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Abstract: Early-life exposure to di-(2-ethylhexyl)-phthalate (DEHP) has been suggested to relate to
hyperactivity, lack of attention, and working memory deficits in school-age children. Brain-derived
neurotrophic factor (BDNF) and endocannabinoids are induced by aerobic exercises to provide
beneficial effects on brain functions. This study investigated the mechanisms underlying working
memory impairment and the protective role of exercise in prenatal DEHP-exposed male rats.
Sprague Dawley dams were fed with vehicle or DEHP during gestation. The male offspring were
trained to exercise on a treadmill for 5 weeks, which was followed by an assessment of their working
memory with a T-maze delayed non-match-to-sample task. The expressions of BDNF, dopamine D1
receptor (D1R), cannabinoid receptor 1 (CBIR), and fatty acid amide hydrolase (FAAH) in the
prefrontal cortex were detected by Western blot. The results showed that DEHP-exposed rats
exhibited working memory impairments without significant alterations in locomotor activities. The
reduced expressions of prefrontal BDNF and CB1R were obtained in the DEHP-exposed rats, while
DI1R and FAAH were barely affected. Importantly, aerobic exercise during childhood-adolescence
prevented the impairment of working memory in the DEHP-exposed rats by recovering the BDNF
and CBIR expressions in the prefrontal cortex. These findings suggest that exercise may provide
beneficial effects in ameliorating the impairment of working memory in the prenatal DEHP-exposed
male rats at late adolescence.

Keywords: di-(2-ethylhexyl)-phthalate; working memory; brain-derived neurotrophic factor;
endocannabinoids; aerobic exercise

1. Introduction

Plasticizer di-(2-ethylhexyl) phthalate (DEHP) exposure is ubiquitous in humans due to its
widespread use in some consumer and industrial products [1]. There is a growing concern that DEHP
exposure, particularly during the prenatal period, may have an impact on a child’s neurobehavioral
development [2]. Prenatal DEHP exposure has been identified to alter social behavior, anxiety-like
behavior, and spatial memory in young rodents [3-5]. In school-age children, behavioral problems
such as emotional problems, aggression, hyperactivity, inattention, and working memory deficit are
associated with prenatal DEHP exposure [6-8]. The outcome of DEHP-associated behaviors has led
many researchers to notice the overlap with symptoms of attention-deficit hyperactivity disorder
(ADHD) [9,10].
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ADHD is characterized by inattention, hyperactivity, impulsivity, and working memory deficit
[11]. Working memory refers to the ability that provides temporary storage and manipulation of the
information necessary for complex cognitive tasks, which relies on the function of the prefrontal
cortex [12]. The dopaminergic system exerts a strong modulating effect on working memory through
the activation of dopamine D1 receptors (D1R) [13]. Several studies have reported the reduction in
cortical D1R density due to various underlying conditions, i.e., neuropsychiatric disorders including
working memory deficit [14-16]. Treatment with psychostimulant methylphenidate, a prescribed
medication used to treat ADHD, can increase dopamine release and D1R density in the prefrontal
cortex with improved behavioral outcomes [17,18]. Besides the involvement of D1R in working
memory, a variety of experiments have focused on the role of endocannabinoids in different
components of cognitive processing [19,20]. Anandamide, the most studied endocannabinoid,
exerting its function through cannabinoid receptor 1 (CBIR) is degraded by the enzyme fatty acid
amide hydrolase (FAAH) [21]. CBIR is expressed in high concentrations in the prefrontal cortex [22].
Chronic cannabis exposure is associated with cortical CB1R downregulation and cognitive
impairment, with the most robust effects on short-term episodic and working memory in humans
[23-25]. Exposure to cannabinoid agonists during critical periods of brain development is known to
cause long-term changes in the functionality of several neurotransmitter systems in adulthood, such
as the dopaminergic, glutamatergic, and noradrenergic systems [26-28]. These results support the
notion that alterations in the endocannabinoid system during the early stage of brain development
can lead to the subtle dysregulation of cognitive function.

Regular exercise is associated with several health benefits. In preadolescent children, exercise-
enhanced cognitive function is observed in their executive function and attention [29,30]. One of the
most investigated exercise-induced mediators is the brain-derived neurotrophic factor (BDNF).
BDNF is a member of the neurotrophin family and plays a major role in neuronal survival, synaptic
plasticity, learning, and memory [31]. Exercise is one of the most potent lifestyle factors increasing
BDNF levels in the circulation and brain [32]. Exercise-induced BDNF secretion is associated with the
improvement of anxiety, depression, and cognitive impairment in humans [33-35]. The
neurophysiological changes induced by exercise, such as dopaminergic and noradrenergic systems,
considerable overlap with the neuropathological mechanisms implicated in ADHD [36]. Exercise is
suggested to be an effective adjunctive treatment for improving the symptoms of ADHD [37,38].

To date, most of the studies investigating the adverse effects of DEHP exposure on brain
functions have focused on the neurodevelopment of the hypothalamus and hippocampus. Few
studies have examined the effects of DEHP on the prefrontal function. Considering the critical roles
of BDNF and endocannabinoids in the regulation of prefrontal function, it is very likely that the
DEHP-related symptoms of ADHD may be a consequence of altered BDNF and endocannabinoid
regulation in the prefrontal cortex. While aerobic exercise provides beneficial effects on brain
functioning, whether aerobic exercise could prevent the symptoms of ADHD in DEHP-exposed male
rats is still uncertain. The present study was thus designed to address these issues by testing whether
the mechanisms underlying the prefrontal working memory were impaired in the prenatally DEHP-
exposed male rats and testing for the protective effects of exercise. To test this hypothesis, prenatal
DEHP-exposed male rats were trained to exercise on a treadmill during childhood-adolescence
followed by the examination of their working memory and the expressions of prefrontal BDNF, DIR,
CBIR, and FAAH in late-adolescence. Our findings suggest that prenatal DEHP exposure exerts a
prolonged adverse effect on prefrontal working memory, which is accompanied by BDNF and CB1R
downregulations, and exercise provides a protective effect on ameliorating these impairments.

2. Results

2.1. Delayed Non-Match-to-Sample Task

The T-maze delayed non-match-to-sample task was applied to investigate the working memory
(Figure 1). The working memory was assessed by the delayed non-match-to-sample task consisting
of trials with no-delay (0 s), 30 s delay, and 60 s delay conditions (Figure 2). A two-way ANOVA
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revealed that there were no significant effects of treatment or exercise in the no-delay and 30 s delay
conditions. In the 60 s delay condition, there were main effects of treatment (F (1, 36) =6.128, p <0.05,
n?=0.15) and exercise (F (1, 36) = 9.574, p <0.005, n2 = 0.21) on the percentage of correct choices, while
no treatment x exercise interaction was found. A Bonferroni post hoc test showed that the percentage
of correct choices was reduced in the D group compared to the C (p <0.05), Cex (p < 0.005), and Dex
groups (p < 0.01). This result suggested that prenatal DEHP exposure impaired the working memory;
however, such impairments were controlled by exercise training.
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Figure 1. The demonstration of the delayed non-match-to-sample task. A delayed period between the
information run and test run is required for the prefrontal activity to perform working memory
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processing. The correct and wrong choices are indicated in the test run. The white food tray represents
a previously visited location in the information run.
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Figure 2. Choice accuracy in the delayed non-match-to-sample task. Animals were trained to perform
the rewarded alternation in trials with no-delay, 30 s delay, and 60 s delay conditions. No significant
differences were found in the no-delay and 30 s delay conditions. In the 60 s delay condition, the
choice accuracy was significantly decreased in the D group. Compared with the D group, exercise
improved the choice accuracy in the Dex group. C: control; D: di-(2-ethylhexyl)-phthalate (DEHP)
exposure; Cex: exercised control; Dex: exercised DEHP exposure. Data are presented in mean + SEM
(n =10 in each group). *: p < 0.05, **: p <0.01, ***: p <0.005.
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2.2. Open Field Test

The open-field test was used to investigate the locomotor activities. The two-way ANOVA
revealed that there were no significant effects of treatment or exercise on either the crossed squares
(Figure 3a) or center entries (Figure 3b). This result suggested that the locomotor activities in the post-
adolescent male rats were barely affected by the DEHP exposure or exercise training.
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Figure 3. Spontaneous locomotor activities in the open field test. Animals were allowed to explore in
an open field for 10 min. There were no significant differences among groups in (a) number of crossed
squares or (b) center entries. C: control; D: DEHP exposure; Cex: exercised control; Dex: exercised
DEHP exposure. Data are presented in mean + SEM (1 = 10 in each group).

