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Abstract
The serotoninergic system plays an important role in the ontogeny of the mammalian central nervous system, and changes in
serotonin production during development may lead to permanent changes in brain cytoarchitecture and function. The present
study investigated the programming effects of neonatal serotonin depletion on behavior and molecular components of the
serotoninergic system in adult male and female rats. Subcutaneous para-chlorophenylalanine (pCPA) administration
(100 mg kg−1) was performed daily on postnatal days 8–16 to deplete brain serotonin content. During adulthood, elevated
plus-maze, open field, social interaction, forced swimming, and food, saline, and sucrose intake tests were performed.
Relative expression of serotonin neurotransmission components in several brain areas was determined by qPCR. Additionally,
serotonin immunofluorescence and neuropeptide mRNA expression were assessed in dorsal raphe (DRN) and paraventricular
(PVN) nuclei, respectively. Rat performance in behavioral tests demonstrated a general increase in locomotor activity and active
escape behavior as well as decreased anxiety-like behavior after neonatal brain serotonin depletion. The behavioral programming
effects due to neonatal serotonin depletion weremore pronounced in females thanmales. At the gene expression level, the mRNA
of Tph1 and Tph2were lower in DRN while Htr2c was higher in the amygdala of pCPA-treated males, while Htr1a, Htr2c, Oxt,
Avp, Crh, and Trh were not different in any treatments or sex in PVN. The results indicate that neonatal serotonin depletion has
long-term consequences on locomotion and anxiety-like behavior associated with long-lasting molecular changes in the brain
serotoninergic system in adult rats.
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Introduction

Serotonin (or 5-hydroxytriptamine, 5-HT) producing neurons
express the enzyme tryptophan hydroxylase (TPH), responsi-
ble for the first step and the rate-limiting of 5-HT biosynthesis

[1]. These neurons also express the 5-HT transporter (SERT),
which is responsible for the reuptake of 5-HT into the neurons,
and the inhibitory 5-HT type 1 A (5-HT1A) autoreceptors [2].
Additionally, 5-HT1A, as well as 5-HT2C, among others, are
postsynaptic heteroreceptors widely distributed in the brain [2,
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3] and they are related to mood and cognition control [4]. The
dorsal raphe nucleus (DRN) is the main source of 5-HTergic
neurons and it is known that DRN neurons project to the
striatum, amygdala, prefrontal cortex, septum, hippocampus,
and hypothalamus [2], which may justify the ability of 5-
HTergic neurotransmission to modulate a wide variety of be-
havioral and homeostatic functions, including emotional
states and responses [5, 6], motor activity [3], food intake
[7], and sodium appetite [8].

There is extensive evidence showing that early adverse
events can affect the 5-HTergic system in mammals. The de-
ficiency in the human 5-HTergic system during development
has been linked with adult anxiety [5], depression [6], and
antisocial behavior [9] and disturbances in the 5-HTergic sys-
tem by adverse early life experiences may increase the vulner-
ability to psychiatric disorders [10]. Additionally, adult mon-
keys that experienced maternal rejection during infancy show
deficiencies in the 5-HTergic system components [11]. In rats,
maternal separation enhanced the inhibitory effect of
citalopram (a selective 5-HT reuptake inhibitor) on the 5-
HTergic neuron firing rate [12], and increased mRNA expres-
sion of SERT (Slc6a4) [13] and Tph2 [14] in the DRN in
adulthood. Contact with unrelated pups by juvenile female
rats reduced anxiety and augmented the mRNA Tph2 expres-
sion in DRN later in life [15]. Altogether, these results show
that early adverse events can affect the 5-HTergic system in
mammals, the mechanisms by which changes in neonatal 5-
HTergic neurotransmission modulate behavioral responses in
adulthood are far from being completely understood.

In the present study, we sought to further examine the role
of 5-HT during the neonatal period. Taking into account that
5-HT plays an important organizational role in the develop-
ment of the mammalian central nervous system [16] and that
this neurotransmitter is involved in the regulation of a large
number of behaviors [3, 5–8], we postulate that the brain 5-HT
levels reduction during the neonatal period may exert long-
lasting behavioral effect. This study was also conceived to
detect long-lasting alteration of gene expression of some 5-
HTergic components, since neonatal brain 5-HT level distur-
bances have been associated with cellular [17] neurochemical
[18], and molecular [19] changes. To induce neonatal 5-HT
depletion, we employed the irreversible TPH inhibitor para-
chlorophenylalanine (pCPA), which affects responsiveness to
noxious stimuli [20], sexual behavior [21–24], anxiety-like
behavior [23], and locomotor activity [20, 22] later in life, in
addition to reducing the number and complexity of fetal cor-
tical interneurons [25]. We administered pCPA between post-
natal days 8 and 16 because this is a critical period in which 5-
HTergic nerve terminals have rapid proliferation [26] and
Tph2 expression levels as well as TPH2 enzymatic activity
increase, reaching a peak on postnatal day 22 and then de-
crease by 40% between postnatal days 22 and 61 [27].
Additionally, in rats, there is an essential sexual dimorphism

on DRN mRNA Tph2 expression [28] and 5-HT levels [29]
throughout development. Thus, developmental 5-HT deple-
tion could impact animals in a sex-dependent manner and
we have, therefore, studied the effects of neonatal pCPA treat-
ment on both male and female animals.

Materials and Methods

Animals and Ethics Statement

Animal handling and experimental procedures were performed
according to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health [30]
and in compliance with pertinent Brazilian regulations (Law
11,794, Decree 6899) as well as approval by the Ethics
Committee on Animal Use of Federal University of São
Paulo (CEUA/UNIFESP), under protocol #6751130919 (ID
009317). Rats weighing 200–320 g were group-housed under
controlled temperature (23 ± 2 °C) and light conditions
(12:12 h light/dark cycle; lights on at 6:00 a.m.) with free
access to standard food pellets and filtered water.

