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Neonatal handling (H) and maternal separation (MS) both induce changes in maternal care, but the contri-
bution of these changes to the behavioral and neurochemical outcomes of the offspring remains unclear,
as studies often find opposite results concerning the frequency of maternal behaviors, particularly in the
MS paradigm. In this study, behavior displayed by H, MS and non-handled (NH) Wistar rat dams were
observed during the first 10 days after birth. A tentative assessment of the quality of maternal care was
made, using a previously reported score that reflects behavior fragmentation and inconsistency. Central
oxytocin levels and hippocampal synaptic plasticity markers were also evaluated in dams, immediately
after litter weaning. In adulthood, male and female offspring were subjected to a contextual stress-
induced corticosterone challenge to provide further information on the impact of early interventions on
neuroendocrine parameters. We found that while both H and MS interventions induced an increase in
the amount of pup-directed behavior, MS dams displayed a more fragmented and inconsistent pattern of
care, reflecting poorer maternal care quality. Interestingly, an increase in oxytocin levels was observed
only in H dams. While H offspring did not differ from NH, MS males and females showed marked dif-
ferences in corticosterone secretion compared to controls. Our results suggest that briefly removing the
pups from the nest alters maternal care quantity but not quality and increases central oxytocin, while
long separations appear to increase low quality maternal care and change neuroendocrine responses in
adult offspring in a sex-specific manner.

© 2016 ISDN. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Maternal care is an essential part of the development in many
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animal species. Rat pups, due to their altricial nature, display lit-
tle interaction with the surrounding environment. Therefore, it is
through maternal behavior, which is highly affected by environ-
mental conditions, that pups perceive their surroundings during
the early stages of development (Francis and Meaney, 1999). It
has been proposed that maternal behavior prepares the offspring
to respond to the environment by adequately programming their
hypothalamus-pituitary-adrenal (HPA) axis response to stress (Liu
et al., 1997). In fact, enhanced maternal care improves resilience in
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the offspring in rodents (Coutellier et al., 2008; Champagne et al.,
2003; van Hasselt et al., 2012; Liu et al., 1997; Singh-Taylor et al.,
2015) and humans (Brauer et al., 2016), whereas abnormal or defi-
cient care increases the vulnerability to stress-related disorders,
both in humans (Kim et al., 2016) and animals (Cirulli et al., 2003;
Murgatroyd et al., 2015; Singh-Taylor et al., 2015).

In rodents, removing pups from the nest, either for brief
(handling) or long periods (maternal separation), increases the fre-
quency of pup-directed behaviors by dams (Bodensteiner et al.,
2012; Macri et al., 2004; Pryce et al., 2001), although some studies
present opposite results (Aguggia et al., 2013; Boccia et al., 2007;
Reis et al., 2014). It has been proposed that the long-term conse-
quences neonatal interventions have on the offspring, particularly
concerning the adaptive programming of the HPA axis by early
handling in rodents, result from the changes that this interven-
tion induces on the dams behavior (Cirulli et al., 2003; Denenberg,
1999; Kuhn and Schanberg, 1998; Liu et al., 1997; Meaney et al.,
1985). However, recent studies have suggested that these effects
may be linked to the novelty exposure component that comprises
the handling procedure, rather than directly resulting of increased
maternal care (Reeb-Sutherland and Tang, 2011; Tang et al., 2006).
The impact that altered behavior in dams has on the outcomes of
MS offspring was also questioned in an interesting study that used a
split-litter design (Macri et al., 2008); unfortunately, in that study,
only male offspring was studied. These recent reports evaluated
maternal care mostly by quantifying the frequency of pup-directed
behaviors. It has been recently suggested that increased maternal
care, when analyzed purely quantitatively, is not necessarily favor-
able to litter development (Dalle Molle et al.,2012; Murgatroyd and
Nephew, 2013; Reeb-Sutherland and Tang, 2012). This idea con-
tributes to the discussion of why MS offspring, despite having over
caring mothers, have such deleterious stress responses as adults
(Aisa et al., 2007; Desbonnet et al., 2008; Diehl et al., 2014, 2011;
Lajud et al., 2012; Rivarola and Suérez, 2009). In addition, raises
the question of how much and what maternal care features are
relevant to the long time consequences of handling and maternal
separation on offspring. In this scenery, despite the importance of
the mother-pup interaction on offspring development, only a few
studies have focused on the mother in these models, so the mech-
anisms underlying different forms of maternal behavior after brief
or long separations between dams and pups are scarcely under-
stood (Stamatakis et al., 2015). Since the mother and the pup form
adyad (Francis and Meaney, 1999), any manipulation of their inter-
action will necessarily affect both, and should be studied from both
perspectives.

