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Environmental stimuli in early life are recognized to affect brain development and behavior. Mother-pup
interaction constitutes a determinant stimulus during this critical period. It is known that the dopaminergic
system undergoes significant reorganization during adolescence and that dopamine receptors are involved in
recognition memory. Based on the above, we examined the effects of brief and prolonged maternal separation
during the neonatal period (15 or 180 min daily) on basal ganglia dopamine receptors and on the behavior in the
novel object recognition task of adolescent and adult male rats. Using the NOR task, we observed that the
discrimination index (DI) was decreased in rats with brief maternal separations independent of age. Using re-
ceptor autoradiography, we observed that brief maternal separation induced decreases in D1, D2 and D4 receptor
binding levels in adult basal ganglia nuclei, while prolonged maternal separation induced increases in D1 re-
ceptor binding levels in caudate - putamen (CPu) of adolescent rats. With immunoblotting experiments, we found
decreases in D1 and increases in D2 total protein levels in CPu of adult rats with prolonged maternal separations.
A positive correlation was observed between DI and D1 binding levels in CPu, internal globus pallidus and
substantia nigra, and D2 binding levels in nucleus accumbens core in adult rats, using the Pearson correlation
coefficient. Our results indicate that the long-lasting effects of neonatal mother-offspring separation on dopamine
receptors depend on the duration of maternal separation and age and that this early life experience impairs
recognition memory in adolescent and adult rats. Furthermore, the present results suggest that modulation of
striatal dopamine receptors might underlie the reduced recognition memory of adult rats with brief neonatal
maternal separations.

1. Introduction

Environmental stimuli during early life play a pivotal role in
modulating the development of the immature brain (Miguel et al.,
2019). Positive experiences are linked to increased ability of the or-
ganism to respond to, cope with and adapt to stressful input, while
negative experiences are highly associated with increased vulnerability
to stressors and psychiatric disorders later in life, such as schizophrenia,
anxiety related disorders, ADHD, addiction and anhedonia (Heim and
Nemeroff, 2001). Adolescence is a critical developmental window and a
time of high-risk behavior and increased exploration. It is also a period
when the brain is undergoing many complex changes that can exert
long-term influences on decision making and cognitive processes (Spear,

2000). In rats, adolescence extents approximately from P35-60 (Larsen
and Luna, 2018; Piekarski et al., 2017) and some researchers consider
early to mid-adolescence ranging from approximately P28 to P44 and
late adolescence extending from approximately P44 to P56 (Bishnoi
et al., 2020; Lupien et al., 2009; Spear and Swartzwelder, 2014).

The dopaminergic system undergoes significant reorganization dur-
ing postnatal development. Several studies indicate that the dopami-
nergic receptor levels peak during mid-adolescence and then return to
adult levels (Gelbard et al., 1989; Giorgi et al., 1987; Tarazi and Bal-
dessarini, 2000; Teicher et al., 1995). Moreover, dopamine, 3,4-dihy-
droxyphenylacetic acid (DOPAC) and dopamine transporter (DAT)
levels continue to increase after birth until adulthood (Giorgi et al.,
1987; Tarazi et al., 1998b). Five distinct dopamine receptors have been
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characterized and divided into one of two discrete populations. D1 and
D5 receptors belong to the D1-like family, while D2, D3 and D4 re-
ceptors belong to D2-like family. D1-like receptors primarily activate
adenylyl cyclase and stimulate cAMP accumulation, while D2-like re-
ceptors act oppositely. In addition to the regulation of cAMP, several
studies have revealed that dopamine receptors can exert their biological
effects through alternative signaling pathways, such as the regulation of
phospholipace C-mediated pathways or activation of G-protein-inde-
pendent mechanisms involving p-arrestin 2 (Beaulieu and Gainetdinov,
2011; Beaulieu et al., 2015; Missale et al., 1998). Dopamine receptors
are distributed in several brain areas, including caudate-putamen (CPu),
nucleus accumbens (NAc), prefrontal cortex, hippocampus, ventral
tegmental area, and substantia nigra (SN) (Boyson et al., 1986). In CPu,
which corresponds to dorsal striatum, medium spiny neurons (MSNs) of
the direct and indirect pathway differ in their expression of dopamine
receptors and peptides. Direct pathway striatonigral neurons express D1
dopamine receptors and substance P, while indirect pathway striato-
pallidal neurons express D2 dopamine receptors and enkephalin (Gerfen
et al., 1990; Surmeier et al., 1996). D4 dopamine receptors are located
almost exclusively on striatal projection neurons since double labelling
immunostaining techniques do not show D4 receptors in striatal in-
terneurons (Rivera et al., 2003). In NAc, which corresponds to ventral
striatum, previous studies have described analogous to the dorsal
striatum direct and indirect pathways. In NAc, MSNs of the direct
pathway express D1 receptors, while MSNs of the indirect pathway ex-
press D2 receptors (Heimer et al., 1991; Ikemoto, 2007; Zahm and
Heimer, 1990). Subcellular localization of D4 receptors using electron
microscopic immnocytochemisty has indicated that the D4 receptors in
striatum are primarily postsynaptic (Rivera et al., 2003), while in the
shell portion of NAc a major presynaptic localization has been reported
(Svingos et al., 2000).

In the present study we used two well established animal models of
early life stress, referred in the literature as neonatal handling and
maternal separation, which consist of brief or prolonged daily separa-
tions of mother and offspring for the first postnatal weeks, correspond-
ingly. The neonatal handling model, originally developed by Levine
(1957), consists of brief daily separations (3-15 min) of mother and
offspring during the first postnatal weeks. The maternal separation
model, originally developed by Plotsky and Meaney (1993), consists of
longer mother-offspring separations (1 — 6 h) during the first postnatal
weeks. Several neonatal handling and maternal separation paradigms
are used, in which the frequency, duration and postnatal period vary.
Both paradigms are considered to have long-lasting effects later in life on
the hypothalamic-pituitary-adrenal (HPA) axis function and on stress
response.

Neonatal handling results in increased number of glucocorticoid
receptors in the adult brain as well as reduced corticotropin-releasing
hormone, adrenocorticotropin and corticosterone release following
exposure to stressful stimuli (Bhatnagar and Meaney, 1995; Chapillon
et al., 2002; Meaney et al., 1991, 1985; Plotsky and Meaney, 1993;
Vallée et al., 1997, 1996). Behavioral studies highlight that neonatally
handled animals show reduced emotional responses expressed through
increased exploration in new environments and reduced fear and
freezing (Chapillon et al., 2002; Fernandez-Teruel et al., 1997; Meaney
et al., 1991; Meerlo et al., 1999; Tsotsokou et al., 2021; Vallée et al.,
1997). Furthermore, it has been reported that neonatal handling im-
proves spatial memory and learning (Kosten et al., 2012; Raineki et al.,
2014).