2.3. Efficacy of Exercise Regimen

Peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a) is highly expressed
in the muscles after aerobic exercise to induce the mechanisms involved in muscular adaptation [39];
therefore, the expression of PGC-1a in gastrocnemius muscle was detected by Western blot to
examine the efficacy of the exercise regimen. The two-way ANOVA revealed that there was a main
effect of exercise (F (1, 36) =109.155, p <0.001, n2=0.75) on the expression of PGC-1a in gastrocnemius
muscle (Figure 4a), while no significant effect of treatment on the expression of PGC-1a was found.
The post hoc analysis showed that there was a significant increment of PGC-1a in the Cex group
compared to the C (p <0.001) and D groups (p < 0.001). Meanwhile, the increased PGC-1a was also
observed in the Dex group compared to C (p < 0.001) and D groups (p < 0.001). This result suggested
that the expression of PGC-1a was minimally affected by DEHP exposure and its expression was
increased by aerobic exercise. This evidence supported the efficacy of the exercise regimen used in
the present study.

2.4. Plasma Levels of BDNF

Exercise-induced BDNF protected against neuropathological diseases; therefore, the plasma
BDNF levels were detected by ELISA to assess the effects of DEHP exposure and exercise on
neurotrophic function. This result also provided evidence to examine the efficacy of an exercise
regimen. The two-way ANOVA revealed that there were effects of treatment (F (1, 36) = 25.234, p <
0.001, n?>=0.41) and exercise (F (1, 36) =27.579, p <0.001, n2 = 0.43) on the plasma BDNF levels (Figure
4b). However, there was no effect of treatment x exercise interaction on the plasma BDNF levels. The
post hoc analysis showed that there was a significant reduction in plasma BDNF in the D group
compared to the C (p < 0.005), Cex (p < 0.001), and Dex groups (p < 0.001). The result suggested that
plasma BDNF was decreased by DEHP exposure, and this reduction was prevented by aerobic
exercise. The efficacy of the exercise regimen was supported by the enhancement of plasma BDNF
observed in the Cex group compared to the C group (p < 0.05).
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Figure 4. Muscle peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a) and
plasma brain-derived neurotrophic factor (BDNF) levels analyzed by Western blot and ELISA,
respectively. (a) Increased PGC-1a expressions were observed in the Cex and Dex groups compared
to the C and D groups. (b) Plasma BDNF levels were significantly decreased in the D group, whereas
exercise normalized these reductions in the Dex group. C: control; D: DEHP exposure; Cex: exercised
control; Dex: exercised DEHP exposure. Data are presented in mean + SEM (n = 10 in each group). *:
p <0.05, ***: p <0.005, ****: p <0.001.

2.5. Protein Levels in the Prefrontal Cortex

The expressions of prefrontal BDNF, DIR, CBIR, and FAAH were analyzed by Western blot to
examine the effects of DEHP exposure and exercise on the expressions of biomarkers related to
working memory. The two-way ANOVA revealed that there were effects of treatment i.e., DEHP
exposure (F (1, 36) =53.783, p < 0.001, n? = 0.60) and exercise (F (1, 36) = 31.949, p <0.001, n2=0.47) on
the prefrontal BDNF expressions (Figure 5a). A significant effect of treatment x exercise interaction
on the prefrontal BDNF levels was found (F (1, 36) = 16.660, p < 0.001, 2= 0.32). The post hoc analysis
showed that there was a significant reduction in prefrontal BDNF in the D group compared to the C
(p <0.001), Cex (p < 0.001), and Dex groups (p < 0.001). This result suggested that prefrontal BDNF
was decreased by DEHP exposure and this reduction was averted by aerobic exercise.

For prefrontal CB1R levels, the two-way ANOVA revealed that there were effects of treatment
(F (1, 36) = 55.238, p < 0.001, n? = 0.61) and exercise (F (1, 36) = 84.483, p < 0.001, n? = 0.70) on the
prefrontal CB1R expressions (Figure 5b). Additionally, the treatment x exercise interaction (F (1, 36)
=26.413, p <0.001, n? = 0.42) had an effect on the prefrontal CBIR expressions. The post hoc analysis
showed that there was a significant reduction in prefrontal CBIR in the D group compared to the C
(p<0.001), Cex (p <0.001), and Dex groups (p < 0.001). This result suggested that prefrontal CB1R was
decreased by DEHP exposure and this reduction was prevented by aerobic exercise.

The two-way ANOVA revealed that there were no significant effects of treatment and exercise
on the prefrontal D1R expression (Figure 5c). This result suggested that the expression of prefrontal
D1R in the post-adolescent male rats were hardly affected by DEHP exposure or exercise training.

The two-way ANOVA revealed that there were effects of treatment (F (1, 36) = 6.255, p < 0.05, 1?2
= 0.15) and exercise (F (1, 36) = 5.533, p < 0.05, n2= 0.13) on the prefrontal FAAH expressions (Figure
5d), while no significant treatment x exercise interaction was found. The post hoc analysis showed
that there was a significant reduction in prefrontal FAAH in the D group compared to the Cex group
(p<0.01)
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Figure 5. Expressions of prefrontal BDNF, dopamine D1 receptor (D1R), cannabinoid receptor 1
(CB1R), and fatty acid amide hydrolase (FAAH) analyzed by Western blot. (a) Decreased expressions
of prefrontal BDNF were observed in the D group, whereas exercise restored this impairment in the
Dex group. (b) Decreased expressions of prefrontal CB1R were observed in the D group, whereas
exercise restored this impairment in the Dex group. (c¢) No significant differences were found among
groups in their expressions of prefrontal DIR. (d) No significant differences were found among
groups in the expressions of prefrontal FAAH. C: control; D: DEHP exposure; Cex: exercised control;
Dex: exercised DEHP exposure. Data are presented in mean + SEM (n = 10 in each group). **: p <0.01,
ek p <0.001.

3. Discussion

Hyperactivity and working memory impairment are two significant symptoms in ADHD
children [11]. Early-life phthalate exposure is related to the behavioral characteristics of ADHD in
humans [9,10]. However, the mechanisms underlying the effects of DEHP exposure on symptoms of
ADHD in the experimental animals have never been investigated. The present study showed that
working memory impairment without hyperactivity symptoms was observed in the prenatally
DEHP-exposed male rats. Biochemical data suggested that the DEHP-exposed rats exhibited
reductions in BDNF and CBIR in the prefrontal cortex. Importantly, exercise training during
childhood-adolescence reversed the impairment of working memory in the DEHP-exposed rats,
which was accompanied by the recovery of BDNF and CB1R expressions in these animals.
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There was no significant difference in the locomotor activity between the control and DEHP-
exposed rats, suggesting that hyperactivity was absent in these animals. Previous studies have shown
that the effects of DEHP on locomotor activity are inconsistent in male rodents. Neonatal DEHP
exposure can induce hyperactivity [4,40], but other studies show that locomotor activities are not
influenced by prenatal DEHP exposure [3,41,42]. These differences are probably caused by the doses
of DEHP, age of the subjects, or time of exposure. Our data were similar to previous studies showing
that locomotor activity in post-adolescent male rats was rarely affected by prenatal DEHP exposure.