Maternal care in rats occurs in bouts. A maternal bout consists
on a series of organized events, beginning with entering the nest
and gathering the pups, followed by nursing and licking the pups
and ending when the dam leaves the nest (Leon et al., 1978). There-
fore, it is plausible to think that erratic and unpredictable maternal
care may be a source of stress for pups (Ivy et al., 2008; Molet
et al.,, 2016); in accordance, abnormal parental care in humans has
been associated with the development of several psychopathies
(Kim et al., 2016). Considering this, Ivy et al. (2008) have proposed
a behavioral score to measure the quality of maternal care and
showed that an early-life stress model, which results in increased
anxiety and HPA axis hyperactivity in the offspring, also produced
fragmented and inconsistent behavior in the dam.

The neuropeptide oxytocin is involved in mediating the bond
between mother and pup in mammal species (Nagasawa et al.,
2012; Pedersen and Boccia, 2003; Uvnds-Moberg, 1997). Elevated
levels of oxytocin receptor have been associated with high levels of
licking and nursing in the arched-back position (Francis et al.,2000).
Interestingly, H dams also exhibited increased levels of this recep-
tor in several brain structures, including the hippocampus, medial
preoptic area and central amygdala (Stamatakis et al., 2015), thus

suggesting that oxytocin signaling may be involved in mediating
the changes in maternal care induced by neonatal interventions.

It has been previously reported that rats exposed to maternal
separation exhibit some behavior consistent with high vul-
nerability to anxiety disorders, namely post-traumatic stress
syndrome-like characteristics (Diehletal.,2011). Particularly, these
animals seem to process repeatedly retrieved memories differently
when compared to animals that were left undisturbed in the neona-
tal period (Diehl et al., 2014; Zalosnik et al., 2014). Several reports
have also pointed that basal and stress-induced corticosterone
secretion is different in males and females that were repeatedly
separated from the dam in the neonatal period (reviewed by Rees
et al., 2006).

The reports regarding effects of neonatal interventions on
maternal care and the effects of short and long separations from
dams induce on offspring show inconsistent results. Hovewer, the
evaluation of the sequence and daily distribution of dams behavior
is beginning to be considered as an important tool to better under-
stand the maternal behavior (Ivy et al., 2008; Molet et al., 2016;
Pefla and Champagne, 2013; Reis et al., 2014). Taking that in con-
sideration, here we studied the quality of maternal care in Wistar
rats in an attempt to contribute to the knowledge of how maternal
nurturing may participate in the modulation of the offspring ability
to face stressful events later in life. Additionally, parameters related
to synaptic plasticity (brain derived neurotrophic factor - BDNF
and synaptophysin) were measured in the dam’s hippocampus, and
oxytocin levels were determined in the cerebral spinal fluid (CSF) at
weaning. Corticosterone circulating levels after a stress challenge
were determined in the adult offspring.

2. Methods
2.1. Subjects

Primiparous pregnant Wistar rats bred at our animal facil-
ity were randomly selected (n=27 for behavioral measurements
and n=45 for biochemical evaluations). At gestational day 17-18,
they were single-housed in home cages made of Plexiglas
(65 x 25 x 15 cm) with sawdust-covered floors and kept in a con-
trolled environment (lights on between 07:00h and 19:00h,
temperature at 22 + 2 °C, food and water provided). All litters were
randomly culled to six to eight pups within 24 h after birth. The
day of birth was considered day 0 and weaning was performed
on postnatal day 21 (PND 21), when offspring males and females
were separated and randomly housed 3-4 per cage, and were then
left undisturbed until the behavioral tests, except for cage cleaning.
All animal treatments were approved by the institutional Research
Ethics Committee (CEUA-UFRGS #23844) and followed the Brazil-
ian Lawregarding the use of animals (Federal Law 11.794/2008) and
the Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research (National Research Council 2003).