On the other hand, the data on the maternal separation model are not
consistent most likely due to the variability in the duration of maternal
separation and the extend of the neonatal period during which maternal
separation is applied. Several review studies have appeared in the
literature addressing the variability of the maternal separation paradigm
(Bolton et al., 2017; Kosten et al., 2012; Lehmann and Feldon, 2000;
Nishi, 2020; Nylander and Roman, 2013; Pryce and Feldon, 2003;
Tractenberg et al., 2016; Wang et al., 2020). Several studies have shown
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that maternal separation changes the offspring’s neuroendocrine and
behavioral stress response in an opposite direction to neonatal handling;
maternally separated animals show increased anxiety-like behavior,
depressive behavior and impaired cognitive functions (Banqueri et al.,
2017; Daniels et al., 2004; de Souza et al., 2022; Huot et al., 2001; Lee
et al., 2007; Tsotsokou et al., 2021). Other studies report no significant
differences on the HPA axis, on adult anxiety-like behavior, and cogni-
tion between maternally separated and control animals (Biagini et al.,
1998; Hulshof et al., 2011; Lehmann et al., 1999, 1998; Lundberg et al.,
2020; Shalev and Kafkafi, 2002).

Previous studies albeit limited have provided evidence for the effects
of these neonatal manipulations on dopamine receptors. In male
adolescent Sprague-Dawley rats (P44), using immunofluorescence and
confocal microscopy, it has been shown that a 4 h per day maternal
separation between P2 and P20 heightened the increase of D1 receptor
expression while diminished the expression of D2 receptor observed
during adolescence on glutamatergic projection neurons of prefrontal
cortex (Brenhouse et al., 2013). Moreover, in female adolescent Wistar
rats (P39-P42), it has been reported that a 3 h per day maternal sepa-
ration between P1 and P14 led to a decrease in D5 receptor mRNA levels
and an increase in D2 receptor mRNA levels in prelimbic cortex, an in-
crease in D1 and D5 receptor mRNA levels and a decrease in D3 receptor
mRNA levels in CPu, as well as a decrease in D2 receptor mRNA levels in
NAc (Majcher-Maslanka et al., 2017). Furthermore, using receptor
autoradiography in adult male Wistar rats (P70), it has been indicated
that 15 min or 360 min separations between P1 and P21 had no effect on
D1 and D2 binding sites in CPu and NAc, but an effect was reported on
D1 binding sites in hippocampus and D2 binding sites in ventral
tegmental area (VTA) of adult rats after 15 min separations (Ploj et al.,
2003). Additionally, in adult male Long-Evans rats (P90), it has been
reported that a 15 min or a 180 min maternal separation between P1 and
P14 led to increases in D1 binding sites but not in D2 binding sites in
CPu, and lack of changes in either D1 or D2 receptor binding sites in NAc
(Brake et al., 2004).

It is known that rodents show an innate preference for novel over
familiar objects. Rodents readily approach objects and investigate them
physically (Aggleton, 1985). This behavior contains two components,
the spatial learning which relies heavily in hippocampal activity and the
non-spatial learning of object identity which relies on multiple brain
regions involved in procedural memory which relies on the motor cen-
ters of the brain. The novel object recognition (NOR) task has become
the hallmark method used in assessing non-spatial learning in rodents
(Cohen and Stackman, 2015; Denninger et al., 2018). The standard
one-trial object recognition task measures spontaneous behavior and
involves memory of a familiar object in parallel with the detection and
encoding of a novel object and detects disruption and improvement of
recognition memory in rodents by measuring their ability to discrimi-
nate between familiar and novel objects. The NOR task has been proven
very useful to study short-term memory, intermediate-term memory and
long-term memory, through manipulation of the retention interval, i.e.
the amount of time animals must retain memory of the sample presented
during the familiarization phase before the test phase (Antunes and
Biala, 2012; Dere et al., 2007; Ennaceur, 2010; Taglialatela et al., 2009).

Previous studies have examined the effects of brief or prolonged
maternal separations on novel object recognition in adolescent and adult
rats. However, the variability in NOR methodology across the small
number of studies complicate the ability to draw clear conclusions. It has
been shown that late adolescent female rats (P55) exposed to brief
separations exhibit enhanced novel object recognition compared to
control (Plescia et al., 2014) and early adolescent rats (P28-33) exposed
to brief separations show enhanced novel object recognition compared
to adolescent rats exposed to prolonged separations (Frankola et al.,
2010). In adult rats, novel object recognition has been explored only
after prolonged maternal separations. Using short retention intervals (5
min), Grace et al. (2009) have shown that maternal separation has no
effect on novel object recognition at P62, while Hulshof et al. (2011)
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found that maternally separated rats in combination with an adult
stressor have impaired recognition memory. Several studies in adults
using longer retention intervals (1 h or 24 h) have revealed either no
effect of maternal separation (Makena et al., 2012; Vivinetto et al.,
2013), or impaired novel object recognition memory (Aisa et al., 2007;
Benetti et al., 2009).

Several studies have shown that modulation of dopamine receptors
affects the performance of rodents in the novel object recognition task.
The D1-R agonist, SKF 81297, given to rats prior to the test impairs both
one-trial object recognition and one-trial object—place recognition at a
delay of 15 min, while it enhances both one-trial object recognition and
one-trial object—place recognition after a 4-h delay between acquisition
and retention trial (Hotte et al., 2005). Moreover, the D1 antagonists
SCH23390 and SKF83566, given ip. prior to the test, induce a deficit in
novel object recognition at a delay of 1 min (Horiguchi et al., 2013).
Furthermore, Yang et al. (2017) have shown that preventing D1-like
receptor activity throughout the brain in knock-out mice or systemi-
cally inhibiting D1 receptors with the D1 antagonist SCH23390 imme-
diately after training, effectively blocks the preference for the novel
object at a 24 h delay. Moreover the D2 receptor antagonist, raclopride,
when administered i.p. impairs one-trial object recognition in rats after a
1-min delay (Woolley et al., 2003). In addition, Besheer et al. (2001)
have shown that the dopamine receptor antagonists sulpiride (D2 re-
ceptor), U-99194A (D3 receptor), clozapine (D4 receptor) and L-745,
870 (D4 receptor), administered prior to the sample trial, have no effect
on one-trial object recognition in rats after a 60-min delay.

Attention has been attracted to D4 receptors since several atypical
antipsychotic drugs, such as clozapine, have high affinity for these re-
ceptors. In humans, polymorphisms of D4 receptor have been associated
with novelty-seeking traits (Munafo et al., 2008; Okuyama et al., 2000;
Powell et al.,, 2003) and D4 knock-out mice exhibit reduced
novelty-seeking behavior (Dulawa et al., 1999). Moreover, the effects of
D4 receptor agonists and antagonists have been investigated on the
novel object recognition task. In particular, it has been shown that
RO-10-5824, a selective dopamine D4 receptor agonist increases novel
object exploration in C57 mice (Powell et al., 2003). Furthermore, it has
been shown that the selective dopamine D4 receptor agonist A-412997
improves a temporally induced deficit in the rat novel object recognition
task without influencing reward-related behaviour in rat (Woolley et al.,
2008). Moreover, when the dopamine D4 receptor agonist, PD168077,
has been given at low doses rats failed to discriminate between familiar
and novel object, while rats given higher doses explored the novel object
more than the familiar object (Sood et al., 2011). A recent study has
explored the effect of the D4 agonist, PD168077, and the D4 antagonist,
L-745,870, alone, and in combination with clozapine and lurasidone.
This study reported that in normal rats, L-745,870 impaired novel object
recognition, whereas PD168077 had no effect and further showed that
D4 receptor stimulation has a beneficial effect on novel object recog-
nition in sub-chronic phencyclidine- induced novel object recognition
deficit in rats (Miyauchi et al., 2017).