The delayed non-match-to-sample task is widely used to investigate working memory in
rodents. In this task, the animals are typically cued to make a choice response to obtain a reward, but
are prevented from responding until after a delay period has been imposed [43]. Evidence shows that
the impairment of the prefrontal cortex impairs working memory (i.e., choice accuracy) without
altering reference memory (i.e., the maze task rule), suggesting that the prefrontal cortex is
necessarily involved in the delayed alternation task [44]. We reported that there was no significant
difference in the choice accuracy between the C and D groups under the no-delay condition, implying
that prenatal DEHP exposure does not affect motivation, motor function, or reference memory for
getting rewarded. There were no performance deficits at the short delay (30 s delay); however, the
choice accuracy significantly decreased in the D group as the delay was extended (60 s delay).
Prefrontal activity during the delay period is more important in memory retention than in inhibitory
control or decision-making [45,46]. The impaired prefrontal cortex is capable of completing the
correct choice at a short delay using an alternate strategy, while it exhibits a poor accuracy at longer
delays as working memory demands increase [44,47]. Therefore, the DEHP-exposed rats exhibited
decreased choice accuracy at longer delays, suggesting that prenatal DEHP exposure impaired
working memory in the post-adolescent male rats. Currently, there is no report regarding the effect
of DEHP on prefrontal working memory using delayed non-match-to-sample tasks. A study
regarding the prefrontal function shows that perinatal exposure to a mixture of phthalates results in
a deficit in cognitive flexibility [48]. Several studies in rodent models implicate that prenatal DEHP
exposure impairs hippocampus-dependent learning and memory by enhanced oxidative damage,
decreased N-methyl-d-aspartic acid (NMDA) receptors, reduced neurogenesis, and the impairment
of neuronal excitability [3,41,49,50]. Although mechanisms involved in the adverse effect of DEHP
exposure on hippocampal learning and memory have been identified, there is little to no evidence
regarding the mechanism of working memory deficit after DEHP exposure.

Dopamine and endocannabinoids are two important regulators of prefrontal function. Evidence
shows that extreme hypo- or hyper-stimulation of either DIR or CB1R impairs working memory,
suggesting that appropriate levels of prefrontal D1R and CB1R are important for efficient working
memory processing [14,23,24,51]. In this study, the expression of D1R was mildly affected, while the
expression of CBIR was reduced in the DEHP-exposed rats. The effect of DEHP exposure on
dopaminergic function has been reported by some researchers. Preadolescent DEHP exposure results
in reduced midbrain tyrosine hydroxylase activity and decreased striatal D2R expression in the post-
adolescent animals [52,53]. However, neonatal DEHP exposure reduces the midbrain DI1R
expression, but striatal D1R expression remains unchanged in the adolescent male rats [40,54]. These
results suggest that the effect of DEHP exposure on dopaminergic function may depend on the
region-specific susceptibility or time of exposure. Prefrontal DIR density rises dramatically at
adolescence, and this upregulation of DIR is independent of gonadal hormones actions [55,56]. The
anti-androgenic and estrogenic effects of DEHP may have less influence on the expression of
prefrontal D1R during development, or the ceiling effect of overexpression of prefrontal DIR may
have masked its detection in the present study.

Decreased prefrontal CB1R is strongly correlated with working memory disturbances in patients
with schizophrenia, Parkinson’s disease, and Huntington disease [57-59]. Besides this, specific single
nucleotide polymorphism in CB1R gene is associated with reduced prefrontal CB1R expression and
working memory deficit [19,60]. Endocannabinoids act as retrograde messengers in inhibiting the
release of y-aminobutyric acid (GABA). The CB1R induced a reduction in GABA release, and GABA-
mediated synaptic inhibition is impaired in the animal models of ADHD and Huntington disease
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[61,62]. Interestingly, evidence shows that DEHP acts as a low-affinity antagonist of CB1IR [63], and
DEHP exposure increases the release of GABA in the hypothalamus [64]. Based on this evidence, our
result showed that reduced prefrontal CBIR may be part of the mechanisms underlying the working
memory impairment caused by prenatal DEHP exposure. Additionally, excessive endocannabinoids
may downregulate prefrontal CBIR and impair working memory [25]. Because anandamide is
degraded by the enzyme FAAH, the alteration in FAAH expression may influence the anandamide
concentration and CB1R expression. However, the prefrontal FAAH expression was not affected by
DEHP exposure in the present study. Although we did not measure anandamide concentrations, our
result suggested that the metabolism of anandamide was not influenced by DEHP exposure. In
rodents, acute alcohol exposure reduces the prefrontal CBIR levels, while both FAAH and
anandamide were not changed in the prefrontal cortex [65,66]. This inconsistency between CBIR and
FAAH expressions suggests that other endocannabinoids such as 2-arachidonoylglycerol or the
alteration in FAAH activity may respond to DEHP exposure.

We showed that prefrontal BDNF expressions were reduced in DEHP-exposed rats, in
agreement with the reduction in hippocampal BDNF levels after DEHP exposure in male rats [67,68].
BDNF participates in the survival of neurons and promotes synaptic transmission, whereas BDNF
deficiency is closely related to the pathogenesis of neuropsychiatric diseases [31]. Mice with a
conditional knockout of BDNF display symptoms of ADHD [69]. Similarly, the ADHD animal model
shows that there are reductions in BDNF expressions in the hippocampus and prefrontal cortex
[70,71]. Besides this, the hippocampal BDNF enhances declarative and long-term memory, and the
positive correlation between prefrontal BDNF and working memory has been reported [72,73].
Besides this, multiple reports have provided evidence for a crosstalk between BDNF and
endocannabinoid signaling. BDNF and CBIR interactions have been demonstrated in mediating
neurogenesis, neuronal survival, and protection against excitotoxicity [74]. Exogenous cannabinoids
treatment increases prefrontal BDNF release [75], and the genetic deletion of CB1R decreases the
hippocampal BDNF expression [76]. BDNF increases CB1R expression in cultured cerebellar granule
neurons and promotes neuronal sensitivity to CB1IR agonists [77]. In the present study, both BDNF
and CB1R were reduced in the prefrontal cortex of DEHP-exposed rats, suggesting a plausible
mechanism underlying the working memory impairment after DEHP exposure.

Exercise can enhance working memory and cognitive flexibility in humans [78,79]. The
enhancement of BDNF release is the most important mechanism underlying the improvement of
cognitive function after exercise [33,35]. In the present study, DEHP-exposed rats underwent exercise
training for 5 weeks and exhibited an improvement in working memory and recovery of prefrontal
BDNF and CB1R expressions. We noticed a major effect of exercise on increases in plasma BDNF and
muscle PGC-1a, two effectors responding to aerobic exercise [33,44], providing evidence to support
the efficacy of the exercise regimen used in the present study. The stimulant methylphenidate (MPH)
is commonly used for ADHD treatment. A clinical study reported that, after 6 weeks of treatment
with MPH, the plasma BDNF levels of ADHD children were increased and showed a significant
correlation with the improvement in the symptoms of ADHD [80]. In the ADHD animal model, both
exercise and MPH can increase hippocampal BDNF release and improve the symptoms of ADHD
[71]. Similarly, our study showed that exercise improved the expression of BDNF in the DEHP-
exposed rats, which may suggest a mechanism underlying the recovery of working memory in these
rats. Exercise has been suggested as an effective adjunctive treatment for improving the symptoms
of ADHD [37,38].

A study has shown that aerobic exercise increases the plasma levels of endocannabinoids in
human runners [81], as well as anandamide levels and hippocampal CBIR density in rats [82].
Interestingly, there is evidence suggesting that anandamide increment during exercise may be
involved in exercise-induced BDNF release and may delay the return of BDNF to basal level [83].
Exercise-induced BDNF and neurogenesis are impaired by CB1R antagonists, showing an association
between CBIR activation and BDNF released during exercise [84]. Because exercise-induced BDNF
and CBIR activations are dependent on exercise intensity and both effectors are involved in exercise-
induced hippocampal neurogenesis, this synergism of BDNF and CB1R responding to exercise may
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provide more beneficial effects on improving cognitive deficits. We showed that the impaired
prefrontal BDNF and CBI1R expressions were recovered by exercise, suggesting that this synergism
may be responsible for the recovery of working memory after exercise in DEHP-exposed rats.