2.2. Neonatal intervention models

Each litter had its own glove to be manipulated with, to avoid the
spread of odors between nests. From birth to weaning, cage clean-
ing was performed only when necessary, similarly for all groups:
dirty sawdust was carefully removed from the cage, avoiding the
nest area, and replaced with clean sawdust.

Non-handled group (NH): pups and dams were left undisturbed
until weaning, except for cage cleaning.

Neonatal Handling group (H): pups were gently removed from
their home cages and placed into a clean cage lined with clean paper
towels, inside an incubator set to 32 °C. After 10 min, pups were
returned to their dams. This procedure was carried out in the first
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10days oflife, between 12:00 hand 13:00 h, after which litters were
left undisturbed until weaning, except for cage cleaning.

Maternal separation group (MS): same protocol as the H group,
except pups remained in the incubator for 3h (between 14:15h
and 17:30h).

2.3. Behavioral tests

2.3.1. Maternal care observation

Maternal behavior observations were performed for all mother-
litter pairs during the neonatal intervention period (PND 1-10), as
described in Champagne et al. (2003). The total number of observed
litters was 27 (NH: n=10, H: n=8, MS: n=9). The observations
were performed at regular times (cycles), twice in the dark phase
(06:00h and 20:00h) and three times in the light phase (10:00 h,
13:00h and 17:30 h). In each observation cycle, maternal behavior
was monitored every 3 min, during 72 min, for a total of 25 observa-
tions per cycle per day for each dam, which yielded a total of 1250
observations for each dam in the 10 days of experiment.

Behavior was observed live by one of three different researchers
that had previously been trained together. The computed behaviors
were: licking, nursing in arched-back, blanket or supine posture,
mother in or off nest, retrieving pups, nest building, mother drink-
ing/eating. The frequency of each behavior in each cycle and day
was determined and computed into a databank which was later
subjected to revision. For “cycle” analyses, the sum of frequencies
of each behavior for the 10 days was used (total number of obser-
vations: 250/cycle/dam). For “day” analyses, frequencies from the
5 cycles of each day were added (total number of observations:
125/day/dam).

2.3.1.1. Behavioral inconsistency. Behavioral inconsistency score
was assessed as a qualitative measure of maternal care, based on Ivy
etal.(2008). Maternal behavior experimental tables were analyzed
for each cycle, each day; whenever behaviors changed from one
observation to the next in the cycle, a grade “1” was given. Grades
for each cycle were added and divided by 24 (total possible num-
ber of behavior changes between the 25 observations), resulting
in a “behavioral inconsistency score” which varies between 0 and
1. The higher the score, the more fragmented and inconsistent the
maternal care. Transitions between the following behaviors were
considered: nursing, licking, retrieving pups, nest building, away
from pups, eating/drinking.

2.3.2. Flinch-jump test

Aflinch-jump test (Lehner et al., 2010) was performed on female
and male adult offspring (PND 90-100) that were subjected to the
neonatal interventions described here to assess possible differences
in painful stimulus perception that could affect the results of the
stress challenge. A total of 26 males (NH: n=11,H: n=8, MS: n=7)
and 22 females (NH: n=7, H: n=8, MS: n=7) was used. The test
was performed in a wooden lidded apparatus (28 x 26 x 23 cm),
with one transparent plastic wall, and a grid floor of parallel 0.1-
cm caliber stainless steel bars spaced 1.0 cm apart wired to a shock
generator. Rats were placed individually in the box and allowed
to habituate for 1 min, after which footshocks were delivered in
ascending followed by descending order (0.1 mA, 1s duration,
0.1-0.9 mA range), every 10s. The ‘flinch’ and ‘jump’ thresholds
were defined for each rat as the average current (mA) at which
the animals first (ascending series) or last (descending series) pre-
sented each behavior.