Neonatal Brain 5-HT Depletion

Neonatal brain 5-HT depletion was performed as reported by
Farabollini et al. [23]. Briefly, litters of nine dams, born on the
same day, were randomly selected. The day of birth was des-
ignated as postnatal day 0. On postnatal day 1, litters were
randomly culled to 8–10 pups per dam (equal sex ratio, as
near as possible). From each litter, half of the animals of each
sex were randomly assigned to one of two experimental con-
ditions: vehicle treatment (control, n = 40, 18 males and 22
females), receiving 0.1 mL/10 g BW of isotonic saline
(0.15 M); or para-chlorophenylalanine methylester treatment
(pCPA, Sigma-Aldrich, St Louis, MO, USA, n = 44, 25 males
and 19 females), receiving, 100 mg kg−1 dissolved in 0.1 mL/
10 g of BW isotonic saline solution. Both groups received
daily subcutaneous injections from postnatal days 8 to 16.
The litters were weaned at 21 days and then housed in groups
of 4 or 5 animals of the same sex, treatment, and age. All
evaluations were performed between 60 and 72 days of age.

General Experimental Procedures

Behavioral studies were performed in a quiet room between 7
and 11 p.m. (lights off at 6 p.m.) starting at postnatal day 60.
In order to minimize the use of animals and to comply with
“three Rs” (replacement, reduction, and refinement) [31], each
animal was submitted to a battery of behavioral tests. The
behavioral test sequence ranged from the least to the most
potentially stressful as follows: elevated plus-maze and open
field (exposition to a new and potentially threatening
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environment, day 60), social interaction (exposition to a new
environment with an unfamiliar rat, day 62), forced swimming
training and test (physical and psychological stress, days 64–
65), and metabolic cage (social isolation, days 65–72). The
evaluations in the metabolic cages were performed in the fol-
lowing sequence: adaptation (days 65–67), basal food and
water intake (day 68), hypertonic saline (day 70), and sucrose
preference tests (day 72). At the end of the experiments (day
72), all animals were submitted to euthanasia by a high dose of
sodium thiopental (100 mg kg−1, i.p.) followed by decapita-
tion. For behavioral analyses, 22 control (9 male and 13 fe-
male) and 24 pCPA (14 male and 10 female) rats were used.
Investigators were blinded to the experimental group for all
data analysis.

Another set of rats (to avoid interference from behavioral
tests on gene expression [32]) was euthanized by decapitation
on postnatal day 70. Each brain was rapidly removed, frozen
on dry ice, and stored at − 80 °C until dissection and RNA
extraction to evaluate target gene expression levels by quan-
titative real-time PCR (qPCR). For this study, 12 control (6
male and 6 female) and 12 pCPA (6 male and 6 female) rats
were used.

On postnatal day 70, a third set of rats (not exposed to
behavioral tests) was deeply anesthetized with sodium thio-
pental (100 mg kg−1, i.p.) and transcardially perfused with
80 mL of heparinized 0.15 M saline solution followed by
300 mL of 4% paraformaldehyde in 0.1 M phosphate buffer
(PB, pH 7.2). The brains were removed, post-fixed in the same
perfusion solution overnight at 4 °C, and then stored in 30%
sucrose in 0.1M PB solution at 4 °C. The brains were used for
immunofluorescence analysis. For this study, 6 control (3
male and 3 female) and 8 pCPA (5 male and 3 female) rats
were used.

Elevated Plus-Maze Test

The elevated plus-maze consists of two opposite open arms
(50 × 10 cm) crossed with two opposite enclosed arms
(40 cm high wall). The arms are connected to a central
square (10 × 10 cm), giving the apparatus a plus sign
appearance. The maze was elevated 50 cm above the floor
in a dimly lit room. Rats were individually placed in the
central square of the plus-maze facing an enclosed arm.
During the next 5 min, the time spent and numbers of
entries into open and closed arms were recorded. An arm
entry was scored when all four limbs were inside the arm.
The elevated plus-maze is a validated test for anxiety-like
behavior in rodents, in which an increased exploration of
open arms indicates decreases in anxiety status. Total en-
tries into open and closed arms and ethological parameters
(i.e., stretched attend posture, rearing and head dipping)
were evaluated to support the assessment of motor activity
and emotional reactivity, respectively [33].

Open-Field Test

The open-field test evaluates exploratory and motor activity
and anxiety-like behavior [34]. The rats were individually
placed in a white acrylic square cage (80 × 80 × 30 cm) divid-
ed into 25 equal quadrants. In this paradigm, they were
allowed to freely explore the apparatus for 5 min. During this
time, the following parameters were scored: ambulation (by
quantifying the overall number of quadrants explored by the
rats), central quadrant exploration, immobility time, and
grooming episodes.

Social Interaction Test

The social interaction arena consisted of a square acrylic
box (60 × 60 × 30 cm) with a solid floor placed in a
dimly illuminated room. The rats were paired based on
body mass and placed in the test area for 10 min. The
time spent by the experimental rat in active social in-
teraction with an unfamiliar rat of the same sex was
scored. Active social interactions were characterized by
sniffing, following, grooming, kicking, boxing, and
crawling over or under the partner [35]. Four male
and four female rats were used as interaction partners.

Forced Swimming Test

The forced swimming test has been extensively used to
investigate the antidepressant effects of drugs in rodents
[36]. Briefly, rats were placed individually in acrylic
cylinder (25 cm diameter and 30 cm deep) containing
water at 25 °C with no chance of escaping or touching
the bottom of the cylinder. Twenty-four hours before
the experiment, the rats were submitted to a 15 min
forced swimming session in order to recognize and
adapt to the scheduled test. The next day, they were
submitted to a valid forced swimming test for 5 min.
Latency to and bouts of immobility were scored.