In the present study we aimed to examine whether dopamine re-
ceptors are affected by early life stress and provide a within study
comparison of the effects of brief versus prolonged neonatal maternal
separation on basal ganglia dopamine receptors. Based on the involve-
ment of dopamine receptors in novel object recognition, we were
interested to examine whether possible changes in basal ganglia dopa-
mine receptors might underlie changes in object recognition memory
resulting from neonatal maternal separation. Thus, we examined the
effect of brief and prolonged mother-offspring separation on D1, D2 and
D4 dopamine receptors (protein expression and biding levels) and on the
novel object recognition task in male rats, as well as the correlation
between the novel object recognition task and dopamine receptor
binding and protein levels in the brain regions examined, using the
Pearson correlation analysis. Furthermore, we were interested to
examine whether the long-lasting effects of early life stress are differ-
ently manifested on dopamine receptors and NOR between adolescence
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and adulthood.
2. Materials and methods
2.1. Experimental animals and neonatal manipulations

Male Wistar rats were raised in the Animal Facility of the School of
Medicine of the University of Patras under standard conditions (21 +
1 °C; 12 h light/dark cycle, lights on at 08:00 h) and received food and
water ad libitum. Two or three virgin females were housed with one stud
male rat for 10 days. Females were caged separately, and litters were
randomly assigned to one of the three experimental groups: control (C),
brief maternally separated (BMS), and prolonged maternally separated
(PMS) animals. The day of birth was defined as postnatal day 0 (P0). At
weaning day (P22), three to four male animals of the same litter and
group were placed per cage and kept under standard housing conditions
in the same room. Experiments were approved by the Veterinary
Administration of the Prefecture of Achaia, Greece (license number: EL-
13-BIOexp04) and carried out in agreement with the ethical recom-
mendation of the European Communities Council Directives of
November 24, 1986 (86/609/EEC) and of September 22, 2010 (2010/
63/EU). All efforts were made to minimize the number of animals used
and their suffering.

The neonatal handling and maternal separation protocols were
employed in the present study. Every day the mother was removed to an
adjacent cage (always the same throughout the handling period). Sub-
sequently, all offspring of the litter were placed together in a plastic cage
(always the same throughout the handling period) lined with bedding
material and transferred in another room maintained at 30-32 °C either
for 15 min (brief maternally separated , BMS group) or 180 min (pro-
longed maternally separated, PMS group). After the appropriate period,
pups and then their mothers were returned to their home cages. The
neonatal manipulations were employed from P1 until P21. Control lit-
ters (C group) were left undisturbed until weaning.

2.2. Tissue preparation

For the in vitro receptor binding experiments, adolescent and adult
male rats were deeply anesthetized with isoflurane, decapitated and the
brains were isolated and flash-frozen in — 50 °C isopentane. Brain tissue
was kept at — 80 °C, until use. Coronal 15 um sections were collected
using a cryostat (Leica CM1500, Germany) at — 20 °C, and thaw
mounted onto slides (StarFrost, Knittel Glaser, Germany). Sections were
air-dried at RT and stored at — 80 °C until the day of experimentation.
Three coronal sections were collected non-consecutively on each slide.
Sections were collected according to the rat brain atlas (Paxinos and
Watson, 2007) and included caudate-putamen (CPu), NAc (AP 2.28-AP
1.56), internal globus pallidus (GPi) (AP —1.92 — AP —2.76) and SN (AP
—4.44 — AP —4.92). For the Western blot experiments, brain tissue of C,
BMS and PMS adult male rats were used. For striatal tissue, brains were
isolated as described above and right and left striata were dissected out,
frozen rapidly in liquid nitrogen, and stored at — 80°C, until the day of
homogenization. For NAc tissue, coronal 50 pm sections at AP 2.28 — AP
1.56 were collected and stored at -80 °C. Nucleus accumbens was
anatomically defined according to the rat brain atlas (Paxinos and
Watson, 2007) using a stereoscope, isolated from the surrounding brain
tissue by scrapping and stored in eppendorf microtubes until the day of
homogenization.

2.3. In vitro receptor binding

Control (C), brief maternally separated (BMS) and prolonged
maternally separated (PMS) adolescent (P39-41) (n = 6-8 per group)
and adult rats (P113-115 for D1 and D2 receptors and P209-212 for D4
receptors) (n = 8-10 per group) were used in the present study to
identify D1, D2 and D4 dopamine receptors using in vitro receptor
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binding. The same cohort of adolescent animals was used for D1, D2 and
D4 receptor binding assays and a different cohort of adult animals was
used for D1, D2 and D4 receptor binding assays. Experimental assays
were performed according to the previously established protocols
(Fanarioti et al., 2015; Tarazi et al., 1998a; Tarazi and Baldessarini,
2000). D1 receptor binding was performed using 2.1-3.0 nM [°H]
SCH23390 (83.2 Ci/mmol) (PerkinElmer Life Science, Belgium) and 40
nM ketanserin (Tocris, UK). Non-specific binding was determined in the
presence of 1 pM cis-flupenthixol (RBI, UK). D2 receptor binding was
performed using 3.5-3.7 nM [*H] raclopride (73.8 and 80.4 Ci/mmol)
(PerkinElmer Life Science, Belgium). Non-specific binding was deter-
mined in the presence of 1 uM cis-flupenthixol. D4 receptor binding was
performed using 2.7-2.8 nM [®H] YM-09151-2 (82.4 Ci/mmol) (Per-
kinElmer Life Science, Belgium), 0.5 mM DTG (Tocris, UK), 300 nM
raclopride (EMD Millipore, USA) and 0.1 mM pindolol (Tocris, UK).
Non-specific binding was determined in the presence of 50 puM (S)-(-)
sulpiride (Tocris, UK).

2.4. Autoradiography and quantification

The slides were opposed to BioMax MR film (Sigma Aldrich) in X-ray
film cassettes along with [3H] microscales (ARC, St. Louis, MO, USA) for
5 - 11.5 months, depending on the receptor. After exposure, films were
developed and fixed in Fuji developer and fixer. Autoradiograms were
scanned and relative optical densities (ROD) were measured with the
MCID 7.0 software (Imaging Research Inc, St. Catharines, ON, Canada).
ROD measurements were converted into fmoles of tritiated ligand per
mg tissue equivalent according to the calibration obtained from the
tritium standards (ARC). The anatomical structures of CPu, NAc, SN and
GPi were defined according to the rat brain atlas (Paxinos and Watson,
2007). NAc was divided in core (NAcC) and shell (NAcS). The total as
well as the non-specific binding levels were determined for each animal.
Specific binding was calculated by subtracting non-specific from total
binding. For each brain area, 6-9 sections for total and 2-3 sections for
non-specific binding in each animal were quantified.