2.3.3. Stress challenge

Naive male and female rats, aged between 90 and 100 days, sub-
jected to the neonatal interventions described here, were used in
this experiment; average weight: 3644+9¢g (males) and 241+5¢g

(females). Experiments took place between 9 and 12 a.m. Only
one rat of each sex from the same litter was exposed to each
experimental condition in this task. Animals were placed in the
apparatus described above and allowed to explore it for 3 min,
after which they received three 0.8 mA 1s-duration footshocks,
30s interval between shocks (training session); the frequency of
jumps in response to each footshock was recorded for each animal.
Rats remained 1 min more in the apparatus, and were then placed
back in their home cages. Twenty-four hours after the exposure
to the aversive stimulus, a subset of animals was re-exposed to
the same context for 5min; 15 min after the end of the challenge
session, animals were quickly euthanized using a guillotine and
trunk blood samples were collected for corticosterone levels eval-
uation. Another subset of non-challenged animals was euthanized
24 h after training and trunk blood was collected to assess basal
corticosterone levels.

2.4. Biochemical analysis

2.4.1. Oxytocin assay

Immediately after litter weaning (PND 21), a different sub-
set of dams was anesthetized using 120 mg/kg ketamine HCI
(Dopalen: Agribrands, Campinas, SP, Brazil) and 16 mg/kg xylazine
(Anasedan: Agribrands, Campinas, SP, Brazil). CSF samples were
obtained by a magna cistern puncture and stored at —80 °C for latter
usage.

Oxytocin levels in the CSF were measured by enzyme
immunoassay, using a commercial kit (Oxytocin EIA Kit, Assay
designs, USA), following the manufacturer’s instructions. The total
number of dams used for this assay was 20 (NH: n=7,H: n=7, MS:
n=6). Results are expressed as pg oxytocin/ml CSF.

2.4.2. Hippocampal analysis

Immediately after litter weaning (PND 21), another subset of
dams was quickly euthanized using a guillotine. Twenty-five dams
were used for this experiment (NH: n=9, H: n=9, MS: n=7).
Hippocampi were carefully dissected on ice and stored at —80°C
until analyses. Tissue was homogenized 1:10 in a lysis buffer pH
7.9, containing 137 mM NacCl, 2.5M KCl, 10mM Hepes, 0.6 mm
EDTA,1% SDS, 10% glycerol and 1% protease inhibitor cocktail
(Roche, Switzerland) and a 15 min 4000 rpm centrifugation was
performed to clear the homogenate, which was stored at —20°C
until use. Total protein content was determined using the method
described by Lowry et al. (1951).

2.4.2.1. BDNF assay. For BDNF analysis, a sandwich ELISA was per-
formed on the hippocampus homogenate, using a commercial
kit (BDNF Emax® Immunoassay system, Promega, USA), as previ-
ously described (Arcego et al., 2016). Results are expressed as pg
BDNF/mg protein. s

2.4.2.2. Western blot. Hippocampus homogenate samples were
loaded in poliacrylamide gels (loading gel: 4.5% acrylamide; run-
ning gel: 10% acrylamide) in equal protein concentrations (40 g of
total protein/lane). After electrophoresis, proteins were transferred
(XCell SureLock® Mini-Cell, Invitrogen) to nitrocellulose mem-
branes (1 h 10 min at 50V in transfer buffer [48 mM Trizma, 39 mM
glycine, 20% methanol, and 0.25% SDS]) and blots were then blocked
for 2 h in Tris-buffered saline with 5% m/v non-fat dry milk. Blots
were incubated overnight at 4°C in blocking solution containing
one of the following antibodies: anti-synaptophysin (1:200, Santa
Cruz, USA) and anti-a-tubulin (1:1000, Sigma-Aldrich, USA). Sec-
ondary antibody (peroxidase-conjugated anti-rabbit IgG [1:1000,
Merck-Millipore, Germany]) was diluted in blocking solution and
incubated for 2 h at room temperature. Blots were developed using
achemiluminescence Amersham™ ECL kit (GE Healthcare, UK) and



N.d.S. Couto-Pereira et al. / Int. J. Devl Neuroscience 55 (2016) 72-81 75

exposed on a Kodak®© film. The intensity of bands was quantified by
densitometric analysis using the Image] software (National Insti-
tutes of Health, USA). Results were quantified as the ratio of the
optical density (OD) of the protein of interest to that of a-tubulin
(Sigma-Aldrich, USA) of the same sample in the same blot, and
expressed in percentage of control (NH group). The total number of
samples used for this assay was 17 (NH: n=5, H: n=6, MS: n=6).