Metabolic Cage Measurements

Animals were placed in metabolic cages for 48 h to
adapt, and then, three consecutive ingestive assessments
were performed with 48-h intervals: (1) basal food and
water intake; (2) hypertonic 0.3 M NaCl preference test;
and (3) 2% sucrose preference tests. Each assessment
lasted 24 h with standard laboratory chow and filtered
water available ad libitum. Hypertonic saline and su-
crose preference tests were carried out using a two-
bottle free choice paradigm: water and 0.3 M NaCl or
water and 2% sucrose available ad libitum for rats in
graduated volumetric tubes. All measures were
expressed per 100 g of body mass.
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Brain Micropunch, RNA Extraction, and qPCR

First, the prefrontal cortex was dissected as an oblique slice
cut with a scalpel from the bregma to the anterior pole at a 45°
angle. Then, the remaining frozen brain was sliced into 60 μm
coronal sections using a cryostat (Leica Microsystems
CM1850 Cryostat; Wetzlar, Germany). On the basis of plates
from the Paxinos and Watson [37] rat brain atlas, a 1 mm
diameter micropunch needle was used to collect the PVN
(from bregma − 1.32 to bregma − 2.04), basolateral amygdala
(BLA; − 2.04 to − 3.60), and DRN (− 6.84 to − 8.04) from the
slices. Thereafter, slices were stained with toluidine blue
(0.1% v/v), and the punch location was confirmed by light
microscopy, as previously described [38]. The brains with
incorrect micropunch of the target brain nuclei were not used
in the study. Tissue from different structures was stored in
QIAzol Lysis Reagent (QIAgen, Crawley, UK) at − 80 C.

Total RNA was extracted from brain nuclei samples by
combining QIAzol Lysis Reagent with RNeasy kit protocols
(QIAgen) as directed by the manufacturer. Samples were
treated with DNAse (amplification grade; Thermo Fisher
Scientific, Waltham, MA, USA) then submitted to reverse
transcription with 250 to 1000 ng of total RNA using the
Quantitec Reverse Transcription Kit (QIAgen). Quantitative
PCR was carried out in triplicate using TaqMan™ qPCR
Master Mix (Applied Biosystems, Foster City, CA, USA) in
a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher
Scientific). For each of the following genes, qPCRwas carried
out using Applied Biosystems gene expression probes (Foster
City, CA, USA): Tph1 (Probe ID Rn01476867_m1), Tph2
(P robe ID Rn00598017_m1) , Htr1a (P robe ID
Rn00561409_s1), Htr2c (Probe ID Rn00562748_m1),
Slc6a4 (Probe ID Rn00564737_m1), Avp (Probe ID
Rn00566449_m1), Oxt (Probe ID Rn00564446_g1), Crh
( P r o b e ID Rn014 6213 7_m1 ) , T r h ( P r o b e ID
Rn00564880_m1). As housekeeping (endogenous control),
the β-actin gene (Actb, Probe ID 4351319) was used, since
Actb mean cycle threshold (Ct) values were not different be-
tween groups in any of the target brain areas. The differences
between the samples were determined through calculation of
the relative expression between the genes of interest and the
housekeeping gene applying the 2−ΔΔCt (ΔΔCt = ΔCtunknown −
ΔCtcontrol) method described by Livak and Schmittgen [39].
The relative gene expression is presented as fold changes from
control.

Immunofluorescence

Brains were sectioned using a cryostat into 30 μm thick cor-
onal slices containing the DRN as described by Paxinos and
Watson [37]. Sections were stored in antifreeze (3:3:1
glycerol:ethyleneglycol:0.1 M PB) at − 20 °C until use for
immunofluorescence technique. Immediately before

immunofluorescence procedures, free-floating sections were
washed in 0.01 M PB and then incubated with 10% normal
goat serum (NGS, Vector Laboratories, Burlingame, CA) and
0.3% Triton X-100 in 0.1 M PB for 2 h to block sites of
nonspecific binding and to permeabilize the slices, respective-
ly, and subsequently were incubated for 48 h at 4 °C with
rabbit polyclonal anti-5-HT antibody (1:5000; ImmunoStar
Cat# 20080, RRID:AB_572263, Hudson, WI, USA) in
0.1 M PB containing 2% NGS. Then, the slices were washed
in 0.01 M PB and incubated for 2 h at room temperature in
donkey Alexa Fluor 488-conjugated anti-rabbit IgG antibody
(1:500; Jackson ImmunoResearch Labs Cat# 711-545-152,
RRID:AB_2313584, West Grove, PA) in 0.1 M PB contain-
ing 5% normal goat serum, and washed in 0.01M PB. Finally,
sections were mounted on glass slides, air-dried and covered
with Fluoromount (Sigma-Aldrich). Samples in which prima-
ry or secondary antibodies were excluded were processed in
parallel and used as negative control. Images at 3-μm intervals
(Z-sectioning) and optical stacks of seven images were ac-
quired using a confocal microscope (Leica TCS SP8,). From
each stack, the image with the highest fluorescence level was
selected and only that image was used for quantification. For
each animal, images at × 10 showing the entire DRN and at ×
40 showing the dorsal part (DRD) and ventral part (DRV) of
this nucleus were assayed. Three brain sections at − 8.04 mm
from bregma were quantif ied from each animal.
Immunofluorescence images were digitized and analyzed
using the Fiji software (National Institutes of Health,
Bethesda, MD, RRID:SCR_002285; http://fiji.sc/Fiji).
Investigators were blinded to the experimental grouping
while taking photomicrographs and performing image
analysis. Average 5-HT immunoreactivity in the area of inter-
est in each section was calculated maintaining the gain, laser
power, and offset constant. Results were expressed as percent-
age of change with respect to the male control group.

Experimental Design and Statistical Analyses

All values were expressed as means ± SEM. Normality of
the data was assessed with the Shapiro–Wilk test. When
variables were not normally distributed, values were rank-
transformed before statistical analysis according to Hora
and Conover [40]. Outliers were identified and eliminated
by the Grubbs’ method. Comparisons among groups were
performed using two-way analysis of variance (ANOVA)
(factors: treatment and sex) followed by Newman-Keuls
test for multiple comparisons. For more information about
specific statistical analyses, please see each figure legend.
The statistical analyses were performed using the
GraphPad Prism software (version 8, San Diego, USA;
RRID:SCR_002798). In all cases, an effect was deter-
mined to be significant if the p value was ≤ 0.05. In ad-
dition, to estimate the effect size, eta squared (η2) was
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calculated as the sum of squares of a factor or interaction
divided by the total sum of squares.