2.5. Immunoblotting

Groups of control (C) brief maternally separated (BMS) and pro-
longed maternally separated (PMS) adult rats (P95-115) were used.
Striatum (n = 6-8 per group) and nucleus accumbens (n = 4-6 per
group) were homogenized in cold 1% SDS, including 1% phosphatase
and 1% protease inhibitors (Sigma-Aldrich). The homogenates were left
on ice for 1 h and centrifuged at 6000 rpm for 10 min at 4 ° C to remove
insoluble materials. The pellet was resuspended in the same buffer and
recentrifuged under the same conditions. The supernatants were har-
vested, separated in aliquots, and stored at — 80°C. A small number of
homogenates was used to determine protein concentrations using the
NanoDrop™ 2000/2000c Spectrophotometer (Thermo Fisher Scientific,
USA). Equal amounts of protein (35 pg) were subjected to SDS-PAGE
electrophoresis on 10% SDS-polyacrylamide gel. Proteins were then
transferred to 0.45 ym PVDF membranes (Amersham) for 90 min at 0.4
A. To block non-specific sites the blots were incubated with 5% nonfat
powdered milk in TBS-T (50 mM Trizma-Base, 150 mM NacCl, 0.05%
Tween-20, pH 7.6) for 1 h at RT. Blots were then incubated overnight at
4 °C with anti- dopamine D1 (1:1000, ab20066, abcam) or D2 (1:1000,
ab-85367, abcam) receptor antibodies. After three washes with TBST,
the membranes were incubated for 1 h at RT with specific anti-IgG
horseradish peroxidase (HRP)-conjugated antibody (1:25000, AP132P,
Millipore). Bands were visualized on Fuji HR-U films (Kisker) by
enhanced chemiluminescence (WBKLS0500, Millipore) according to the
manufacturer’s instructions. Blots were blocked again, probed with anti-
B-actin antibody (1:1000, sc-47778, Santa Cruz Technologies) and
incubated with specific anti-IgG HRP-conjugated antibody (1:25000,
A16084, ThermoFischer). The exposure time of films was for 30 s to 5
min to ensure that we were operating within the linear range of the film.
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Molecular weights were determined by comparison with pre-stained
protein molecular weight marker standards (MPWO04, Nippon Ge-
netics). ECL-exposed films were scanned and quantified using the NIH
ImageJ software (National Institutes of Health). Optical density mea-
surements of each band were normalized against to the corresponding
measurement of -actin which serves as a gel loading control. Each gel
contained samples from the three experimental groups placed randomly.
Values are representative of two or more independent experiments and
expressed as the percentage of the mean of the control samples included
in the same blot.

2.6. Behavioral task

The behavioral tests were carried out during the light cycle and
performed at mid-adolescent and adult animals. Different cohorts from
the receptor binding experiments were used for the behavioral tasks. All
rats were gently handled for 4-5 consecutive days prior to testing for 1
min/day and accustomed to the experimental room for 1 h prior to the
experiment. All behavioral tests were performed between 10:00 a.m. -
17:00 p.m. and recorded with a video camera placed above the appa-
ratus. Further analysis was conducted by two blinded, unbiased
observers.

2.6.1. Novel object recognition task

Recognition memory was tested in a novel object recognition task by
exploiting the rat’s natural tendency to explore novel objects. The novel
object discrimination test used in the present study was a modification of
that described by Ennaceur and Delacour (1988). This task takes
advantage of the spontaneous preference of rodents for novelty and does
not require reinforcement of behavior. Adolescent male rats (P41-46, n
= 9-10 per group), and adult male rats (P90-93, n = 11 per group) were
subjected to the novel object recognition (NOR) behavioral task. Each
session comprised of three trials with 1 min delay between them and was
performed in an open field apparatus at room temperature (21 £+ 1 °C)
and under natural light conditions with about equal illumination across
the arena (80 + 20 lux). Two square, semi-transparent plexiglass arenas
were used, with dimensions of 40x40x30 cm and 100x100x60 cm (L x
W x H) for mid-adolescent and adult animals, respectively. It was found
necessary to scale the arenas and objects to the size of the animals within
each age group to maximize exploratory behavior while minimizing
incidental contact with testing objects, as pointed out in the literature
(Reger et al., 2009). The objects used for testing were four differently
shaped and textured, easy to clean items that could be fixed to the
bottom of the arena and their size was chosen so that they could not be
climbed by the animals. The choice of the items was based on pre-
liminary observations that indicated equal preference for each item used
in the adolescent and adult group. The objects were positioned at 6 cm
or 15 cm from the borders of the arena for adolescent or adult rats,
respectively.

In the first trial (T1), the rat was placed in the arena for 3 min. During
the second trial (T2), two identical objects were placed at the corners of
the central square and the animal could explore for 3 min. During the
third trial (T3) the animal could explore two non-identical objects for 3
min; one object was used in the T2 trial cleaned with 70% ethanol and
placed at its original location (F-familiar) and the other object was new
(N-novel object). Between the trials, each animal was transferred to its
home cage for 1 min, and the arena was cleaned thoroughly with 70%
ethanol. At the beginning of T1 rats were placed in the center of the
arena, whereas at T2 and T3, the rats were placed in the corner of the
arena facing out. The locations of novel objects were counterbalanced
across animals to reduce object and place preference effects. Exploration
time was defined as attending the object from 2 cm or less. The differ-
ential exploration of the objects during T3 was quantified by calculating
the discrimination index (DI), expressed as the ratio (N — F)/(N + F),
where N is time spent exploring the novel object and F is time spent
exploring the familiar object. A positive score indicated more time spent
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with the novel object, whereas a negative score indicated more time
spent with the familiar object.

2.7. Statistical analysis

In vitro receptor binding data and novel object recognition data were
analyzed by two-way analysis of variance (two-way ANOVA) with
manipulation and age as independent factors. Separate one-way ANOVA
followed by LSD post hoc tests were performed to detect significant
differences between groups. Western blot data were analyzed by one-
way ANOVA, followed by LSD post hoc tests. The existence of a
possible statistical correlation between the degree of change in dopa-
mine receptor binding levels or protein levels, and the extent of change
in the behavior was investigated using the Pearson correlation analysis.
The level of statistical significance was set at 0.05 (P < 0.05). All tests
were performed with the SPSS software (Release 10.0.1, SPSS, USA).
The data used in the bivariate Pearson correlation of SPSS were the
mean values of dopamine or protein levels in different brain regions for
adult or adolescent animals for the three experimental groups. Since the
two-way ANOVA analysis of the data from the novel object recognition
task did not reveal a significant manipulation-by-age interaction, as
described below in Section 3.1 of Results, the data used in the bivariate
Pearson correlation of SPSS were the mean values of the discrimination
indexes of both adult and adolescent animals for each experimental
group.

3. Results
3.1. Effects of neonatal manipulations on behavior

To investigate whether the long-term effects of neonatal manipula-
tions are different on novel object recognition of adolescent and adult
rats and whether these effects depend on the duration of the maternal
separation employed, we performed the novel objection recognition
(NOR) task in male adolescent and adult rats that had experienced either
brief (15 min) or prolonged (180 min) daily maternal separations,
referred as brief maternally separated (BMS) and prolonged maternally
separated (PMS) animals, respectively.