2.4.3. Corticosterone assay

Offpring serum corticosterone levels were determined as
described previously (Diehl et al., 2007), from serum obtained as
described in subsection 2.3.3. Briefly, corticosterone was extracted
with ethyl acetate and analyzed with a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Corticosterone ELISA
kit, Cayman Chemical Co., USA), following the manufacturer’s
instructions. Results are expressed as ng corticosterone/ml serum.
The total number of serum samples used for this assay was
59: non-challenged males - 15 (NH: n=5, H: n=4, MS: n=6);
non-challenged females — 12 (NH: n=4, H: n=4, MS: n=4); chal-
lenged males - 16 (NH: n=5,H: n=5, MS: n =6); challenged females
- 16 (NH: n=6,H: n=5, MS: n=5).

2.5. Statistical analyses

Data was analyzed using the software SPSS version 16.0.
Repeated measures ANOVA (neonatal intervention as between sub-
jects factor) was performed to compare frequencies of maternal
behaviors or mean behavioral inconsistency factor throughout the
intervention period (day) and throughout the day (cycle), using
the Greenhouse-Geisser correction whenever data did not meet
the sphericity assumption. One-way ANOVA (neonatal intervention
as between subjects factor) was performed for each cycle inde-
pendently whenever a statistically significant interaction between
cycle and neonatal intervention was found, and also for total
frequency of maternal behavior, dams’ biochemical data and
percentage of males in the litters. Two-way ANOVA (neonatal inter-
vention and sex as factors) was used to analyze the flinch-jump
test results. Three-way ANOVA (neonatal intervention, sex and
challenge as factors) was performed for the corticosterone results,
followed by one-way ANOVA to compare groups. Tukey or LSD
post-hoc analyses were used when appropriate. Data is expressed
as mean =+ standard error of the mean (SEM). Statistical significance
was set at p <0.05. For the inconsistency behavior data, results were
not considered for animals that presented scores that were more
than 2 standard deviations from the mean (three cases, one from
each group).

3. Results
3.1. Maternal care

Maternal behavior displayed by NH, H and MS dams was
recorded during the first 10 days postpartum, 5 times a day. Results
are presented quantitatively, first. For the frequency of pup lick-
ing, a significant interaction between neonatal intervention and
observation period (cycle) was found [F(8,96)=5.84, p<0.001], as
depicted in Fig. 1A. This behavior was more frequent when H and
MS pups were returned to the nests, after their respective inter-
vention procedure [i.e., at 13:00h for H group (p=0.006) and at
17:30h for MS group (p <0.001)], similarly to previous reports (Liu
et al.,, 1997; Pryce et al., 2001). MS and H dams also showed an
overall increase in the total frequency of licking compared to NH
dams [F(2,24)=6.24, p=0.007; Tukey post-hoc, p <0.05], but no dif-
ferences between them (p =0.815). A significant similar interaction
was also observed for the frequency of nursing in the arched-back
posture [F(5.84,70.05)=7.73, p<0.001]. A marked increase of this

behavior was observed in MS dams in the 17:30 and 20:00 cycles
(p<0.001 for both), as displayed in Fig. 1B. MS dams also pre-
sented an overall increase in arched-back nursing compared to H
dams [F(2,24)=4.85, p=0.017; Tukey post-hoc, p=0.019]. While
no differences were found between groups in the total frequency
of nursing [F(2,24)=1.41, p=0.26], an interaction was observed
between intervention and observation time [F(6.16, 73.86)=3.70,
p=0.003]. MS decreased their frequency of nursing (p = 0.005), par-
ticularly in the 10:00 observation cycle (Fig. 1C). Total frequency
of mother off nest was not different between the groups either
[F(2,24)=0.41, p=0.67], but an interaction intervention x cycle
was found [F(5.723, 68.67)=4.38, p=0.001]. Again, MS dams in
the 10:00 observation were significantly different from controls
(p=0.006), which explains the decrease in nursing seen in this cycle
(Fig. 1D).

As expected (Champagne etal.,2003; Leonetal., 1978; Reisetal.,
2014), maternal care gradually decreased through the days (main
effect of day, p <0.05 for all behaviors analyzed), but no significant
interactions between intervention and postpartum day were found
(p>0.05 for all behaviors analyzed; data not shown).