In conclusion, the present study shows that prenatal DEHP exposure impairs working memory
in the post-adolescent male rats. A possible mechanism underlying this finding is the downregulation
of prefrontal BDNF and CB1R. Aerobic exercise during childhood-adolescence restores prefrontal
BDNF and CBIR and improves working memory in DEHP-exposed rats. Therefore, because of the
similarity in working memory between rats and humans, these findings may be important when
investigating the ontogeny of ADHD, as well as the intervention of physical exercise in ameliorating
ADHD symptoms.

4. Materials and Methods

4.1. Animals

Sprague Dawley rats (BioLasco, Taipei, Taiwan) were housed in a 12/12-h light/dark schedule
(lights on at 07:00) under constant temperature and humidity. DEHP-free Altromin 1320 rat pellets
(Altromin, Im Seelenkamp, Germany) and distilled water were provided ad libitum. This study was
carried out in strict accordance with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All the experimental procedures were
approved by the Animal Care and Use Committee of Kaohsiung Medical University (IACUC
Approval Number: 106208, approved on December 20, 2017), and all efforts were made to minimize
suffering and the number of animals used.

4.2. Experimental Design

Normal female and male rats were mated for 5 days. A vaginal plug was obtained at gestation
day 1. Pregnant rats were housed individually and administered daily with corn oil (served as vehicle
control, n = 10) or DEHP (n = 10) by oral gavage from gestational days 14 to 21. The pups were
examined with anogenital distance on postnatal day 1, and the litters were culled to four males and
four females in one cage. The offspring male rats were weaned at postnatal day (PND) 21 and then
housed individually until the end of the experiment. The offspring male rats were divided into four
groups: control (C, n = 10), DEHP (D, n = 10), exercised control (Cex, n = 10), and exercised DEHP
(Dex, n = 10). For each group, one male sibling was taken from each litter to reduce “litter effects”
[85]. In the exercised groups, the rats were trained to run on a treadmill for 5 weeks from PND 22 to
PND 56. The open-field test was performed at PND 57 and the delayed non-match-to-sample task
was performed from PND 58 to PND 66. The post-adolescent male rats were sacrificed on PND 67
and the samples of plasma, prefrontal cortex, and gastrocnemius muscle were isolated for further
analysis. The levels of plasma BDNF were analyzed by an enzyme-linked immunosorbent assay
(ELISA). The expressions of prefrontal BDNF, DIR, CBIR, FAAH, and muscle peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) were analyzed by Western blot.

4.3. Gestational Administration of DEHP

DEHP (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in corn oil (Sigma-Aldrich, St. Louis,
MO, USA), which was prepared fresh every day. The dose of DEHP exposure was 10 mg/kg/day. The
control group was supplied with corn oil, and the DEHP group was supplied with the DEHP/corn
oil mixture. The estimated DEHP exposure for the adult human population is 1 to 30 pg/kg/day [86].
According to the conversion coefficient, based on the body surface area difference between humans
and rats, humans are exposed to DEHP doses corresponding to 0.18-2.5 mg/kg/day for exposure in
rats [87,88]. The no-observed-adverse-effect level (NOAEL) of DEHP for humans is 48 mg/kg/day,
which is converted to equivalent dose corresponding to 300 mg/kg/day for rats [88]. Therefore,
prenatal exposure to DEHP at the dose of 10 mg/kg/day is lower than NOAEL and considered human
friendly with no known adverse effects.
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4.4. Treadmill Running

Because rats are nocturnal animals, they were trained to run on a treadmill at night (19:00-1:00,
when the light was off) to increase their motivation in running. Initially, rats in the exercise groups
were allowed to run on a motor-driven horizontal treadmill (Model Exer 3/6, Columbus Instruments,
Columbus, OH, USA), starting at a very low speed and gradually reaching 6 m/min for 30 min each
day for 7 days to become familiar with treadmill running. Then, the animals were trained for 30
min/day, 7 days/week for 4 weeks. The running speed started at 8 m/min, increased to 11 m/min
every week, and reached up to 20 m/min at the end of the training period. The rats were trained on a
treadmill without electric foot shock to reduce stress during treadmill running. In contrast, animals
in the non-exercising group were placed on the treadmill without running for 10 min each day for 5
weeks.

4.5. Open Field Test

An open field apparatus that consists of an empty square arena (60 cm length x 60 cm width)
divided into 36 identical squares and surrounded by black plastic walls (40 cm height) was used.
Each rat was first placed in the center of the arena and its locomotor activity was recorded for 10 min.
The arena was thoroughly cleaned with 40% ethanol and allowed to dry between subjects to eliminate
the possibility of any odor cues. All trials were conducted between 19:00 and 21:00 and each rat was
tested only once. The spontaneous locomotor activity was determined by the total number of crossed
squares and the number of entries in the central area (20 x 20 cm) (center entries). Data were recorded
respectively for each rat by an observer blind to the experimental treatments. Both parameters were
counted for all four paws being inside the square or the central area.

4.6. Delayed Non-Match-to-Sample Task

The T-maze delayed non-match-to-sample task was applied to investigate the performance of
working memory, as previously reported [89]. Again, all the trials were conducted between 19:00 and
21:00. A T-maze apparatus consists of a start arm (50 cm length x 12 cm width x 25 cm height) and
two-goal arms (60 cm length x 12 cm width x 25 cm height each) made from gray plastic. The crossed
central area was equipped with three sliding doors. The goal arms were specified for the food reward
supplied in the food trays. To increase the rats’ motivation to obtain food, they were fed with
restricted amounts of chow that was sufficient to maintain each animal above 90% of its free-feeding
body weight throughout the experiment. There were three steps for the delayed non-match-to-
sample task: habituation, non-match-to-sample, and a delayed non-match-to-sample task. The
animals underwent a habituation process from PND 58 to PND 60. The rats were allowed to explore
the T-maze apparatus for 3 days (five explorations/day). During each exploration, the rats were
allowed to explore freely in the T-maze and eat the food reward available at the end of both goal
arms. The food reward was a piece of cereal (Quaker oats, Chicago, IL, USA) in each goal arm. After
eating the cereal from both sides, the rats were returned to the start arm with the door closed for 1
min before starting another round. The T-maze was thoroughly cleaned with 40% ethanol and
allowed to dry between subjects to eliminate any odor cues. After habituation, the non-match-to-
sample task was performed from PND 61 to PND 65. The rats were trained to perform the rewarded
alternations, in which a trial consisted of an “information run’”” and a ““test run”. In the information
run, one goal arm was blocked, forcing the animal into another goal arm to get the food reward. After
finishing the food reward, the block was removed and the rat was returned to the start arm to perform
the test run. The rats were trained to locate the previously visited goal arm and alternate the choice
to get another food reward. Rats received one food reward for choosing the previously unvisited arm
(correct choice), whereas choosing the previously visited arm got no reward (wrong choice).
Left/right allocations for the information and test runs were pseudo-randomized over eight trials per
day, with no more than three consecutive information run to the same side. The inter-trial interval
was 1 min. After 5 days of training, the percentage of correct choices >75 % was required to fulfill the
criterion for evaluations. In this study, all the animals reached this criterion. Following this trial, the



Int. J. Mol. Sci. 2020, 21, 3867 11 of 17

delayed non-match-to-sample task was performed on PND 66. The procedure of delayed non-match-
to-sample task was almost identical to the rewarded alternations, except for a delayed period between
the information run and test run. After finishing the information run, the rats were returned to the
start arm with the door closed and stayed there for 0, 30, or 60 s in a randomized order. There were
four trials for each delay and the percentages of correct choices were calculated for comparison. Data
were recorded respectively for each rat by an observer blind to the experimental treatments.

