 6 treated with saline, n = 6 treated with AMPH); DAT 
KO: dopamine transporter knock-out (females: n = 6 treated with saline, n = 6 treated with AMPH; males: n = 6 treated with saline, n = 6 treated with AMPH).
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treatment (F(1,54) = 3.872, P = 0.0542) and genotype × treatment 
interaction (F(3,54) = 0.5131, P = 0.6749) effects 
(Fig. 4B–Supplementary Table S1).

As shown in Fig. 4C and Supplementary Table S1, analysis of social 
novelty in female animals revealed a significant genotype × treatment 
interaction (F(3,40) = 3.027, P = 0.0405) effect, while no effects of ge
notype (F(3,40) = 1.230, P = 0.3115) and treatment (F(1,40) = 0.006467, 
P = 0.9363) were found. Tukey’s post-hoc analyses revealed no further 
significant differences (Fig. 4C). The investigation of social novelty in 
male DAT KO and WT rats showed significant treatment (F(1,52) = 6.413, 
P = 0.0144) and genotype × treatment interaction (F(3,52) = 3.357, P =
0.0256) effects, but no genotype effect (F(3,52) = 2.366, P = 0.0815) 
(Fig. 4D). Post-hoc analyses using Tukey’s tests revealed that 
amphetamine-treated DAT KO rats preferred rat b more than untreated 
DAT KO rats (P = 0.0097) (Fig. 4D).

Effects of DAT KO genotype and amphetamine treatment on loco
motor activity (distance moved) are shown in Fig. S4 and revealed 

increased activity of female and male DAT KO rats during both socia
bility and social novelty testing. A multiple linear regression analysis 
revealed that locomotor activity had no influence on sniffing time (not 
shown).

Collectively, amphetamine treatment increased sociability in female, 
but not male, DAT KO rats.

3.4. Subchronic AMPH treatment significantly increases sucrose 
consumption in female, but not male, rats

As shown in Fig. 5A and Supplementary Table S1, assessment of 
sucrose consumption in female DAT KO and WT rats during day 1 
revealed a significant treatment effect (F(1,20) = 7.376, P = 0.0133), 
whereas no genotype (F(1, 20) = 1.934, P = 0.1796), nor genotype ×
treatment interaction (F(1,20) = 2.034, P = 0.1692) effects were 
observed. Investigation of the sucrose consumption by male rats from 
both genotypes on day 1 presented no significant effects for genotype 

Fig. 8. Protein expression level of the main glutamate transporters measured in the whole homogenate of the infralimbic and prelimbic cortices of female and male 
WT and DAT KO rats, treated with saline or AMPH. Data are expressed as mean % of WT ± S.E.M. of each group. Protein expression levels of GLT1 and vGlut1 in 
infralimbic (panels A, B) and prelimbic (panels E, F) cortices of female rats. Protein expression levels of GLT1 and vGlut1 in infralimbic (panels C, D) and prelimbic 
(panels G, H) cortices of male rats. Representative immunoblots for each protein are shown in panel (I, J, K, L). Green and grey bars represent the AMPH treatment in 
females and males, respectively. **P < 0.01 and ***P < 0.001 vs WT-saline; $$ p < 0.01 and $$$ p < 0.001vs DAT KO-saline (two-way ANOVA followed by Tukey’s 
multiple comparisons test). 
WT: wild-type (females: n = 6 treated with SAL (saline), n = 6 treated with AMPH (amphetamine), males: n = 6 treated with saline, n = 6 treated with AMPH); DAT 
KO: dopamine transporter knock-out (females: n = 6 treated with saline, n = 6 treated with AMPH; males: n = 6 treated with saline, n = 6 treated with AMPH).
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(F(1,14) = 0.4885, P = 0.4960), treatment (F(1,14) = 0.5386, P = 0.4751) 
nor genotype x treatment (F(1,14) = 0.9980, P = 0.3347) (Fig. 5B).