Lately attention has been given to qualitative maternal care
analysis as a complimentary and rather informative tool (Ivy et al.,
2008; Molet et al., 2016; Reis et al., 2014), hence we also calculated
a behavioral inconsistency score that reflects the fragmentation of
pup-oriented behaviors in dams, depicted in Fig. 1E. Concerning
this score, a significant interaction was found between neonatal
intervention and cycle [F(8,84)=4.04, p<0.001]. MS dams exhib-
ited a higher score of inconsistency in the two observation cycles
that followed the intervention (17:30 cycle, p=0.001; 20:00 cycle,
p=0.05), as well as an overall increased score compared to con-
trols [F(2,21)=4.41, p=0.025; Tukey post-hoc, p=0.024]. H dams
also had a small increase in their inconsistency score after the
intervention (p=0.004), but overall were not different from NH
dams (p=0.14). Since MS dams exhibited a very high frequency of
arched-back nursing, and dams frequently exchange nursing posi-
tions (Stern, 1997), when analyzing behavioral inconsistency, we
did not consider changes between nursing positions to calculate
the score, thus avoiding a possible false positive result regarding
MS mothers.

Dams frequently direct nurturing behavior towards male pups
(Moore and Morelli, 1979) and differences have been found, not
only on maternal care, but also in the offspring glucocorticoid
receptor methylation status depending on the sex composition of
the litter (Kosten and Nielsen, 2014). Therefore, we compared the
percentage of male pups in our litters to exclude a possible effect
of the litter composition on our results. No significant differences
were found in the percentage of males in NH, H and MS litters
(49 4 6%, 45 + 7%, 49 + 7%, respectively; p=0.867), thus eliminating
this confounding factor.

Oxytocin is strongly related with maternal care (Nagasawa
et al.,, 2012; Uvnds-Moberg, 1997). Increased expression of oxy-
tocin receptor have been associated with high levels of licking and
nursing in the arched-back position (Francis et al., 2000) and was
also found in H dams (Stamatakis et al., 2015), while intracere-
broventricular infusion of an oxytocin receptor antagonist resulted
in decreased licking and arched-back nursing (Pedersen and Boccia,
2003). Therefore, to provide further information about neurochem-
ical modulation of H and MS mothers’ behavior, we measured CSF
levels of oxytocin in dams, at PND 21 (Fig. 2). A marked increase of
oxytocin was observed in H dams when compared with both NH
and MS dams [F(2,19)=6.635, p=0.007, Tukey post hoc p<0.05].

Maternal care is essentially an innate behavior as can be demon-
strated, for example, by injecting oxytocin in the cerebral ventricles
of virgin females (Pedersen et al., 1982). In accordance, behavioral
stability has been observed across consecutive litters of the same
dam (Champagne et al., 2003). However, as demonstrated here and
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Fig. 1. Maternal care observed in dams of non-handled (NH), handling (H) and maternal separation (MS) groups, throughout the day. Frequencies of pup licking (A), arched
back nursing posture (B) nursing - all postures (C), mother off nest (D) and mean behavioral inconsistency score (E) are displayed; frequencies from PND1-10 for each
observation cycle were added (A-D) or averaged (E). Data is expressed as mean +SEM and was analyzed by repeated measures ANOVA using neonatal intervention as
an independent factor; one-way ANOVA was used for group comparisons and Tukey as post-hoc test; NH: n=10; H: n=8; MS: n=9. * represents statistically significant
difference between MS and NH groups; # represents statistically significant difference compared to NH and MS groups, in the same observation cycle; $ represents statistically
significant difference compared to NH and H groups, in the same observation cycle. p Values are presented in subsection 3.1.

in other studies (Bodensteiner et al., 2012; Macri et al., 2004; Pryce
et al., 2001; Reis et al., 2014), dams adapt their behavior to meet
pups’ demands (Pereira and Ferreira, 2016) and to the environ-
mental conditions. Some adaptations seem to persist to subsequent

maternal experiences, even if the source of stress is removed (Wong
et al.,, 2011), implying that a learning component also exists in
maternal care (Scanlan et al., 2006). Taking that into account, we
examined BDNF and synaptophysin in the hippocampus of dams
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Fig. 2. Oxytocin levels (pg/ml) in the cerebral spinal fluid (CSF) of dams of non-
handled (NH), handling (H) and maternal separation (MS) groups, at PND 21,
immediately after litter weaning. Data is expressed as mean +SEM and was ana-
lyzed by one-way ANOVA using neonatal intervention as an independent factor, and
Tukey as post-hoc test; NH: n=7; H: n=7; MS: n=6. # represents statistically signif-
icant difference compared to the other groups. p Values are presented in subsection
3.1.