4.7. Blood and Tissue Sample Collection

The animals were sacrificed by the inhalation of CO: for 3 min. The blood samples were collected
from the atria and centrifuged at 1500 rpm for 30 min, then the supernatants were collected and stored
at -80 °C. After blood collection, the brain and gastrocnemius muscle were removed and soaked in
an ice-cold phosphate-buffered saline solution (0.05 M Na:HPOs and 0.137 M NaCl, pH 7.4). The
whole prefrontal cortex was isolated under microscopic observation by dissecting the lateral to the
forceps minor of the corpus callosum, anterior to the genu of the corpus callosum, and demarcated
laterally by the accessory olfactory bulb. The muscle sample was dissected from the mid-belly region
of the gastrocnemius muscle.

4.8. Western Blot

The tissue samples were homogenized in an ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% deoxycholate, 1 mM sodium fluoride, and 2
mM sodium orthovanadate) and centrifuged at 13000x g for 20 min at 4 °C. Protein in the supernatant
was quantified using a BCA Protein Assay Kit (ThermoFisher, Waltham, MA, USA) according to the
manufacturer’s instructions. Thirty micrograms of protein were mixed with NuPage LDS sample
buffer (Invitrogen, Carlsbad, CA, USA) and separated by pre-cast 4%-12% Bis-Tris gel (Invitrogen,
Carlsbad, CA, USA) in MOPS running buffer (Invitrogen, Carlsbad, CA, USA) for 50 min under 120
mA and 200 V. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane (Millipore,
Burlington, MA, USA) in NuPage transfer buffer (Invitrogen, Carlsbad, CA, USA) for 60 min under
170 mA and 30 V condition. After blocking with 5% nonfat milk in TTBS buffer (10 mM Tris, pH 7.5,
150 mM NaCl, and 0.1% Tween 20), the membrane was incubated with primary antibodies specific
for each protein for 24 h at 4 °C: rabbit anti-BDNF antibody (1:1000, ab108319, Abcam, Eugene, OR,
USA), mouse anti-D1R antibody (1:200, sc-33660, Santa Cruz, Santa Cruz, CA, USA), rabbit anti-CB1R
antibody (1:200, ab23703, Abcam, Eugene, OR, USA), mouse anti-FAAH antibody (1:200, sc-100739,
Santa Cruz, Santa Cruz, CA, USA), mouse anti-PGC-1a antibody (1:200, ST1202, Merck, Kenilworth,
NJ, USA), rabbit anti-GAPDH antibody (1:3000, ab9485, Abcam, Eugene, OR, USA), and mouse anti-
actin antibody (1:5000, A2228, Sigma-Aldrich, St. Louis, MO, USA). After washing, the blot was
incubated with horseradish peroxidase (HRP)-conjugated goat secondary antibodies (1:2000, ab97051
and ab97023, Abcam, Eugene, OR, USA) for 60 min at room temperature. The expression of the
protein was detected by enhanced chemiluminescence (Invitrogen, Carlsbad, CA, USA) according to
the recommended conditions. A Western blot analysis was performed in duplicate for each sample,
and average protein levels were calculated for comparison. Digital images of the blots were created
by scanning the blots, and the optical densities were determined with the Image-Pro Plus software
(Media Cybernetics, Rockville, MD, USA). Each protein level was normalized to the control samples
from the same membrane and presented as a percentage.

4.9. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of plasma BDNF were determined by commercially available assay kits optimized for
small volumes, according to the manufacturer’s instructions. The detection limit of each kit for the
corresponding hormones is 12 pg/mL for BDNF (ERBDNF, Invitrogen, Carlsbad, CA, USA). In brief,
100 ul of standards and diluted serum samples (dilution factors: 2x were added to wells and
incubated at room temperature for 2 h with gentle shaking. Assay diluent served as a zero standard
for background subtraction to construct a standard curve. The solution was then discarded and the
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wells were washed four times with 400 L of wash buffer before adding 100 uL of BDNF biotinylated
antibody and incubating for 1 h at room temperature. Wells were washed 4x with buffer, followed
by adding 100 pL. HRP-avidin to each well for 1 h at 37 °C. An amount of 100 uL. TMB substrate was
then added in each well for 30 min before adding the stop solution. The wells were protected from
light at all times after the addition of substrate solution. The optical density of each well was
measured using an automated microplate reader (PowerWave 340, Bio-Tek, Winooski, VT, USA) set
to 450 nm (correction wavelength set to 550 nm) within 30 min of adding the stop solution. A standard
curve was constructed by plotting the mean absorbance for each standard against the concentration
to draw a best-fit curve through the points on the graph. The concentration read from the standard
curve was then multiplied by the dilution factor. Each sample was measured in duplicate, and the
average level from the same rat was used for comparison.

4.10. Statistical Analysis

The data were analyzed by a two-way ANOVA with two main effects (treatment and exercise)
and possible interactions. If significant main effects or interactions were found, the Bonferroni post
hoc test was performed for multiple comparisons. The statistical analysis was performed with SPSS
Statistics (v. 19.0, IBM, Armonk, NY, USA). The effect size was shown by eta square (1?). All the
values were expressed as mean + standard error of the mean (SEM) in the figures. Significance was
assumed as p < 0.05.
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References

1.  Johns, L.E.; Cooper, G.S.; Galizia, A.; Meeker, ].D. Exposure assessment issues in epidemiology studies
of phthalates. Environ. Int. 2015, 85, 27-39.

2. Lee, DW,; Kim, M.S,; Lim, Y.H.; Lee, N,; Hong, Y.C. Prenatal and postnatal exposure to di-(2-
Ethylhexyl) phthalate and neurodevelopmental outcomes: A systematic review and meta-analysis.
Environ. Res. 2018, 167, 558-566.

3. Dai, Y,;Yang,Y.; Xu, X,; Hu, Y. Effects of uterine and lactational exposure to di-(2-ethylhexyl) phthalate
on spatial memory and NMDA receptor of hippocampus in mice. Horm. Behav. 2015, 71, 41-48.

4. Quinnies, KM.; Harris, E.p.; Snyder, RW.; Sumner, S.S.; Rissman, E.F. Direct and transgenerational
effects of low doses of perinatal di-(2-ethylhexyl) phthalate (DEHP) on social behaviors in mice. PloS
One 2017, 12, e0171977.



Int. J. Mol. Sci. 2020, 21, 3867 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wang, D.C.; Chen, T.J.; Lin, M.L.; Jhong, Y.C.; Chen, S.C. Exercise prevents the increased anxiety-like
behavior in lactational di-(2-ethylhexyl) phthalate-exposed female rats in late adolescence by
improving the regulation of hypothalamus-pituitary-adrenal axis. Horm. Behav. 2014, 66, 674—684.
Factor-Litvak, P.; Insel, B.; Calafat, A.M.; Liu, X.; Perera, F.; Rauh, V.A.,; Whyatt, R.M. Persistent
associations between maternal prenatal exposure to phthalates on child IQ at age 7 years. PloS One
2014, 9, e114003.

Huang, H.B.; Kuo, P.H.; Su, P.H.; Sun, CW.; Chen, W.]J.; Wang, S.L. Prenatal and childhood exposure
to phthalate diesters and neurobehavioral development in a 15-year follow-up birth cohort study.
Environ. Res. 2019, 172, 569-577.

Lien, Y.J.; Ku, H.Y.; Su, P.H.; Chen, S.J.; Chen, H.Y.; Liao, P.C.; Chen, W.J.; Wang, S.L. Prenatal exposure
to phthalate esters and behavioral syndromes in children at 8 years of age: Taiwan Maternal and Infant
Cohort Study. Environ. Health Perspect. 2015, 123, 95-100.

Engel, S.M.; Villanger, G.D.; Nethery, R.C.; Thomsen, C.; Sakhi, A.K.; Drover, S.5.M.; Hoppin, J.A.;
Zeiner, P.; Knudsen, G.P.; Reichborn-Kjennerud, T.; et al. Prenatal phthalates, maternal thyroid
function, and risk of attention-deficit hyperactivity disorder in the Norwegian Mother and Child
Cohort. Environ. Health Perspect. 2018, 126, 057004.