The analysis of sucrose preference presented by the female DAT KO 
and WT animals during day 1 showed a significant treatment effect 
(F(1,20) = 4.896, P < 0.05), whereas no significant genotype (F(1,20) =

0.6290, P=NS) nor genotype × treatment interaction (F(1,20) = 0.1176, 
P=NS) effects were observed (Fig. 5C). Investigation of the sucrose 
preference of male rats from both genotypes on day 1 yielded no sig
nificant differences for genotype (F(1,14) = 0.3976, P=NS), treatment 
(F(1,14) = 1.824, P=NS), and genotype × treatment interaction (F(1,14) =

0.02653, P=NS) effects (Fig. 5D).
Analysis of sucrose consumption in female DAT KO and WT rats 

during day 2, presented no significant differences on genotype (F(1,20) =

1.779, P = 0.1973), treatment (F(1,20) = 0.2686, P = 0.6100), and ge
notype x treatment (F(1,20) = 1.023, P = 0.3239) effects (Fig. 5E). As 
shown in Fig. 5F, assessment of sucrose consumption in male rats from 
both genotypes during day 2, yielded a significant genotype effect 
(F(1,14) = 6.422, P = 0.0238), but no significant treatment (F(1,14) =

2.585, P = 0.1302) or genotype x treatment (F(1,14) = 1.111, P = 0.3097) 
effects were presented (Fig. 5F).

Assessment of sucrose preference on day 2 in female rats from both 
genders revealed a significant treatment effect (F(1,20) = 4.645, P =
0.0435), but no genotype (F(1,20) = 3.535, P = 0.0747) nor genotype x 
treatment (F(1,20) = 0.2179, P = 0.6457) effects were observed (Fig. 5G). 
Investigation of sucrose preference in male DAT KO and WT rats during 
day 2, presented no significant genotype (F(1,14) = 3.196, P = 0.0955), 
treatment (F(1,14) = 0.8582, P = 0.3699), nor genotype x treatment 
(F(1,14) = 2.685, P = 0.1236) effects (Fig. 5H).

In summary, subchronic amphetamine treatment significantly 
increased the sucrose consumption in female, but not male, DAT KO rats.

3.5. Subchronic amphetamine treatment differentially affects NMDA 
receptor, postsynaptic anchoring protein and glutamate transporter 
expression levels in a prefrontal cortex subregion-, genotype- and sex- 
dependent manner

An exploratory in vivo microdialysis study revealed that drug naïve 
WT rats had higher prefrontal glutamate levels compared to KO rats, 
which was reverted after amphetamine treatment (Fig. S3). This mod
ulation suggests the involvement of the glutamate system in the 
amphetamine treatment effects, which we further explored at molecular 
level. As shown in Fig. 6, in females we did not observe major changes in 
the protein expression levels of the main NMDA receptor subunits 
(GluN1, GluN2A and GluN2B) in both the ILc and PLc subregions, 
neither in DAT KO rats in respect to their WT counterparts or in AMPH 
treated animals (ILc: panels A, B, E, F; PLc: panels I, J, M, N). The only 
exception involves the GluN2B receptor subunit in the ILc (Fig. 6E): its 
levels are significantly increased in DAT KO rats (Fig. 6E) and in WT 
animals treated with AMPH, while, interestingly AMPH induced a sig
nificant reduction of GluN2B levels in DAT KO rats. Similar to females, 
deletion of the DAT in male rats did not induce any significant changes 
in the expression levels of GluN1, GluN2A and GluN2B subunits in 
respect to WT animals, in both ILc (Fig. 6C, D, G, H) and PLc (Fig. 6K, L, 
O, P). Interestingly, amphetamine treatment significantly reduced 
GluN1, GluN2A and GluN2B protein levels in WT rat in the ILc, whereas 
no effects were present in the PLc. Of note, amphetamine treatment 
induced different effects on the NMDA receptor subunits analyzed in the 
two subregions of the mPFC in DAT KO male rats. In fact, in the ILc 
GluN2A and GluN2B protein levels were significantly increased and 
GluN1 was unaltered, while in the PLc all the NMDA receptor subunits 
analyzed were reduced.