Results

Elevated Plus-Maze Test

Two-way ANOVA showed significant main effects of sex
[F(1,30) = 21.98, p = 5.6 × 10−5, η2 = 0.2258] and pCPA treat-
ment [F(1,30) = 41.76, p = 3.9 × 10−7, η2 = 0.4290] for open
arms entries but no significant interaction between the factors
(Fig. 1a). Females entered more into open arms than males
and pCPA-treated rats entered more than controls. Similarly,
total arm entries (entries into open arms + closed arms) were
affected by sex [F(1,30) = 48.90, p = 9.0 × 10−8, η2 = 0.3219]
and by neonatal pCPA treatment [F(1,30) = 60.06, p = 1.2 ×
10−8, η2 = 0.3953], with a significant interaction between them
[F(1,30) = 12.95, p = 0.0011, η2 = 0.0853] (Fig. 1b). The
Newman-Keuls post hoc test showed that pCPA females had
a higher number of total entries than pCPAmales (p = 0.0001)
and control females (p = 0.0001). Also, control females and
pCPA males had a higher number of total entries than control
males (p = 0.0229 and p = 0.0170; respectively). Time spent
in open arms was significantly increased by neonatal pCPA
treatment [F(1,30) = 10.58, p = 0.0028, η2 = 0.2385] (Fig. 1c).
Overall, these results suggest that neonatal 5-HT depletion
leads to increased locomotor activity and decreased anxiety

in adult animals. Additionally, pCPA treatment affected fe-
male rats to a greater extent than males.

For rearing counts, ANOVA showed a significant main
effect of pCPA treatment, reducing rearing episodes, as well
as an interaction between sex and pCPA treatment [F(1,30) =
16.32, p = 0.0003, η2 = 0.3016 and F(1,30) = 6.14, p = 0.0190,
η2 = 0.1135; respectively]. The Newman-Keuls post hoc test
revealed that pCPA males performed less rearing than control
males (p = 0.0005) and that pCPA females (p = 0.0125) (Fig.
1d). Regarding head dipping episodes, ANOVA showed that
females perform this behavior more than males [F(1,30) = 6.17,
p = 0.0188, η2 = 0.1331] and also showed a significant inter-
action between sex and treatment [F(1,30) = 6.17, p = 0.0188,
η2 = 0.1331]. In the control group, females performed more
head dips than males (p = 0.0075), while pCPA increased
head dips only in male rats (p = 0.0094) (Fig. 1e). Stretched
attend posture episodes were significantly lower in pCPA
treated rats compared to control [F(1,30) = 59.87, p = 1.2 ×
10−8, η2 = 0.6605] (Fig. 1f). These results indicate that 5-HT
depletion appears to affect risk assessment and increase im-
pulsivity in adult animals.

Open-Field Test

The sex significantly affected the number of central quadrant
crossing [F(1,39) = 7.04, p = 0.0115, η2 = 0.1525] (Fig. 2a): fe-
males crossed more central quadrants than males. Regarding
the total number of quadrants explored, ANOVA showed a

Fig. 1 Effects of brain serotonin depletion during neonatal period in male
and female adult rats on a number of entries into open arms, b total
number of entries (entries into open arms plus entries into closed arms),
c time spent in the open arms, d number of rearing episodes, e number of
head dipping episodes, and f number of stretching attend postures during
5 min of evaluation in the elevated plus-maze apparatus. Values are mean
± SEM. The number of rats per group is indicated in each bar. Data were

analyzed by a two-way ANOVA followed by the Newman-Keuls post
hoc test. The values of percentages of time spent in the open arms were
transformed to ranks before ANOVA. **p < 0.01 and ***p < 0.001
compared to control groups; +p < 0.05, ++p < 0.01, and +++p < 0.001
compared to the respective male group; #p < 0.05, ##p < 0.01, and
###p < 0.001 compared to the respective control group
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significant main effect of both sex and treatment [F(1,39) =
19.61, p = 7.5 × 10−5, η2 = 0.2807 and F(1,39) = 8.824, p =
0.0051, η2 = 0.1263; respectively], pCPA-treated females ex-
plored more total quadrants in relation to males and pCPA-
treated rats showed more ambulation than controls (Fig. 2b).
Females spent less time immobile in the open field than males
[F(1,39) = 17.709, p = 0.0001, η2 = 0.2872], while the pCPA
treatment did not change the immobility time (Fig. 2c). For
grooming, we found a significant effect of sex [F(1,39) = 18.10,
p = 0.0001, η2 = 0.2366] and interaction between sex and
pCPA treatment [F(1,39) = 16.91, p = 0.0002, η2 = 0.2211],
with pCPA-treated male rats showing more grooming epi-
sodes in relation to control males (p = 0.0002) and pCPA-
treated females (p = 0.0002) (Fig. 2d). The performance in
the open-field test showed an increase in the locomotor activ-
ity of pCPA-pretreated rats, and also, a less anxious profile of
female rats.

Social Interaction and Forced Swimming Tests

Data from the social interaction test showed that neither neo-
natal pCPA treatment nor sex affected the parameters assessed
(Fig. 3a). Two-way ANOVA showed that the time that rats
remained immobile in forced swimming test differed between

sexes [F(1,39) = 7.049, p = 0.0114, η2 = 0.1311], with females
spending more time immobile than males. Additionally, neo-
natal pCPA treatment decreased the immobility time in rela-
tion to control treated rats [F(1,39) = 7.613, p = 0.0088, η2 =
0.1416] (Fig. 3b). Escape latency in this test was not affected
by sex or neonatal pCPA treatment (Fig. 3c). These results,
together with those obtained in the plus-maze and open-field
tests, suggest that the neonatal 5-HT depletion increases rats’
locomotion in different contexts (more or less stressful) during
adulthood. Also, males and females seem to have differences
in coping strategies.