The discrimination index (DI) was calculated as mentioned in
methodology and a positive score indicated more time spent in the novel
object, whereas a negative score indicated more time spent in the
familiar object. While a two-way ANOVA analysis did not reveal a sig-
nificant manipulation-by-age interaction (Fos50 =0.43, P = 0.65), it
revealed a significant effect of manipulation (F; 50 =3.79, P < 0.03) and
a significant effect of age (F1,50 =42.34, P < 0.001) (Fig. 1). Post hoc
tests showed that DI was decreased by 27% (P = 0.01) in BMS compared
to control animals independent of age. Moreover, DI was decreased from
adolescence to adulthood in all three groups. In control, BMS and PMS
animals, these decreases were 40% (P < 0.01), 50% (P < 0.01) and 55%
(P < 0.001), respectively. Collectively, these data indicate that adoles-
cent rats spent more time with the novel object than adults. Also, these
data indicate that rats subjected to brief, but not prolonged, neonatal
maternal separations spent significantly less time with the novel object
as adolescent or adults, compared to control animals.

3.2. Effects of neonatal manipulations on dopamine receptors

To investigate the long-term effects of neonatal manipulations on
dopamine receptors of basal ganglia nuclei in adolescent and adult rat
brain and examine whether these effects depend on the duration of
mother-offspring separation employed, we performed in vitro autora-
diography experiments using radioligands for dopamine receptor sub-
types D1, D2 and D4. We measured binding levels in CPu and NAc (NAcC
and NAcS) for all DA receptor subtypes. We also measured binding levels
in GPi and SN for D1, but not D2 and D4 receptors, since specific binding
levels of these two receptors were undetected in these regions (Figs. 4, 5,
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Fig. 1. Effects of neonatal manipulations on adolescent and adult rat behavior
as assessed in the novel object recognition task. The discrimination index (DI),
calculated as described in methodology, was measured in control, BMS, and
PMS adolescent (P41-46) and adult (P90-93) rats. Statistical analysis revealed
that DI is decreased in BMS rats compared to control rats independent of age,
and adolescent rats display increased DI compared to adult rats. Data are
expressed as mean + SEM of discrimination indices; n = 9-10 adolescent and
11 adult rats/group; =+ statistically significant manipulation effect (P < 0.03); §
statistically significant age effect (P < 0.001; two-way ANOVA with manipu-
lation and age as independent factors). C: control; BMS: brief maternally
separated; PMS: prolonged maternally separated animals.

7). In Fig. 2 and Fig. 3 representative autoradiograms demonstrate
binding levels of dopamine receptor subtypes D1, D2 and D4 in basal
ganglia nuclei of adolescent and adult rats, respectively. D1, D2 and D4
receptor binding levels are higher in CPu than NAc and are distributed
rather uniformly in the medio-lateral and dorso-ventral extent of CPu.
We also assessed total protein levels for D1 and D2 receptors in CPu and
NAc, using Western blot analysis (Fig. 6).

3.2.1. D1 dopamine receptors

Statistical analysis of data for [3H] SCH23390 specific binding levels
by two-way ANOVA revealed a significant manipulation-by-age inter-
action (Fig. 4). An effect was observed in CPu (F3 44 =3.99, P = 0.03),
GPi (Fo 45 =10.48, P < 0.001) and SN (F2 39 =3.33, P = 0.05). Post-hoc
analysis showed increased D1 receptor binding levels in CPu of adoles-
cent PMS rats by 13% (P = 0.04), as well as in GPi of adolescent BMS
and PMS rats by 51% (< 0.01) and 43% (P = 0.01), respectively,
compared to respective controls. On the contrary, D1 receptor binding
levels were decreased in CPu, GPi and SN of adult BMS animals by
approximately 8% (< 0.01), 12% (P =0.01) and 17% (P < 0.01),
respectively, compared to respective controls. These findings indicate
that early-life maternal separations have a different impact on D1 re-
ceptor binding levels in adolescence and adulthood, depending on their
duration; in CPu prolonged separations increase D1 binding levels in
adolescents, while brief separations decrease D1 binding levels in adults;
in GPi, prolonged and brief separations increase D1 binding levels in
adolescents, while brief separations decrease D1 binding levels in adults;
in SN brief separations have an impact only on adult animals.

Moreover, in all regions studied, two-way ANOVA analysis of data
revealed a significant effect of age (Fig. 4). D1 receptor binding levels
decreased from adolescence to adulthood in CPu (F;44 =334.51,
P <0.001), NAcC (Fi 46 =81.27, P < 0.001), NAcS (Fy,47 =228.79,
P < 0.001), GPi (F145 =16.66, P < 0.001), and SN (F; 30 =226.63,
P < 0.001). Post-hoc analysis showed that D1 binding levels decreased
from adolescent to adult animals by an average of 39%.

Furthermore, D1 receptor total protein levels were assessed in CPu of
adult rats with Western blotting. Fig. 6 shows bar graphs depicting D1
protein levels and representative immunoblots from CPu of control, BMS
and PMS rats. Statistical analysis of immunoblotting data by one-way
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D

Fig. 2. Representative autoradiograms of D1, D2 and D4 receptor binding levels in coronal brain sections from adolescent male rats. Top row: D1 dopamine receptors
labelled with [*H] SCH23390 at the level of CPu and NAc (A), GPi (B), and SN (C); non-specific [°H] SCH23390 binding (D). Bottom row: D2 dopamine receptors
labelled with [®H] raclopride at the level of CPu and NAc (E); non-specific [*H] raclopride binding (F); D4 dopamine receptors labelled with [*H] YM-09151-2 at the
level of CPu and NAc (G); non-specific [?H] YM-09151-2binding (H). The scale bar corresponds to 2 mm. CPu: caudate-putamen; NAc: nucleus accumbens; GPi:

internal globus pallidus; SN: substantia nigra.
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Fig. 3. Representative autoradiograms of D1, D2 and D4 receptor binding levels in coronal brain sections from adult male rats. Top row: D1 dopamine receptors
labelled with [3H] SCH23390 at the level of CPu and NAc (A), GPi (B), and SN (C); non-specific [3H] SCH23390 binding (D). Bottom row: D2 dopamine receptors
labelled with [°H] raclopride at the level of CPu and NAc (E); non-specific [*H] raclopride binding (F); D4 dopamine receptors labelled with [®H] YM-09151-2 at the
level of CPu and NAc (G); non-specific [®H] YM-09151-2 binding (H). CPu: caudate-putamen; The scale bar corresponds to 2 mm. NAc: nucleus accumbens; GPi:

internal globus pallidus; SN: substantia nigra.
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Fig. 4. Effects of neonatal manipulations on D1
receptors labelled with [3H] SCH23390 in basal
ganglia nuclei of adolescent and adult male
rats. Bar graphs depict specific [*H] SCH23390
binding levels in brain regions of male adoles-
cent (P39-41) and adult (P113-115) control,
BMS and PMS rats. Data are presented as mean
+ SEM of specific binding expressed in fmol/mg
tissue (n = 6-8 adolescent and 8-10 adult rats/
group). # Statistically significant manipulation
x age interaction (P < 0.05); § statistically sig-
nificant age effect (P < 0.001; two-way ANOVA
with manipulation and age as independent
factors). C: control; BMS: brief maternally
separated; PMS: prolonged maternally sepa-
rated rats. CPu: caudate-putamen; NAcC: nu-
cleus accumbens core; NAcS: nucleus
accumbens shell; GPi: internal globus pallidus;
SN: substantia nigra; * P < 0.05; * * P < 0.01.
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Fig. 6. Effects of neonatal manipulations on D1 and D2 dopamine receptor
protein levels in basal ganglia nuclei of adult male rats. A. Representative im-
munoblots corresponding to D1, D2 receptors and f-actin (used as internal
control) from total homogenates of caudate-putamen (CPu) and nucleus
accumbens (NAc). B. Bar graphs depicting D1 and D2 protein levels in CPu and
NAc (expressed as percent of control). Data are presented as mean + SEM;
n = 4-8 rats/group; * statistically significant manipulation effect (P < 0.05,
one-way ANOVA followed by post-hoc analysis); C: control; BMS: brief mater-
nally separated; PMS: prolonged maternally separated rats.