Next, we measured the scaffolding proteins specific for NMDA re
ceptors SAP102 and Rabphilin, which are fundamental for anchoring 
GluN2B and GluN2A subunits in the post synaptic density, and PSD95 as 
an index of the post synaptic density integrity (Won et al., 2017). In 
females, no significant changes were found in the expression levels of 

PSD95, SAP102 and Rabphilin in both subregions (ILc: Fig. 7A, B, E, F; 
PLc: Fig. 7J–M, N), with the only exception of PSD95 in the PLc (Fig. 7I). 
Its expression was unaltered by the deletion of the DAT but significantly 
increased after amphetamine treatment in WT animals and was reduced 
in DAT KO rats. In male rats, the deletion of the DAT induced a signif
icant reduction of PSD95 (Fig. 7C) and SAP102 (Fig. 7D), but not Rab
philin (Fig. 7G), in the ILc. No changes were present in the PLc (Fig. 7K, 
L, O, P). AMPH exposure, instead, caused a reduction of PSD95 and 
Rabphilin only in the ILc of WT rats, but not of SAP102; on the contrary, 
in the PLc, PSD95 and Rabphilin were unaltered whereas SAP102 
reduced. Interestingly, amphetamine treatment in DAT KO male rats 
induced an opposite effect in the ILc vs PLc, increasing the protein levels 
of PSD95 and SAP102, but not of Rabphilin, in the ILc, while decreasing 
PSD95, SAP102 and Rabphilin levels in the PLc.

Finally, we analyzed two critical glutamate transporters implicated 
in glutamate release at presynaptic level, i.e., vGlut1, and in glutamate 
reuptake from the synaptic cleft into glial cells, i.e., GLT1 
(Murphy-Royal et al., 2017). In females, the deletion of the DAT induced 
in both ILc and PLc a significant increase of GLT-1 in both the ILc and 
PLc (ILc: Fig. 8A, PLc: Fig. 8E) and vGlut1 (ILc: Fig. 8B, PLc: Fig. 8F), an 
effect that is counterbalanced by amphetamine treatment in DAT KO 
rats which significantly reduced the protein levels of both vGlut1 and 
GLT-1 in both subregions. amphetamine treatment alone, instead, 
induced a significant increase of both transporters only in the PLc. In 
males, we did not observe significant changes in GLT-1 either in the ILc 
or in the PLc (Fig. 8C–G, respectively). Conversely, we observed a sig
nificant increase in vGluT1 in amphetamine treated male DAT KO rats in 
the ILc (Fig. 8D). Of note, in the PLc, amphetamine treatment increased 
vGluT1 expression in WT rats and reduced it in DAT KO rats (Fig. 8H).

All the statistical details are shown in supplementary materials in 
Tables S2–7.

4. Discussion

We found that DAT KO rats displayed profound hyperactivity and a 
reduction in center time in the open field test, which was not affected by 
sex and amphetamine treatment. In the elevated plus maze test, un
treated female and male DAT KO rats presented significantly higher 
locomotor activity compared to the untreated WT animals, which was 
significantly reduced by subchronic amphetamine treatment in the fe
male, but not male, rats. Finally, subchronic amphetamine treatment 
significantly increased sociability in female, but not male, DAT KO rats. 
At the molecular level, amphetamine treatment promoted glutamate 
transmission in the ILc and reduced it in the PLc of male DAT KO rats. In 
females, amphetamine treatment toned down the expression of gluta
mate determinants in both ILc and PLc.