Body Mass and Intake Behaviors

Animals were weighed at postnatal day 63. As we expected,
females were lighter than males [F(1,42) = 163.2, p < 10−15,
η2 = 0.7578]. Additionally, neonatal pCPA treatment reduced
body mass [F(1,42) = 9.54, p = 0.0036, η2 = 0.0443]. Neither
food nor water intake was different across sex or pCPA treat-
ment. Significant sex effects regarding hypertonic saline and
water intake as well as saline preference were found [F(1,28) =
18.27, p = 0.0002, η2 = 0.3468, F(1,28) = 6.80, p = 0.0145,
η2 = 0.1831, and F(1,28) = 6.70, p = 0.0151, η2 = 0.1542; re-
spectively], with females showing higher values than males

Fig. 2 Effects of brain serotonin depletion during the neonatal period in
male and female adult rats on a number of central quadrants crossed, b
ambulation (total number of quadrants crossed), c inactivity time, and d
number of grooming episodes during 5 min of evaluation in the open-
field apparatus. Values are mean ± SEM. The number of rats per group is
indicated in each bar. Data were analyzed by a two-way ANOVA

followed by the Newman-Keuls post hoc test. The values of total
quadrants crossed; inactivity time and grooming were transformed to
ranks before ANOVA. **p < 0.01 compared to control groups; +++p <
0.001 compared to the respective male group; ###p < 0.001 compared to
the respective control group
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in all parameters. Additionally, there was a significant inter-
action between sex and pCPA treatment regarding saline in-
take and preference: F(1,28) = 5.80, p = 0.0229, η2 = 0.1100
and F(1,28) = 7.91, p = 0.0089, η2 = 0.1819; respectively.
Females previously treated with pCPA exhibited the highest
levels of saline solution intake (Newman-Keuls: p = 0.0005
vs. pCPAmales and p = 0.0320 vs. control females), resulting
in increased preference for hypertonic NaCl (Newman-Keuls:
p = 0.0037 vs. pCPA males and p = 0.0339 vs. control fe-
males). Sucrose consumption and preference were higher in
females [F(1,28) = 51.69, p = 8.0 × 10−8, η2 = 0.6157 and
F(1,28) = 8.13, p = 0.0081, η2 = 0.1876; respectively]. The

pCPA treatment induced an increase in water intake and re-
duced sucrose preference [F(1,28) = 6.00, p = 0.0209, η2 =
0.1705 and F(1,28) = 6.68, p = 0.0153, η2 = 0.1541; respective-
ly]. See Table 1 for more details about ANOVA F and p-
values. In short, neonatal 5-HT depletion reduced body mass
in both sexes, had no effect on food intake, and increased
saline preference in adult female rats. In addition, females
showed an increase in sucrose preference, which resulted in
an increase in sucrose intake.

Gene Expression in the DRN

Neonatal pCPA treatment significantly decreased Tph1 and
Tph2 mRNA expression [F(1,17) = 16.09, p = 0.0009, η2 =
0.3848 and F(1,17) = 7.63, p = 0.0133, η2 = 0.2129; respective-
ly]. We also found a significant interaction between pCPA
treatment and sex [F(1,17) = 4.98, p = 0.0393, η2 = 0.1192 and
F(1,17) = 9.82, p = 0.0061, η2 = 0.2741; respectively] inmRNA
expression of these enzymes in the DRN (Fig. 4a and b).
According to the Newman-Keuls post hoc test, pCPA males
and control females had less expression of Tph1 than control
males (p = 0.0021 and p = 0.0092). Also, pCPA males and
control females showed less relative expression of Tph2 than
control males (p = 0.0034 and p = 0.0190; respectively).
Therefore, the decrease in the mRNA expression of the 5-
HT synthesis enzyme could result in a drop in 5-HT levels
in pCPA-treated animals. The mRNA for the Htr1a receptor
and 5-HT transporter Slc6a4 was not affected by sex or neo-
natal pCPA treatment (Fig. 4c and d).

5-HT Immunofluorescence in the DRN

A representative image of the location of the DRD andDRV is
shown at Fig. 5a. There was a significant interaction between
sex and pCPA treatment in DRD and DRV subnuclei
[F(1,10) = 7.98, p = 0.0180, η2 = 0.3894 and F(1,10) = 10.21,
p = 0.0096, η2 = 0.4641; respectively]. The Newman-Keuls
post hoc test showed that the immunofluorescence signal
was lower in the female control group compared to the male
control group in both subnuclei (p = 0.0477 and p = 0.0399;
respectively) (Fig. 5b–e).

Gene Expression in BLA, PFC, and PVN

Neither sex nor pCPA treatment changed Htr1a mRNA ex-
pression in the BLA (Fig. 6a). Regarding Htr2c mRNA ex-
pression in the BLA, we found a significant main effect of
pCPA treatment [F(1,14) = 9.21, p = 0.0089, η2 = 0.1630] and a
significant interaction between sex and pCPA treatment
[F(1,14) = 28.73, p = 0.0001, η2 = 0.5082]. The Newman-
Keuls post hoc test showed that pCPA males and control
females had higher Htr2c expression than control males (p =
0.0004 and p = 0.0005; respectively) (Fig. 6b). Like BLA, the

Fig. 3 Effects of brain serotonin depletion during the neonatal period in
male and female adult rats on a time spent by the rat pair in active social
interaction (sniffing, following, grooming, kicking, boxing, and crawling
over or under the partner) during 10 min in the social interaction box, b
immobility time during 5 min in the forced swimming test, and c latency
to immobility in the forced swimming test. Values are mean ± SEM. The
number of rats per group is indicated in each bar. Data were analyzed by a
two-way ANOVA. The values of social interaction time and immobility
time were transformed to ranks before ANOVA. **p < 0.01 compared to
control groups
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Htr1a mRNA expression was not affected by pCPA or sex in
PFC (Fig. 6c). When considering Htr2c mRNA expression in
PFC, there was a marginally significant interaction between
the factors [F(1,14) = 4.57, p = 0.0506, η2 = 0.1913], with con-
trol females showing higher expression than control males
(p = 0.0440; Fig. 6d). In short, neonatal 5-HT depletion seems
to affect gene expression of serotonin receptors differentially
according to brain region, sex, and receptor type.