Ku, HY.; Tsai, T.L.; Wang, P.L.; Su, P.H.; Sun, CW.; Wang, C.J.; Wang, S.L. Prenatal and childhood
phthalate exposure and attention deficit hyperactivity disorder traits in child temperament: A 12-year
follow-up birth cohort study. Sci. Total. Environ. 2020, 699, 134053.

Kofler, M.].; Sarver, D.E.; Harmon, S.L.; Moltisanti, A.; Aduen, P.A; Soto, E.F.; Ferretti, N. Working
memory and organizational skills problems in ADHD. |. Child. Psychol. Psychiatry 2018, 59, 57-67.
Hiser, J.; Koenigs, M. The multifaceted role of the ventromedial prefrontal cortex in emotion, decision
making, social cognition, and psychopathology. Biol. Psychiatry 2018, 83, 638—647.

Reneaux, M.; Gupta, R. Prefronto-cortical dopamine D1 receptor sensitivity can critically influence
working memory maintenance during delayed response tasks. PloS One 2018, 13, e0198136.

Backman, L.; Karlsson, S.; Fischer, H.; Karlsson, P.; Brehmer, Y.; Rieckmann, A.; MacDonald, SSW.;
Farde, L.; Nyberg, L. Dopamine D1 receptors and age differences in brain activation during working
memory. Neurobiol. Aging. 2011, 32, 1849-1856.

Heijtz, R.D.; Kolb, B.; Forssberg, H. Motor inhibitory role of dopamine D1 receptors: Implications for
ADHD. Physiol. Behav. 2007, 92, 155-160.

Slifstein, M.; van de Giessen, E.; Van Snellenberg, J.; Thompson, J.L.; Narendran, R.; Gil, R.; Hackett,
E.; Girgis, R.; Ojeil, N.; Moore, H.; et al. Deficits in prefrontal cortical and extrastriatal dopamine release
in schizophrenia: A positron emission tomographic functional magnetic resonance imaging study.
Jama Psychiatry 2015, 72, 316-324.

Kodama, T.; Kojima, T.; Honda, Y.; Hosokawa, T.; Tsutsui, K.I.; Watanabe, M. Oral administration of
methylphenidate (Ritalin) affects dopamine release differentially between the prefrontal cortex and
striatum: A microdialysis study in the monkey. J. Neurosci. 2017, 37, 2387-2394.

Robison, L.S.; Ananth, M., Hadjiargyrou, M., Komatsu, D.E.; Thanos, P.K. Chronic oral
methylphenidate treatment reversibly increases striatal dopamine transporter and dopamine type 1
receptor binding in rats. J. Neural. Transm. 2017, 124, 655-667.

Colizzi, M.; Fazio, L.; Ferranti, L.; Porcelli, A.; Masellis, R.; Marvulli, D.; Bonvino, A.; Ursini, G.; Blasi,
G.; Bertolino, A. Functional genetic variation of the cannabinoid receptor 1 and cannabis use interact
on prefrontal connectivity and related working memory behavior. Neuropsychopharmacology 2015, 40,
640-649.

Zanettini, C.; Panlilio, L.V.; Alicki, M.; Goldberg, S.R.; Haller, J.; Yasar, S. Effects of endocannabinoid
system modulation on cognitive and emotional behavior. Front. Behav. Neurosci. 2011, 5, 57.

Pertwee, R.G. Elevating endocannabinoid levels: Pharmacological strategies and potential therapeutic
applications. Proc. Nutr. Soc. 2014, 73, 96-105.

Pazos, M.R;; Nunez, E.; Benito, C; Tolén, R.M.; Romero, J. Functional neuroanatomy of the
endocannabinoid system. Pharmacol. Biochem. Behav. 2005, 81, 239-247.

Borgan, F.; Beck, K.; Butler, E.; McCutcheon, R.; Veronese, M.; Vernon, A.; Howes, O.D. The effects of
cannabinoid 1 receptor compounds on memory: A meta-analysis and systematic review across species.
Psychopharmacology. 2019, 236, 3257-3270.



Int. ]. Mol. Sci. 2020, 21, 3867 14 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

D’Souza, D.C.; Cortes-Briones, J.A.; Ranganathan, M.; Thurnauer, H.; Creatura, G.; Surti, T.; Planeta,
B.; Neumeister, A.; Pittman, B.; Normandin, M.; et al. Rapid changes in CB1 receptor availability in
cannabis dependent males after abstinence from cannabis. Biol. Psychiatry Cogn. Neurosci. Neuroimaging
2016, 1, 60-67.

Hirvonen, J.; Goodwin, R.S,; Li, C.T.; Terry, G.E.; Zoghbi, S.S.; Morse, C.; Pike, V.W.; Volkow, N.D.;
Huestis, M.A.; Innis, R.B. Reversible and regionally selective downregulation of brain cannabinoid
CB1 receptors in chronic daily cannabis smokers. Mol. Psychiatry 2012, 17, 642-649.

Bonnin, A.; de Miguel, R.; Hernandez, M.L.; Ramos, J.A.; Fernandez-Ruiz, J.J. The prenatal exposure
to delta 9-tetrahydrocannabinol affects the gene expression and the activity of tyrosine hydroxylase
during early brain development. Life Sci. 1995, 56, 2177-2184.

Bosier, B.; Muccioli, G.G.; Mertens, B.; Sarre, S.; Michotte, Y.; Lambert, D.M.; Hermans, E. Differential
modulations of striatal tyrosine hydroxylase and dopamine metabolism by cannabinoid agonists as
evidence for functional selectivity in vivo. Neuropharmacology 2012, 62, 2328-2336.

Campolongo, P.; Trezza, V.; Cassano, T.; Gaetani, S.; Morgese, M.G.; Ubaldi, M.; Soverchia, L.;
Antonelli, T.; Ferraro, L.; Massi, M.; et al. Perinatal exposure to delta-9-tetrahydrocannabinol causes
enduring cognitive deficits associated with alteration of cortical gene expression and
neurotransmission in rats. Addict. Biol. 2007, 12, 485-495.

de Greeff, ].W.; Bosker, R.J.; Oosterlaan, J.; Visscher, C.; Hartman, E. Effects of physical activity on
executive functions, attention and academic performance in preadolescent children: A meta-analysis.
J. Sci. Med. Sport. 2018, 21, 501-507.

Verburgh, L.; Koénigs, M.; Scherder, E.J.; Oosterlaan, J. Physical exercise and executive functions in
preadolescent children, adolescents and young adults: A meta-analysis. Br. |. Sports Med. 2014, 48, 973—
979.

Lu, B.; Nagappan, G.; Lu, Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb.
Exp. Pharmacol. 2014, 220, 223-250.

Walsh, J.J.; Tschakovsky, M.E. Exercise and circulating BDNF: Mechanisms of release and implications
for the design of exercise interventions. Appl. Physiol. Nutr. Metab. 2018, 43, 1095-1104.

Erickson, K.I; Hillman, C.; Stillman, C.M.; Ballard, R.M.; Bloodgood, B.; Conroy, D.E.; Macko, R;
Marquez, D.X,; Petruzzello, S.J.; Powell, K.E. Physical activity, cognition, and brain outcomes: A
review of the 2018 physical activity guidelines. Med. Sci. Sports Exerc. 2019, 51, 1242-1251.

Szuhany, K.L.; Bugatti, M.; Otto, M.\W. A meta-analytic review of the effects of exercise on brain-
derived neurotrophic factor. J. Psychiatr. Res. 2015, 60, 56-64.

Walsh, E.L; Smith, L.; Northey, ]J.; Rattray, B.; Cherbuin, N. Towards an understanding of the physical
activity-BDNF-cognition triumvirate: A review of associations and dosage. Ageing Res. Rev. 2020, 11,
101044.

Wigal, S.B.; Emmerson, N.; Gehricke, ].G.; Galassetti, P. Exercise: Applications to childhood ADHD. .
Atten. Disord. 2013, 17, 279-290.