The profound hyperactivity of male and female DAT KO rats 
observed in the open field test replicates previous observations of hy
peractivity in this test (Apryatin et al., 2019; Leo et al., 2018; Mallien 
et al., 2022; Reinwald et al., 2022). Interestingly, the animals spent less 
time in the center of the open field. While this is traditionally explained 
as increased anxiety, we also found that male, but not female, DAT KO 
rats spent more time in the open arms of the elevated plus maze test, 
which is indicative for less anxiety. These contrasting observations may 
be explained by rigidity, rather than anxiety in the open field test 
(Reinwald et al., 2022). Unlike acute AMPH treatment (Leo et al., 2018), 
and 5 days of subchronic amphetamine treatment (0.375 mg/kg)(Mereu 
et al., 2017), 10 days of subchronic amphetamine did not affect the 
hyperactivity in the open field test. However, in the elevated plus maze 
test distance travelled was significantly decreased in female DAT KO rats 
after subchronic amphetamine treatment. The differential outcome for 
the open field and elevated plus maze test may relate to the shape of the 
test apparatus: the open field is large and may accommodate stereotypic 
behaviour, whereas the elevated plus maze consists of narrow arms and 
elevated sections that restrict movement. In addition, anxiogenic expe
riences may reduce activity. Subchronic amphetamine treatment 
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furthermore decreased anxiety in female, but not male WT rats. These 
data show that amphetamine reduced hyperactivity and decreased 
anxiety in female, but not male, DAT KO rats in the elevated plus maze 
test.

In the three-chamber sociability test we did not observe that 

sociability or social preference were altered or reduced in DAT KO rats at 
baseline, unlike previous studies (Mallien et al., 2022; Rodriguiz et al., 
2004). This discrepancy is potentially explained by the fact that there 
was no physical interaction with the stranger rats in the three-chamber 
test. Moreover, since we observed a lack of a strong baseline bias in WT 

Fig. 9. Summary of the protein expression changes in the infralimbic (ILc) and prelimbic (PLc) corteces of female and male WT and DAT KO rats, treated with saline 
or amphetamine (AMPH).
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animals priot to treatment, we hypothesize that the social novelty task, 
as currently implemented, may not be fully optimized to detect subtle 
baseline preferences. Nonetheless, we found that amphetamine treat
ment increased the exploration of a chamber containing a stranger rat 
versus an empty chamber in female, but not male DAT KO rats. Hence, 
like for the elevated plus maze test, a female-specific effect of amphet
amine treatment was observed. The effect of amphetamine treatment 
was independent of locomotor activity, because DAT KO rats displayed 
increased activity irrespective of amphetamine treatment.

In the sucrose consumption test, we did not observe anhedonia in 
DAT KO rats, again unlike previous observations (Cinque et al., 2018; 
Mallien et al., 2022). As we used the same sucrose concentration as 
Cinque et al., the reason is unclear. Subchronic amphetamine treatment 
increased sucrose consumption in female, but not male, DAT KO and WT 
rats, implying that subchronic amphetamine treatment reduces anhe
donia specifically in female rats regardless of their genotype.

Regarding the expression patterns of glutamate system components 
in the ILc and PLc we found that removal of the DAT by itself did not 
alter the expression of the mandatory NMDA subunit GluN1 as well as 
that of its accessory subunits, i.e., GluN2A and GluN2B, in both females 
and males. However, subchronic amphetamine treatment caused sub
regional- and sex-dependent effects. First, these results suggest that DAT 
ablation is not important for the amphetamine treatment effect on 
NMDA receptor subunit expression in female rats, since no changes were 
observed, while it is indeed relevant in male rats, since amphetamine 
induced an overall increase in ILc but a decrease in PLc. Second, 
amphetamine treatment reduced the expression of the three different 
NMDA subunits in the ILc of WT male rats while the same psychosti
mulant regimen increased the expression of the accessory subunits 
GluN2A and GluN2B, with no effect on the mandatory subunit GluN1, in 
the ILc of DAT KO rats. Conversely, in the PLc of WT male rats, 
amphetamine treatment did not evoke any change while reducing the 
expression of GluN1, GluN2A and GluN2B in DAT KO rats. Such pattern 
of expression is corroborated by the effect of amphetamine treatment on 
the scaffolding proteins of the NMDA receptor subunits. In fact, PSD95, 
SAP102 and Rabphilin follow the expression profile of the receptor 
subunits that they anchor to the membrane. The parallel enhancement 
or reduction of the expression of NMDA receptor subunits and their 
respective scaffolding proteins may represent a negative effect caused by 
the combination of the DAT deletion and exposure to amphetamine. In 
the ILc, the increased localization and function of the NMDA complex 
may be strenghtened by the coupling with their respective auxiliary 
proteins; in the PLc, conversely, it appears that the few NMDA receptors 
show impaired stability.