Of particular interest are the projections from the DRN to
the hypothalamic paraventricular nucleus (PVN) and mRNA
expression of 5-HT receptors in this nucleus [38, 41], which
enables interaction between the 5-HTergic system and the
neuroendocrine regulation of behavioral responses.
However, in our study, ANOVA showed no effect of pCPA
treatment on the expression of Htr1a [F(1,16) = 4.24, p =
0.0561, η2 = 0.2068] and Htr2c mRNA in PVN (Fig. 6e and
f; respectively). Relative mRNA expression of Avp, Oxt, Crh,
and Trh in PVN were not affected by sex, neonatal pCPA
treatment or interaction (Fig. 7).

Discussion

The present study reveals the consequences of 5-HT depletion
during the neonatal period on the behavioral expression in
adult rats and further investigates the possible causes and
mechanisms, to shed light on this behavioral programming.

The pCPA-induced 5-HT depletion in the neonatal period
increased exploration in the open-field test, indicating a de-
gree of locomotor hyperactivity. These results are consistent
with those obtained in the plus-maze test, in which a higher
number of total arm entries was observed in 5-HT depleted
groups, indicating an increase of locomotor activity. These
data corroborate findings of other studies demonstrating that
treatment with pCPA during the prenatal or neonatal periods
produces hyperlocomotion in adulthood [20, 42]. We also
observed that 5-HT depleted male rats had fewer rearing epi-
sodes, suggesting a decrease in vertical exploration of pCPA-
treated males. Additionally, neonatal 5-HT depleted rats ap-
peared to be less anxious than their controls, since they en-
tered and spent more time in the open arms. Our data from the
plus-maze test are comparable with those obtained by
Farabollini et al. [23] andWilson et al. [22]. We also observed
a decrease in stretched attend posture episodes in pCPA-
treated animals. The drop in the occurrence of this action has
been associated with a reduction of anxiety levels, but accord-
ing to Cruz et al. [33], it is also influenced by other factors
related to decision making and risk assessment. Last, there
was an increase in grooming episodes in 5-HT depleted male
rats in the open-field test. Grooming has been used as an index
of displacement [33] because grooming episodes increase in
novel situations [43] as well indicating habituation to stressful
contexts (i.e., behavior induced by arousal [44]). ConsideringTa
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that neonatal 5-HT depletion reduced anxiety-like behavior in
our study, the increased grooming episodes observed in 5-HT
depleted males could reflect faster habituation to the novel
situation (the open-field box). On the whole, performance in
plus-maze and open-field tests showed that neonatal 5-HT
depletion resulted in an adult phenotype characterized by gen-
eral locomotor activation and decreased anxiety. Also, 5-HT
depletion appeared to affect risk assessment and increase im-
pulsivity in adult animals. Data from the social interaction test
showed that neonatal 5-HT depletion did not change the pa-
rameters evaluated among the experimental groups. Our re-
sults are in accordance with evidence reported by Farabollini
et al. [23], who also did not observe behavioral alterations in a
different social interaction model. In the forced swimming
test, neonatal 5-HT depletion decreased the immobility time,
probably as a consequence of hyperlocomotion of these ani-
mals. Other authors have observed an increase in the immo-
bility time in the forced swimming test in male and female
adult rats pretreated with pCPA between gestational days 14–
17 [42], demonstrating the fundamental importance of the
moment at which the 5-HT is depleted.

To better understand these behavioral programming ef-
fects induced by neonatal brain 5-HT depletion, we have
evaluated gene expression related to 5-HTergic signaling

in the brain. We found that neonatal 5-HT depletion in-
duced no changes in mRNA expression of the Htr1a or
Slc6a4 transporter in the DRN on both male and female
animals, suggesting that the shut-off process of these neu-
rons remained unchanged in our model. On the other hand,
neonatal 5-HT depletion significantly decreased both Tph1
and Tph2 expression in the DRN. The promoter region of
these genes contains several scattered CpG sites, which
methylation can affect its expression [45]. In fact, stress
was associated with an increased methylation in Tph1
and Tph2 promoter region in rats, resulting in a decreased
expression of these genes in the brain [46]. In this regard, it
was demonstrated that the 5′ untranslated region of Tph2
gene mediates its transcriptional repression [47]. Thus,
neonatal brain 5-HT deficit may lead to increase in Tph1
and Tph2 gene methylation, causing a long-lasting reduc-
tion in their mRNA expression in adulthood. Since TPH is
the key enzyme that limits the rate of 5-HT synthesis [1], a
decrease in its gene expression and potentially in its levels
likely lead to a reduction of 5-HT production in the DRN.
To verify this hypothesis, we quantified the levels of 5-HT
in DRD and DRV subnuclei by immunofluorescence.
Although not statistically significant, the neonatal 5-HT
depletion led to reductions of 35% and 41% in 5-HT levels

Fig. 4 Effects of brain serotonin depletion during the neonatal period in
male and female adult rats on relative mRNA expression of a tryptophan
hydroxylase type 1 (Tph1), b tryptophan hydroxylase type 2 (Tph2), c
serotonin receptor type 1A (Htr1a), and d serotonin transporter (Slc6a4)
in dorsal raphe nucleus. Values are mean ± SEM. The number of rats per

group is indicated in each bar. Data were analyzed by a two-way
ANOVA followed by the Newman-Keuls post hoc test. *p < 0.05 and
***p < 0.001 compared to control groups; +p < 0.05 and ++p < 0.01
compared to the respective male group; ##p < 0.01 compared to the
respective control group
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in the DRD and DRV, respectively, but only in male rats,
which showed a decline in Tph1 and Tph2 expression.