ANOVA revealed a significant effect of neonatal manipulation on D1
receptor protein expression (Fo19 =4.32, P = 0.03). Specifically, D1
protein levels of PMS rats were lower by 13% (P = 0.02) compared to
control animals (Fig. 6).

3.2.2. D2 dopamine receptors

Statistical analysis of data for ?H] raclopride specific binding levels
by two-way ANOVA showed a significant manipulation-by-age interac-
tion (Fig. 5). While no significant changes were observed in adolescent
animals, an effect was observed in adult CPu (Fo 43 =4.75, P = 0.01),
and NAcC (Fg 43 =3.85, P = 0.03). Further post-hoc analysis revealed

348

IBRO Neuroscience Reports 12 (2022) 342-354

Adolescent-C Fig. 5. Effects of neonatal manipulations on D2

== Adolescent-BMS  receptors labelled with [°H] raclopride in basal
mm Adolescent-PMS  ganglia nuclei of adolescent and adult male
o Adult-C rats. Bar graphs depict specific [*H] raclopride
wi Adult-BMS binding levels in brain regions of male adoles-
mm Adult-PMS cent (P39-41) and adult (P113-115) control,

BMS and PMS rats. Data are presented as mean
+ SEM of specific binding expressed in fmol/mg
tissue (n = 6-8 adolescent and 8-10 adult rats/
group). # Statistically significant manipulation
x age interaction (P < 0.05); § statistically sig-
nificant age effect (P < 0.001; two-way ANOVA
with manipulation and age as independent
factors). C: control; BMS: brief maternally
separated; PMS: prolonged maternally sepa-
rated rats. CPu: caudate-putamen; NAcC: nu-
cleus accumbens core; NAcS: nucleus

wn

A

NAc shell

decreased D2 receptor binding levels in CPu and NAcC of adult BMS
animals by approximately 9% (P < 0.01) and 10% (P < 0.01), respec-
tively, compared to respective control animals. The D2 binding levels
were also decreased in CPu of adult PMS animals by 6% (P = 0.03)
compared to respective control. These findings indicate that the effects
of early-life maternal separations on D2 receptor binding levels in CPu
and NAc are not displayed early in adolescence but later in adulthood;
brief as well as prolonged separations decrease D2 receptor binding
levels in adult CPu, while only brief separations decrease D2 receptors in
adult NAcC.

Moreover, two-way ANOVA analysis of data revealed a significant
effect of age (Fig. 5). D2 receptor binding levels decreased from
adolescence to adulthood in CPu (F;43 =593.83, P < 0.001), NAcC
(F1,43 =228.79, P < 0.001) and NAcS (Fq 43 =217.94, P < 0.001). Post-
hoc analysis showed that D2 binding levels are decreased from adoles-
cent to adult animals by an average of 40%.

Furthermore, D2 receptor total protein levels were assessed in CPu
and NAc of adult rats with Western blotting. Fig. 6 shows bar graphs
depicting D2 protein levels and representative immunoblots from CPu
and NAc of control, BMS and PMS adult rats. Statistical analysis of
immunoblotting data by one-way ANOVA showed a significant effect of
neonatal manipulation on D2 protein expression in CPu (F3 19 =3.60,
P =0.05), while no effect was observed on D2 receptor protein
expression in NAc (Fp13 = 0.39, P = 0.69). Specifically, D2 receptor
protein levels of PMS animals were higher by 16% (P = 0.02) compared
to control (Fig. 6).

3.2.3. D4 dopamine receptors

Statistical analysis of [°H] YM-09151-2 binding levels by two-way
ANOVA showed a significant manipulation-by-age interaction in CPu
(Fg,39 =3.45, P = 0.04). D4 receptor binding levels were decreased in
CPu of adult BMS rats by 10% (P < 0.01), as compared to the corre-
sponding control, while there was no effect observed in adolescent an-
imals (Fig. 7). These findings indicate that the effects of brief maternal
separations during the neonatal period on D4 receptor binding levels are
limited to CPu and are not displayed early in adolescence but later in
adulthood.

Moreover, two-way ANOVA analysis of data revealed a significant
effect of age. D4 receptor binding levels decreased from adolescence to
adulthood in CPu (Fi39 =33.99, P < 0.001), NAcC (Fy,39 =54.64,
P <0.001) and NAcS (Fi39 =33.06, P < 0.001). Post-hoc analysis
showed that D4 binding levels are decreased from adolescent to adult
animals by an average of 22%.

3.3. Correlation of changes in dopamine receptors with changes in NOR

Novel object recognition was correlated with dopamine receptor
binding and protein levels in the brain regions where changes were
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statistically significant, as described above. Pearson correlation coeffi-
cient revealed positive statistically significant correlations between the
discrimination index (DI) measured in the novel object recognition task
and D1 binding levels in CPu (r = 0.999, P = 0.009), GPi (r = 0.997,
P =0.044), and SN (r = 0.999, P = 0.013), as well as between the
discrimination index and D2 binding levels in NAcC (r = 0.999,
P = 0.026) of adult rats. However, no statistically significant correlation
was revealed between the discrimination index and D2 (r = 0.973,
P =0.141) or D4 (r = 0.978, P = 0.134) binding levels in CPu of adult
rats or between the discrimination index and D1 (r = -0.139, P = 0.914)
and D2 (r =- 0.567, P = 0.615) protein levels in CPu of adult rats.
Moreover, no statistically significant correlation was found between DI
and D1 binding levels in CPu (r = 0.109, P =0.930) and GPi (r =-
0.919, P = 0.257) in adolescent rats (Fig. 8).

4. Discussion

The results of the present study demonstrate the effects of brief and
prolonged mother-offspring separations during the neonatal period on
object recognition memory and on basal ganglia dopamine receptors in
male adolescent and adult rats.

To examine recognition memory in adolescent and adult rats, the
experimental animals were subjected to a novel object recognition task
using three consecutive 3-min trials with interstitial intervals of 1 min.
In the present study, the short 1 min retention interval between the
familiarization and test trial allowed us to study object recognition and
short-term memory which depend on pre-existing substrates and is in-
dependent of protein synthesis and gene transcription (Goelet et al.,
1986; Huang, 1998; Marx and Gilon, 2012). According to our data, it is
apparent that brief or prolonged mother-offspring separations did not
impair novel object recognition at either adolescence or adulthood,
since BMS and PMS animals spent significantly longer time with the
novel object, similar to control animals. However, depending on the
duration of the separation, mother-offspring separations affected the
performance in novel object recognition in adolescent and adult rats. It
is interesting that rats exposed to brief separations had a weaker per-
formance in the novel object recognition task, based on the decreased
discrimination index (DI) compared to control, while novel object
recognition was not affected in rats exposed to prolonged separations.