Interestingly, since in males no changes in GLT1 levels were 
observed, it seems that extracellular levels of glutamate are only regu
lated by vGluT1. Of note, in the ILc, amphetamine did not cause any 
change in the expression of vGluT1 in WT rats while inducing an in
crease in DAT KO rats, in line with the enhanced release of glutamate 
measured by microdialysis; conversely, in the PLc, amphetamine 
increased the expression of vGLuT1 in WT rats while it reduced its 
expression in DAT KO rats. The elevated dopaminergic tone that we 
found in the whole prefrontal cortex (Fig. S3) oppositely modulates the 
expression of vGluT1 in these two cortical subregions. However, both in 
this work and in previous reports in mice (Xu et al., 2009), the extra
cellular DA levels were measured in the whole prefrontal cortex and not 
in ILc and PLc specifically. In female DAT KO rats, amphetamine 
reduced the expression of both proteins in both the ILc and PLc of female 
DAT KO rats. Notably, the PLc appears to be more sensitive to 
amphetamine treatment since only in this brain subregion we found an 
amphetamine-driven increase in WT rats.

Taking together, in the ILc of males, amphetamine dynamically in
creases the expression of some critical determinants of the glutamate 
synapse only in rats lacking DAT, suggesting that amphetamine might 
act by promoting glutamate transmission. This effect is instead 
normalized in the male PLc, suggesting an attempt to balance the overall 

cortical response. In females only the presynaptic mechanisms govern
ing glutamate release and reuptake were modulated, potentially 
contributing to the female specific behavioural effects of amphetamine 
(Fig. 9).

For the interpretation of the data of the present study there are some 
notable strengths and limitations. A strength is that we used the rats as 
their own control for the behavioural test battery (repeated testing). A 
putative disadvantage of the repeated testing approach is that behav
ioural tests conducted after the amphetamine treatment could have been 
influenced by the previous behavioural testing. Furthermore, to measure 
anhedonia we used the sucrose preference test. As amphetamine can 
reduce food intake, we cannot fully exclude the possibility that effects of 
amphetamine treatment in the sucrose preference test were due to an 
effect on appetite. As previous work showed that amphetamine–exposed 
rats exhibit a decrease in hedonic response during the first 48 h of 
withdrawal (Kang et al., 2016), we deem it likely that amphetamine 
modulated anhedonia. Another limitation is that the behavioural 
testing, microdialysis experiments and molecular measurements were 
done in separate batches of animals, hindering correlational analyses. 
We are aware that we cannot generalize our molecular findings to other 
brain areas than the ILc and PLc. Finally, because living organisms can 
be killed only once, we used different groups of rats to assess changes in 
the glutamatergic synapse at baseline and after amphetamine treatment.

In conclusion, we demonstrated that chronic amphetamine treat
ment reduces hyperactivity and anhedonia, and increase sociability in 
female, but not male DAT KO rats. This treatment effect may, in part, be 
regulated through changes in presynaptic glutamate signaling and syn
apse remodelling in the prefrontal cortex. The lack of behavioral effects 
in males may depend on the evidence that, while the ILc potentiates its 
reaction to amphetamine in DAT KO rats, PLc attenuates it, suggesting 
that these two effects can cancel each other out. This insight can assist in 
further research into approaches to ameliorate hyperdopaminergia- 
related disease symptoms.
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