Ren et al. [48] reported that neurons of DRD and DRV
exhibit different projections and behavioral modulation.
Thus, the decrease in adulthood 5-HT levels in both DRD
and DRV subnuclei of DRN might be involved in the behav-
ioral changes observed after neonatal pCPA treatment.
Naslund et al. [49] have previously demonstrated that a batch
of Wistar rats expressing anxiolytic-like behavior have lower
expression of the TPH2 at both mRNA and protein levels in
raphe nuclei, associated with reduced levels of 5-HT in the
amygdala. Therefore, neonatal pCPA treatment not only pro-
grams the Tph1 and Tph2 expression but also reduces DRN 5-
HT content, potentially affecting 5-HTergic neurotransmis-
sion in different brain areas, such as the amygdala, with an
impact on locomotor activity and anxiolytic-like behavior at
adulthood.

Brain 5-HT level manipulations were demonstrated to
change mRNA expression of 5-HTergic receptors in adult
rats. Barbon et al. [50] found downregulation of Htr2c
mRNA expression in the prefrontal and frontal cortex in
young adult rats treated with a selective 5-HT reuptake inhib-
itor, whereas pCPA treatment of adult rats produced an

upregulation of Htr2c expression in the striatum [51]. Thus,
neonatal 5-HT depletion may produce long-lasting changes in
the expression of 5-HT receptors in brain areas receiving pro-
jections from the raphe. In fact, neonatal 5-HT depletion
markedly increased mRNA expression of Htr2c in the BLA
of males. 5-HT2C receptor alterations have been associated
with the development of psychopathologies [10] and, consid-
ering the fundamental importance of the interaction between
genetic and environmental factors for the development of this
kind of disease, we can speculate that the regulation of 5-HT2C
mRNA and protein expression could depend on epigenetic
and transcriptional regulatory mechanisms [52]. In fact, 5-
HT2C receptor is encoded by a complex transcription unit,
which includes the coding region and an extended 5′ untrans-
lated region containing two introns and three exons, which
host miRNAs. These miRNAs can bind to mRNA, and
therefore, block translation, causing RNA decay or
cleavage, or chromatin silencing [53]. On the other
hand, Tang et al. [54] found that the levels of histone
acetylation associated with Htr2c promoter are correlat-
ed with its gene expression levels. These epigenetic
mechanisms are especially sensitive to early life experi-
ences [45]; therefore, we can assume that one or more

Fig. 5 Effects of brain serotonin depletion during the neonatal period in
male and female adult rats on serotonin (5-HT) immunofluorescence in
dorsal raphe nucleus (DRN). aDrawing of a coronal section of rat brain at
bregma − 8.04mm, and representative micro-photograph at × 10 of DRN.
b Relative serotonin levels and c representative microphotograph at × 40
of control, male and female, and pCPA, male and female brain slices in
the dorsal part (DRD) of DRN. d Relative serotonin levels and e

representative microphotograph at × 40 of control, male and female,
and pCPA, male and female brain slices in the ventral part (DRV) of
DRV. Values are mean ± SEM. The number of rats per group is indicated
in each bar. Data were analyzed by a two-way ANOVA followed by the
Newman-Keuls post hoc test. +p < 0.05 compared to the respective male
group
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of them may be responsible for the changes induced by
neonatal 5-HT depletion observed in our model.

The 5-HT2C receptor has been associated with the regula-
tion of anxiety, depression, and locomotion [3]. Thus, higher
5-HT2C receptor mRNA expression in the BLA observed in
our study could be related to the lower anxiety levels exhibited
by the 5-HT-depleted rats. It is well established that amygdala
activation, particularly the basolateral subdivision, increases
anxiety-like behavior [55]. However, BLA pyramidal neurons
are under control of local inhibitory interneurons, mostly
GABAergic, [56] which express and respond to the excitatory
5-HT2C receptor [57]. Therefore, the increase ofHtr2c expres-
sion in BLA observed in our study could lead to an increase of
5-HT2c receptors, which in turn would inhibit BLA through
the activation of GABAergic neurons, contributing to the re-
duced anxiolytic-like behavior observed in adult rats submit-
ted to 5-HT depletion during development. Prominently, con-
trol females showed higherHtr2c receptor levels in BLA than
males, corresponding to the lower anxiety levels and the
higher locomotion observed in the behavioral tests. There is
evidence of sex differences in the expression of this receptor
in the hippocampus of mice, with females showing higher

levels ofHtr2c expression than males [58]. On the other hand,
these receptors are also involved in metabolic regulation. In
fact, Wan et al. [59] demonstrated that risperidone (a selective
5-HT2C antagonist) induced body mass gain, glucose intoler-
ance, and hypertriglyceridemia, among other effects, and the
infusion of a non-selective 5-HTergic antagonist into the
basolateral amygdala resulted in hyperphagia in female rats
[60]. Therefore, the increase of Htr2c expression could play a
role in the body mass loss caused by neonatal 5-HT depletion
in our study.