Our behavioral data using the novel object recognition task indicate
that brief mother-offspring separations impair recognition memory in
both adolescent and adult rats. To our knowledge, there are no studies
using the 1 min interval in the NOR task after brief or prolonged mother-
offspring separations to study short-term recognition memory, as per-
formed in the present study. Our results are not in agreement with
previous studies in adolescent rats which have indicated that adolescent
rats exposed to brief separations showed enhanced novel object recog-
nition (Frankola et al., 2010; Plescia et al., 2014). However, these
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studies used longer retention intervals (1 h) between the familiarization
and test trial than the 1 min used in the present study and different
stages of adolescence, which may explain the discrepancy with our re-
sults. In adult rats, novel object recognition has been explored only after
prolonged maternal separations and only two studies used short reten-
tion intervals (5 min), close to the 1 min used in our study. In accor-
dance with our results, Grace et al. (2009) have shown that maternal
separation had no effect on novel object recognition at P62. On the
contrary, Hulshof et al. ( 2011) examined the effects of maternal sepa-
ration in combination with an adult stressor and thus their results
indicating an impairment in the object recognition task are not com-
parable to ours.

Moreover, the NOR data in the present study indicated a difference in
novel object recognition performance depending on age; the discrimi-
nation index in adolescents was approximately twice fold higher than
adults suggesting that adolescent rats perform better than adults in this
recognition memory task. Our results agree with the observations of
Stansfield and Kirstein (2006) showing that adolescent rats (P34) spent
more time with a novel object relative to young adults (P59), using
1 min retention interval. On the contrary, Reger et al. (2009) using
longer retention intervals (15 min up to 48 h) found no difference be-
tween juvenile (P29-P40) and adult (P50) recognition abilities.

To examine the effects of mother-offspring separation on D1, D2 and
D4 dopamine receptors of basal ganglia in adolescence and adulthood,
we performed receptor binding and immunoblotting experiments. In
adult dorsal striatum (CPu), D1, D2 and D4 binding sites were down
regulated mostly in response to brief mother-offspring separations,
while in adolescent dorsal striatum, D1 binding sites, but not D2 and D4,
were up-regulated in response to prolonged separations. A different ef-
fect on D1 binding sites was observed in GPi and SN; D1 binding levels
were down regulated in response to brief mother-offspring separations.
Knowing that dendrites of SNc neurons release dopamine onto the
GABAergic neurons of SNr and that D1 receptors have been localized in
SNr (Cheramy et al., 1981; Yung et al., 1995), we assume that the D1
binding sites detected here are most likely localized in SNr. Moreover,
changes in D1 receptor binding in GPi, most likely involve terminals of
axon collaterals of the nigrostriatal dopaminergic fibers arising from
SNc and innervating dorsal striatum (Lindvall and Bjorklund, 1979).
Overall, our results indicate that the effects of neonatal manipulations
on dopamine receptors are different in adolescent than adults and
depend on the duration of mother-offspring separation.

Prior studies have examined age-dependent changes in dopamine
receptor binding and showed a peak of D1 and D2 binding sites around
P40 and a subsequent reduction in striatum of male rats (Andersen et al.,
1997; Gelbard et al., 1989; Tarazi and Baldessarini, 2000; Teicher et al.,
1995). This developmental pattern has been attributed to the over-
production of synapses and receptors from infancy to onset of puberty
and subsequent pruning during transition from adolescence to
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Fig. 8. Scatterplots of the correlations between the discrimination index (DI) assessed in the novel object recognition task, and dopamine receptors. A — E: Cor-
relation between DI and D1 receptors labelled with [3H] SCH23390 in adult CPu (A), adult GPi (B), adult SN (C), adolescent CPu (D), and adolescent GPi (E). F, G:
Correlation between DI and D2 receptors labelled with [®H] Raclopride in adult CPu (F) and adult NAc core (G). H. Correlation between DI and D4 receptors labeled
with [®H] YM-09151-2 in adult CPu. I: Correlation between DI and D1 receptor protein levels in adult CPu.J. Correlation between DI and D2 receptor protein levels in
adult CPu. Data are the mean values of dopamine receptor binding or protein levels of adult or adolescent animals in different brain regions and the mean values of
the discrimination indexes of both adult and adolescent animals for C, BMS and PMS rats (see Materials and methods). C: control; BMS: brief maternally separated;
PMS: prolonged maternally separated rats. CPu: caudate-putamen; NAc core: nucleus accumbens core.
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adulthood. The observed upregulation of D1 receptor binding induced
by prolonged maternal separation in adolescent striatum could be
indicative of a selective effect of this early life stress on synapse
elimination.

There is growing consensus that early life stress may be altering brain
development thus promoting risk for addiction and psychiatric disorders
(Andersen and Teicher, 2009; Heim et al., 2019). It is also known that
adolescence is a developmental period characterized by heightened
vulnerability to illicit drug use (Johnston et al., 2005) and the onset of
neuropsychiatric disorders (Lewis et al., 2004). Moreover, the devel-
opmental changes in the dopaminergic system have been suggested as
potential substrates for adolescent-onset drug abuse and psychopathol-
ogies. The dopamine system undergoes striking maturation during
adolescence (Wahlstrom et al., 2010) and rodent behavioral and imag-
ing studies suggest that adolescent D1 receptors are hypofunctional and
D2 receptors are hyperfunctional (Chen et al., 2010; Frantz and Van
Hartesveldt, 1999). Furthermore, a recent study suggested that the
functional consequences of D1 and D2 receptor activation are immature
during adolescence. In the above study, significant differences between
adolescent and adult rats were observed in behavioral responses to D1
and D2-like agonists, and in the behavioral interactions between D1 and
D2 receptors (Dwyer and Leslie, 2016). The results of the present study
showing that D1 dopamine receptors are selectively affected in adoles-
cence by prolonged neonatal maternal separations suggest that an early
life stress may alter the developmental trajectory of dopamine receptors,
and this may have functional consequences on behavior of adolescents.

As already mentioned in the introduction, D1 receptors are located
on the MSNs of the direct CPu output pathway, while the indirect
pathway consists of MSNs that express D2 receptors. It has been pro-
posed that the direct pathway facilitates the initiation and execution of
voluntary movements, timing of motor actions, gating of working
memory and motor responses to specific stimuli, while the indirect
pathway results in inhibition of all motor activities and termination of
responses (Nambu, 2004; Schroll and Hamker, 2013). The observed
upregulation of D1 receptor binding induced by prolonged maternal
separation in adolescent striatum disturbs the balance between the two
systems in favor of the direct pathway which may underlie specific
deficits in social interactions and especially in goal-directed behaviors
observed in adolescence. Indeed, a recent study in animal models indi-
cated that deficits in goal directed behavior, which in humans may lead
to clinical symptoms of inattention, impulsivity, and hyperactivity, are
due to an imbalance between activation of dopamine D1 and D2 path-
ways that govern action control in favor of D1 over D2 pathways (Nat-
sheh and Shiflett, 2018).