Ashdown-Franks, G.; Firth, J.; Carney, R.; Carvalho, A.F.; Hallgren, M.; Koyanagi, A.; Rosenbaum, S.;
Schuch, F.B.; Smith, L.; Solmi, M.; et al. Exercise as medicine for mental and substance use disorders:
A meta-review of the benefits for neuropsychiatric and cognitive outcomes. Sports Med. 2020, 50, 151-
170.

Mercurio, L.Y.; Amanullah, S.; Gill, N.; Gjelsvik, A. Children with ADHD engage in less physical
activity. J. Atten. Disord. 2019, 1087054719887789.

Jung, S.; Kim, K. Exercise-induced PGC-1a transcriptional factors in skeletal muscle. Integr. Med. Res.
2014, 3, 155-160.

Masuo, Y.; Ishido, M.; Morita, M.; Oka, S. Effects of neonatal treatment with 6-hydroxydopamine and
endocrine disruptors on motor activity and gene expression in rats. Neural Plast. 2004, 11, 59-76.
Barakat, R.; Lin, P.C.; Park, C.J.; Best-Popescu, C.; Bakry, H.H.; Abosalem, M.E.; Abdelaleem, N.M;
Flaws, J.A.; Ko, C. Prenatal exposure to DEHP induces neuronal degeneration and neurobehavioral
abnormalities in adult male mice. Toxicol. Sci. 2018, 164, 439-452.

Lee, K.I; Chiang, C.W.; Lin, H.C,; Zhao, ].F.; Li, C.T.; Shyue, SK.; Lee, T.S. Maternal exposure to di-(2-
ethylhexyl) phthalate exposure deregulates blood pressure, adiposity, cholesterol metabolism and
social interaction in mouse offspring. Arch. Toxicol. 2016, 90, 1211-1224.



Int. ]. Mol. Sci. 2020, 21, 3867 15 of 17

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Clinton, S.M.; Sucharski, LL.; Finlay, ].M. Desipramine attenuates working memory impairments
induced by partial loss of catecholamines in the rat medial prefrontal cortex. Psychopharmacology 2006,
183, 404-412.

Yoon, T.; Okada, J.; Jung, M\W.; Kim, ].J. Prefrontal cortex and hippocampus subserve different
components of working memory in rats. Learn. Mem. 2008, 15, 97-105.

Liu, D,; Gu, X.; Zhu, J.; Zhang, X.; Han, Z.; Yan, W.; Cheng, Q.; Hao, J.; Fan, H.; Hou, R.; et al. Medial
prefrontal activity during delay period contributes to learning of a working memory task. Science 2014,
346, 458-463.

Ozdemir, A.T.; Lagler, M.; Lagoun, S.; Malagon-Vina, H.; Lasztoczi, B.; Klausberger, T. Unexpected
rule-changes in a working memory task shape the firing of histologically identified delay-tuned
neurons in the prefrontal cortex. Cell Rep. 2020, 30, 1613-1626.

Porter, M.C.; Burk, J.A.; Mair, R.G. A comparison of the effects of hippocampal or prefrontal cortical
lesions on three versions of delayed non-matching-to-sample based on positional or spatial cues. Behav.
Brain Res. 2000, 109, 69-81.

Kougias, D.G.; Sellinger, E.P.; Willing, J.; Juraska, J.M. Perinatal exposure to an environmentally
relevant mixture of phthalates results in a lower number of neurons and synapses in the medial
prefrontal cortex and decreased cognitive flexibility in adult male and female rats. ]. Neurosci. 2018, 38,
6864-6872.

Lin, H; Yuan, K;; Li, L;; Liu, S; Li, S;; Hu, G.; Lian, Q.Q.; Ge, R.S. In utero exposure to diethylhexyl
phthalate affects rat brain development: A behavioral and genomic approach. Int. |. Environ. Res. Public
Health. 2015, 12, 13696-13710.

Ran, D.; Luo, Y.; Gan, Z,; Liy, ]J.; Yang, J. Neural mechanisms underlying the deficit of learning and
memory by exposure to di(2-ethylhexyl) phthalate in rats. Ecotoxicol. Environ. Saf. 2019, 174, 58-65.
Avery, M.C.; Krichmar, J.L. Improper activation of D1 and D2 receptors leads to excess noise in
prefrontal cortex. Front. Comput. Neurosci. 2015, 9, 31.

Holahan, M.R.; Smith, C.A.; Luu, B.E.; Storey, K.B. Preadolescent phthalate (DEHP) exposure is
associated with elevated locomotor activity and reward-related behavior and a reduced number of
tyrosine hydroxylase positive neurons in post-adolescent male and female rats. Toxicol. Sci. 2018, 165,
512-530.

Wang, R.; Xu, X.; Zhu, Q. Pubertal exposure to di-(2-ethylhexyl) phthalate influences social behavior
and dopamine receptor D2 of adult female mice. Chemosphere 2016, 144, 1771-1779.

Ishido, M.; Morita, M.; Oka, S.; Masuo, Y. Alteration of gene expression of G protein-coupled receptors
in endocrine disruptors-caused hyperactive rats. Regul. Pept. 2005, 126, 145-153.

Andersen, S.L.; Thompson, A.P.; Krenzel, E.; Teicher, M.H. Pubertal changes in gonadal hormones do
not underlie adolescent dopamine receptor overproduction. Psychoneuroendocrinology 2002, 27, 683—
691.

Andersen, S.L.; Thompson, A.T.; Rutstein, M.; Hostetter, ]J.C.; Teicher, M.H. Dopamine receptor
pruning in prefrontal cortex during the periadolescent period in rats. Synapse 2000, 37, 167-169.
Ceccarini, J.; Ahmad, R.; Van de Vliet, L.; Casteels, C.; Vandenbulcke, M.; Vandenberghe, W.; Van
Laere, K. Behavioral symptoms in premanifest Huntington disease correlate with reduced frontal
CBIR levels. |. Nucl. Med. 2019, 60, 115-121.

Ceccarini, J.; Casteels, C.; Ahmad, R.; Crabbé, M.; Van de Vliet, L.; Vanhaute, H.; Vandenbulcke, M.;
Vandenberghe, W.; Van Laere, K. Regional changes in the type 1 cannabinoid receptor are associated
with cognitive dysfunction in Parkinson’s disease. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2348-2357.
Eggan, S.M.; Hashimoto, T.; Lewis, D.A. Reduced cortical cannabinoid 1 receptor messenger RNA and
protein expression in schizophrenia. Arch. Gen. Psychiatry 2008, 65, 772-784.

Ruiz-Contreras, A.E.; Carrillo-Sanchez, K.; Ortega-Mora, I.; Barrera-Tlapa, M.A.; Roman-Loépez, T.V,;
Rosas-Escobar, C.B.; Flores-Barrera, L.; Caballero-Sanchez, U.; Munoz-Torres, Z.; Romero-Hidalgo, S.;
et al. Performance in working memory and attentional control is associated with the rs2180619 SNP in
the CNR1 gene. Genes Brain Behav. 2014, 13, 173-178.

Castelli, M.; Federici, M.; Rossi, S.; De Chiara, V.; Napolitano, F.; Studer, V.; Motta, C.; Sacchetti, L.;
Romano, R.; Musella, A.; et al. Loss of striatal cannabinoid CB1 receptor function in attention-
deficit/hyperactivity disorder mice with point-mutation of the dopamine transporter. Eur. . Neurosci.
2011, 34, 1369-1377.



Int. J. Mol. Sci. 2020, 21, 3867 16 of 17

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Chiodi, V.; Uchigashima, M.; Beggiato, S.; Ferrante, A.; Armida, M.; Martire, A.; Potenza, R.L.; Ferraro,
L.; Tanganelli, S.; Watanabe, M.; et al. Unbalance of CB1 receptors expressed in GABAergic and
glutamatergic neurons in a transgenic mouse model of Huntington’s disease. Neurobiol. Dis. 2012, 45,
983-991.