The 5-HTergic system has also been associated with food
[7], water [61], and salt [8] intake control. Neonatal 5-HT
depletion reduced body mass in both sexes, with no effect
on food intake in adulthood. Thus, pCPA-induced 5-HT de-
pletion might have changed food intake and/or metabolic
function during the neonatal treatment, programming the body
mass gain during development, without affecting the food
intake control in adulthood. The hypothalamic PVN is in-
volved in several autonomic and neuroendocrine modulations
such as hydromineral regulation, energy balance, and stress
response [38, 62]. Additionally, the hypothalamus is known to
be sexually dimorphic in relation to the 5-HTergic system

Fig. 6 Effects of brain serotonin
depletion during the neonatal
period in male and female adult
rats on relative mRNA expression
of serotonin receptor type 1A
(Htr1a) at a basolateral amygdala
(BLA), c prefrontal cortex (PFC),
and e paraventricular nucleus
(PVN); as well as relative mRNA
expression of serotonin receptor
type 2C (Htr2c) at bBLA, d PFC,
and f PVN. Values are mean ±
SEM. The number of rats per
group is indicated in each bar.
Data were analyzed by a two-way
ANOVA followed by the
Newman-Keuls post hoc test.
**p < 0.01 compared to control
groups; +++p < 0.001 compared
to the respective male group;
###p < 0.001 compared to the
respective control group
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during development, since the concentration of 5-HT is higher
in the neonatal hypothalamus of 12-day-old females than
males [63]. There is evidence linking postsynaptic 5-HT1A
receptors with anxiety reduction and locomotor activation
[64]. Although we found no changes in Htr1a expression in
the BLA and PFC, 5-HT depletion tended to increase Htr1a
levels in PVN. Besides the apparent increase in Htr1a in the
PVN, we found no changes in the expression of the neuropep-
tides Avp, Oxt, Crh, and Trh. Similarly, Mirochnik et al. [65]
reported no differences in the expression of vasoactive intes-
tinal polypeptide or AVP in the supraoptic neurons of adult
rats prenatally treated with pCPA.

Furthermore, we found some behavioral sexual dimor-
phism. Female rats showed higher exploratory activity and
anxious profile to a lesser extent compared to males. Sex
differences in locomotor activity were previously observed
in rats [42, 66]. Also, Kokras et al. [66] found a higher number
of center entries by female rats in basal conditions, which
indicated lower anxiety levels, similarly to what we found.
On the other hand, female rats spent more time immobile in
the forced swimming test, suggesting differences in coping
strategies (passive or active coping behavior) or learning and
memory. Our results are in accordance with previous findings
that have systematically demonstrated longer immobilization
time in female rats [66, 67]. Sexual behavioral dimorphism
might be a consequence of circulating sexual hormone levels

since gonadectomy in adult rats eliminates these sex differ-
ences [66]. In accordance with other authors [28], we demon-
strated that both Tph1 and Tph2mRNA expression and 5-HT
immunostaining in the DRN were lower in females than in
males. Similarly, Rubinow et al. [68] observed lower 5-HT
synthesis in women than men, explaining, at least in part, the
women’s greater susceptibility to anxiety and/or depressive
disorders than men [69]. Control females also showed in-
creased Htr2c mRNA expression in the BLA compared to
control male rats. In fact, it was previously demonstrated that
brain expression of both Tph2 [70, 71] and Htr2c [70–72] is
modulated by sexual steroids Thus, it is possible that a re-
duced DRN Tph2 expression and 5-HT content in female rats
are associated with a more anxiolytic-like behavior when
compared to males. In fact, Naslund et al. [73] demonstrated
an interaction between baseline anxiety and gonadal state on
Tph2 expression in male rats, suggesting that androgens may
contribute to inter-individual differences in anxiety-like be-
havior due to its interaction with 5-HTergic neurotransmis-
sion. Additionally, we observed that females showed higher
intake and preference for hypertonic saline only with neonatal
5-HT depletion. These results are in accordance with the well-
known inhibitory 5-HT role on sodium appetite, as evidenced
by induction of a 0.3 M saline-solution intake after a DRN
lesion [74]. Similar to the other assessed behaviors, neonatal
5-HT depletion had a stronger impact on females. We also

Fig. 7 Effects of brain serotonin depletion during the neonatal period in
male and female adult rats on relative mRNA expression of a arginine
vasopressin (Avp), b oxytocin (Oxt), c corticotrophin-release hormone
(Crh), and d thyrotropin-release hormone (Trh) in paraventricular

nucleus. Values are mean ± SEM. The number of rats per group is
indicated in each bar. Data were analyzed by a two-way ANOVA. The
values of Avp and Oxt were transformed to ranks before ANOVA
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observed a sexually dimorphic response regarding the con-
sumption of a palatable sweet solution, with higher sucrose
preference and intake by female rats. The sex difference of
sucrose intake was previously described by other authors [75].
Moreover, Clarke and Ossenkopp [76] demonstrated that in
rats there are sex differences in taste responsiveness to sweet
solutions, probably related to estrogen levels, since taste re-
sponsiveness changes throughout the estrous cycle.

Notably, neonatal 5-HT depletion affected locomotion and
anxiety-like behavior in a sex-specific way (i.e., 5-HT deple-
tion increased ambulation mainly in females and reduced head
dipping only in males). In association, we found that the
mRNA for Tph1 and Tph2 were reduced in DRN, while the
Htr2c was increased in the BLA by pCPA treatment, interest-
ingly only in males. Sex differences in 5-HT system are man-
ifested from early ontogeny, with levels of 5-HT and 5-HIAA
being higher in female than male rats during the first 12–14
postnatal days [21, 29]. Therefore, one possibility to explain
our results is that the higher 5-HT levels of females at this
developmental stage make them more vulnerable to its deple-
tion. Further studies are required to identify the mechanism
involved in the dimorphic effect of neonatal 5-HT depletion. It
is important to point that we have used intact, randomly cy-
cling female rats. Likewise, we cannot discard the influence of
different estrous cycle stages on molecular and behavior re-
sponses, as reported by other studies [71, 72].

In summary, our results corroborate the hypothesis that
brain 5-HT depletion during the neonatal period could lead
to a plastic remodeling of the 5-HTergic system [23]. This
plasticity includes Tph1/2 expression and 5-HT levels reduc-
tion in the dorsal raphe nucleus and a concomitant upregula-
tion of postsynaptic htr2c gene expression in the basolateral
amygdala, a raphe projection area. These gene expression
changes are correlated with behavioral alterations such as lo-
comotor activation and anxiolytic-like profile. In view of the
marked sexual dimorphism in behavior and gene expression,
it is necessary to consider both sexes to study and interpret the
modulation and/or implications of the 5-HTergic system.
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