In the present study, knowing that NAc is the target of the meso-
limbic dopaminergic pathway and is part of the reward system, we were
interested to assess the effects of brief and prolonged mother-offspring
separations on dopamine receptors D1, D2 and D4 in both core and
shell of NAc in adolescence and adulthood. We detected changes
restricted to NAcC of adults in response to brief mother-offspring sepa-
rations, where a down-regulation in D2 binding sites was observed. In
the ventral striatum, previous studies have described analogous to the
dorsal striatum direct and indirect pathways. In NAc, the medium spiny
neurons (MSN) of the direct pathway express D1 receptors, while MSNs
of the indirect pathway express D2 receptors (Heimer et al., 1991; Ike-
moto, 2007; Zahm and Heimer, 1990). In recent studies researchers have
developed a reversible neurotransmission blocking technique to block
selectively the transmission in each pathway and revealed that the direct
pathway is critical in reward and the indirect pathway is critical in
aversive behavior (Hikida et al., 2010). By applying a CPP task and using
chocolate food as reward, the above study has shown impaired learning
ability in mice in which the direct pathway was blocked. Yawata et al.
(2012) have further indicated that activation of D1 receptors and inac-
tivation of D2 receptors postsynaptically in the NAc control reward
learning and aversive learning in a direct pathway and indirect
pathway-specific manner, respectively. Considering the above, the lack
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of change in D1 receptors and the down regulation of D2 receptors
observed in NAcC of adult rats suggests that brief mother-offspring
separation affects preferentially the NAc indirect output pathway.

Previous studies have indicated that maternal separation affects the
number of tyrosine hydroxylase-expressing neurons, but not total TH
expression, in SN and VTA of adolescent and adult male and female rats
(Chocyk et al., 2011). Furthermore, it has been shown that maternal
separation affects the density of tyrosine hydroxylase immunoreactive
fibers in prefrontal cortex and in the core and shell of nucleus accumbens
in adolescent female rats (Majcher-Maslanka et al., 2017). Based on the
above, we can suggest that the observed changes in D1, D2 and D4 re-
ceptor binding levels could result from changes in dopamine synthesis
and release in the nigrostriatal pathway caused by brief or prolonged
neonatal maternal separations.

To further examine whether brief or prolonged mother-offspring
separations might influence D1 and D2 receptor protein expression,
we performed immunoblotting experiments. Using specific antibodies
for D1 and D2 receptors in homogenate extracts from CPu and NAc we
found that total D1 and D2 protein levels in CPu and NAc of adult rats
were altered in PMS but not in BMS rats. Initially, these data showed that
the observed decreases in D1 and D2 binding levels after brief separa-
tions are not accompanied by changes in their respective total protein
expression levels. Thus, the reduced D1 and D2 binding levels, which
reflect functional cell surface receptors, are not due to decreased re-
ceptor translation but may rather result from increased internalization
and subsequent sequestration to endosomal compartments due to
altered recycling rates. Moreover, the immunoblotting data indicated
that prolonged mother-offspring separations resulted in an imbalance
between D1 and D2 dopamine receptors in adult striatum; D1 receptor
protein expression is decreased, while D2 receptor protein expression is
increased in CPu of PMS rats. Knowing that direct pathway striatonigral
neurons express D1 dopamine receptors, while indirect pathway stria-
topallidal neurons express D2 dopamine receptors, we could assume that
this imbalance between D1 and D2 protein expression favors the CPu
indirect vs the direct output pathway. However, since these changes in
dopamine receptor protein levels are not followed by changes in re-
ceptor binding levels, these changes in protein levels are most likely not
reflected on the functions of CPu direct and indirect output pathways or
on the behavior of adult animals with prolonged mother-offspring
separations.

An interesting question that arises from our data is whether the
observed changes in dopamine receptor binding levels of striatum,
which reflect functional cell surface receptors, could underlie the
impairment of recognition memory of rats experiencing brief mother-
offspring separation. Previous studies have reported that recognition
memory relies on a neuronal network including prefrontal cortex, hip-
pocampus and perirhinal cortex; recognition of a novel object depends
on perirhinal cortex, while the location and recency recognition memory
results from interactions between prefrontal cortex and hippocampus
(Barker et al., 2007; Barker and Warburton, 2011; Cohen and Stackman,
2015; Winters et al., 2008). The role of dopamine in recognition memory
has been demonstrated in many studies using either knock-out mice or
systemic administration of dopamine receptor antagonists by showing
that modulation of dopamine receptors affects the performance of ro-
dents in the novel object recognition task (Besheer et al., 2001; Hori-
guchi et al., 2013; Hotte et al., 2005; Wei et al., 2018; Woolley et al.,
2008). It is interesting to note that Yang et al. (2017) have indicated that
systemic administration of the D1 antagonist SCH23390 prevents in-
creases in the AMPA/NMDA receptor ratio and suggested a role for D1
receptor activity in hippocampal synaptic plasticity associated with
novel object recognition. It is important to note that a recent study has
demonstrated that intra-hippocampal infusions of either dopamine, or a
D1/D5 receptor agonist, as well as systematic administration of L-Dopa
reverses the impairment of recognition memory of rats with prolonged
mother-offspring separations (Neves et al., 2020).

The role of striatal dopamine in recognition memory has been
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addressed by generating a dopamine deficient mouse and assessing the
behavioral effects of region-specific restoration of dopamine signaling
(Darvas and Palmiter, 2009, 2010). Darvas and Palmite (2009, 2010),
using several behavioral tasks, such as the object recognition and the
Morris water maze task, have shown that the restoration of dopamine to
the dorsolateral or medial striatum was sufficient to rescue behaviors
such as spatial learning, and spatial and object memory. In the object
recognition task, they found that dopamine deficient mice did not
explore any of the objects, while mice with virally rescued dopamine in
the dorsolateral striatum spent significantly more time with the novel
object on the test day. However, object exploration was not restored in
mice with virally rescued dopamine in the ventromedial striatum. Their
findings support that dopaminergic signaling in dorsal striatum is suf-
ficient for mice to learn several cognitive tasks. Based on the above
studies showing that striatal dopamine participates in object recogni-
tion, we could suggest that the observed downregulation of dopamine
receptors in CPu might participate in the weaker performance in the
novel object recognition task of adult rats exposed to brief
mother-offspring separations. This suggestion is supported by the sta-
tistically significant positive correlation between the change in D1
binding levels in CPu and the discrimination index of the NOR task.
However, our data on adolescent rats suggest that different mechanisms
may underlie recognition memory during development, since dopamine
receptors in CPu of adolescents exposed to brief mother-offspring sep-
aration were not altered.

In conclusion, our results indicate that neonatal mother-offspring
separation causes long-lasting effects on basal ganglia dopamine re-
ceptors which depend on the duration of neonatal maternal separation
and are different between adolescent and adult rats. Our results further
suggest that the dopamine receptor changes observed in adult striatum
could underlie the impairment of recognition memory of rats experi-
encing brief mother-offspring separation.
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