Bisset, K.M.; Dhopeshwarkar, A.S.; Liao, C.; Nicholson, R.A. The G protein-coupled cannabinoid-1
(CB1) receptor of mammalian brain: Inhibition by phthalate esters in vitro. Neurochem. Int. 2011, 59,
706-713.

Carbone, S.; Szwarcfarb, B.; Ponzo, O.; Reynoso, R.; Cardoso, N.; Deguiz, L.; Moguilevsky, J.A.; Scacchi,
p. Impact of gestational and lactational phthalate exposure on hypothalamic content of amino acid
neurotransmitters and FSH secretion in peripubertal male rats. Neurotoxicology 2010, 31, 747-751.
Rubio, M.; de Miguel, R.; Fernandez-Ruiz, J.; Gutiérrez-Lépez, D.; Carai, M.A.; Ramos, J.A. Effects of
a short-term exposure to alcohol in rats on FAAH enzyme and CB1 receptor in different brain areas.
Drug Alcohol Depend. 2009, 99, 354-358.

Rubio, M.; McHugh, D.; Fernandez-Ruiz, J.; Bradshaw, H.; Walker, ]. M. Short-term exposure to alcohol
in rats affects brain levels of anandamide, other N-acylethanolamines and 2-arachidonoyl-glycerol.
Neurosci. Lett. 2007, 421, 270-274.

Qiu, F.; Zhou, Y.; Deng, Y.; Yi, ].; Gong, M.; Liu, N.; Wei, C.; Xiang, S. Knockdown of TNFAIP1 prevents
di-(2-ethylhexyl) phthalate-induced neurotoxicity by activating CREB pathway. Chemosphere 2020, 241,
125114.

Smith, C.A.; Holahan, M.R. Reduced hippocampal dendritic spine density and BDNF expression
following acute postnatal exposure to di(2-ethylhexyl) phthalate in male Long Evans rats. PloS One
2014, 9, €109522.

Rios, M.; Fan, G.; Fekete, C.; Kelly, ]J.; Bates, B.; Kuehn, R.; Lechan, R.M.; Jaenisch, R. Conditional
deletion of brain-derived neurotrophic factor in the postnatal brain leads to obesity and hyperactivity.
Mol. Endocrinol. 2001, 15, 1748-1757.

Fumagalli, F.; Racagni, G.; Colombo, E.; Riva, M.A. BDNF gene expression is reduced in the frontal
cortex of dopamine transporter knockout mice. Mol. Psychiatry 2003, 8, 898-899.

Kim, H.; Heo, H.I; Kim, D.H.; Ko, I.G.; Lee, S.S.; Kim, S.E.; Kim, B.K,; Kim, TW.; Ji, E.S.; Kim, J.D.; et
al. Treadmill exercise and methylphenidate ameliorate symptoms of attention deficit/hyperactivity
disorder through enhancing dopamine synthesis and brain-derived neurotrophic factor expression in
spontaneous hypertensive rats. Neurosci. Lett. 2011, 504, 35-39.

Bimonte, H.A.; Nelson, M.E.; Granholm, A.C. Age-related deficits as working memory load increases:
Relationships with growth factors. Neurobiol. Aging 2003, 24, 37—48.

Islam, R.; Matsuzaki, K.; Sumiyoshi, E.; Hossain, M.E.; Hashimoto, M.; Katakura, M.; Sugimoto, N.;
Shido, O. Theobromine improves working memory by activating the CaMKII/CREB/BDNF pathway
in rats. Nutrients 2019, 11, 888.

Ferreira, F.F.; Ribeiro, F.F.; Rodrigues, R.S.; Sebastido, A.M.; Xapelli, S. Brain-derived neurotrophic
factor (BDNF) role in cannabinoid-mediated neurogenesis. Front. Cell. Neurosci. 2018, 12, 441.
Butovsky, E.; Juknat, A.; Goncharov, I; Elbaz, J.; Eilam, R.; Zangen, A.; Vogel, Z. In vivo up-regulation
of brain-derived neurotrophic factor in specific brain areas by chronic exposure to Delta-
tetrahydrocannabinol. |. Neurochem. 2005, 93, 802-811.

Aso, E.; Ozaita, A.; Valdizdan, E.MM.; Ledent, C.; Pazos, A.; Maldonado, R.; Valverde, O. BDNF
impairment in the hippocampus is related to enhanced despair behavior in CB1 knockout mice. J.
Neurochem. 2008, 105, 565-572.

Maison, P.; Walker, D.J.; Walsh, F.S.; Williams, G.; Doherty, P. BDNF regulates neuronal sensitivity to
endocannabinoids. Neurosci. Lett. 2009, 467, 90-94.

Chang, Y.K,; Etnier, ].L. Exploring the dose-response relationship between resistance exercise intensity
and cognitive function. J. Sport Exerc. Psychol. 2009, 31, 640-656.

McMorris, T.; Sproule, J.; Turner, A.; Hale, B.J. Acute, intermediate intensity exercise, and speed and
accuracy in working memory tasks: A meta-analytical comparison of effects. Physiol. Behav. 2011, 102,
421-428.

Amiri, A.; Torabi Parizi, G.; Kousha, M.; Saadat, F.; Modabbernia, M.].; Najafi, K.; Atrkar Roushan, Z.
Changes in plasma brain-derived neurotrophic factor (BDNF) levels induced by methylphenidate in



Int. ]. Mol. Sci. 2020, 21, 3867 17 of 17

81.

82.

83.

84.

85.

86.

87.

88.

89.

children with attention deficit-hyperactivity disorder (ADHD). Prog. Neuropsychopharmacol. Biol.
Psychiatry 2013, 47, 20-24.

Raichlen, D.A.; Foster, A.D.; Seillier, A.; Giuffrida, A. Gerdeman, G.L. Exercise-induced
endocannabinoid signaling is modulated by intensity. Eur. J. Appl. Physiol. 2013, 113, 869-875.

Hill, M.N.; Titterness, A.K.; Morrish, A.C.; Carrier, E.J.; Lee, T.T.; Gil-Mohapel, J.; Gorzalka, B.B.;
Hillard, CJ.; Christie, B.R. Endogenous cannabinoid signaling is required for voluntary exercise-
induced enhancement of progenitor cell proliferation in the hippocampus. Hippocampus 2010, 20, 513—
523.

Heyman, E.; Gamelin, F.X.; Goekint, M.; Piscitelli, F.; Roelands, B.; Leclair, E.; Di Marzo, V.; Meeusen,
R. Intense exercise increases circulating endocannabinoid and BDNF levels in humans--possible
implications for reward and depression. Psychoneuroendocrinology 2012, 37, 844-851.

Ferreira-Vieira, T.H.; Bastos, C.P.; Pereira, G.S.; Moreira, F.A.; Massensini, A.R. A role for the
endocannabinoid system in exercise-induced spatial memory enhancement in mice. Hippocampus 2014,
24,79-88.

Raubertas, R.F.; Davis, B.A.; Bowen, W.H.; Pearson, S.K.; Watson, G.E. Litter effects on caries in rats
and implications for experimental design. Caries Res. 1999, 33, 164-169.

Shelby, M.D. NTP-CERHR monograph on the potential human reproductive and developmental
effects of di (2-ethylhexyl) phthalate (DEHP). Ntp Cerhr Mon 2006, v, vii-7, II-iii-xiii passim.

Campioli, E.; Martinez-Arguelles, D.B.; Papadopoulos, V. In utero exposure to the endocrine disruptor
di-(2-ethylhexyl) phthalate promotes local adipose and systemic inflammation in adult male offspring.
Nutr. Diabetes. 2014, 4, e115.

Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited.
FASEB ]. 2008, 22, 659-661.

Wang, D.C,; Liu, P.C.; Hung, H.S.; Chen, T.]. Both PKMC( and KIBRA are closely related to reference
memory but not working memory in a T-maze task in rats. J. Comp. Physiol. A Neuroethol. Sens. Neural
Behav. Physiol. 2014, 200, 77-82.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).