subjected to the described postpartum interventions (Fig. 3). No
significant differences between interventions were found either for
BDNF (p=0.681) or synaptophysin (p = 0.839). No significant differ-
ences in a-tubulin OD were found among groups either (p=0.617),
which assures that protein loading was similar in all samples. These
results suggest that plasticity related to maternal care is not depen-
dent on BDNF or synaptophysin in the hippocampus. However,
conclusions are preliminary, since, to our knowledge, this is the
first study to measure BDNF and synaptophysin levels in the hip-
pocampus of H and MS dams.

3.2. Effects of neonatal interventions on corticosterone secretion
in adult offspring

Males and females subjected the neonatal interventions were
tested during adulthood in an attempt to provide information on
the impact of maternal care on the offspring’s HPA axis function,
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Table 1

Flinch and jump thresholds in response to electric footshocks in adult male and
female offspring that were subjected to non-handled, handling and maternal sepa-
ration procedures in the neonatal period.

flinch threshold (mA) jump threshold (mA)

males Non-Handled 0.20+0.02 0.65+0.04
Handling 0.15+0.02 0.64+0.04
Maternal Separation  0.14+0.02 0.61+0.04
females Non-Handled 0.14+0.03 0.53+0.07
Handling 0.15+0.02 0.44 +0.04
Maternal Separation 0.11+0.01 0.50+0.06

Data is expressed mean + SEM and was analyzed by two-way ANOVA using neonatal
intervention and sex as factors, and Tukey as post-hoc test; males - NH: n=11, H:
n=8, MS: n=7, females - NH: n=7, H: n=8, MS: n=7. Females had a lower jump
threshold than males. p Values are presented in subsection 3.2.

particularly how corticosterone levels would change in response to
the exposure to a conditioned aversive context.

First, a flinch-jump test (Lehner et al., 2010) was performed on
the adult offspring to determine possible differences in pain sensi-
tivity in the different groups and, consequently, differences in how
the electric stimulus would be perceived and reflected as increased
corticosterone levels in the stress challenge task (Table 1). No signif-
icant interaction or main effects were found for the flinch threshold
in this test (interaction: p=0.387), but a main effect of sex was
found for the jump threshold [F(1,36)=10.522, p=0.003]. Since
females had a slightly lower jump threshold than males, we chose
a current intensity in which mainly all animals exhibited a jump
response (0.8 mA), to minimize differences in stimulus sensitivity
among groups.

Adifferent subset of NH, H and MS adult offspring was submitted
to the stress challenge task. A series of three 0.8 mA footshocks was
applied; no significant differences between sexes in the frequency
of jump in response to the three footshocks were found (one-way
ANOVA: p=0.124), which supported our choice of current inten-
sity for this experiment. Twenty-four hours later, approximately
half the animals were re-exposed to the footshock context for
5min (challenged). Serum corticosterone levels were determined
at a single time point (15 min after the end of the conditioned
stimulus exposure) and compared with samples from animals that
received the footshocks 24 h before, but were not re-exposed to the
context (non-challenged). Results are depicted in Fig. 4. A signifi-
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Fig. 3. BDNF (A) and synaptophysin (B) levels in the hippocampus of dams of non-handled (NH), handling (H) and maternal separation (MS) groups, at PND 21, immediately
after litter weaning. No significant differences were found; BDNF - NH: n=9, H: n=9, MS: n=7; synaptophysin - NH: n=5, H: n=6, MS: n=6.
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Fig. 4. Serum corticosterone levels (ng/ml) in adult male and female offspring that were subjected to non-handled (NH), handling (H) and maternal separation (MS)
procedures in response to the exposure or not to a conditioned aversive context (challenge). Data is expressed as mean + SEM and was analyzed by three-way ANOVA using
neonatal intervention, sex and challenge as factors, followed by one-way ANOVA for group and LSD post-hoc test; non-challenged: 15 males (NH: n=5, H: n=4, MS: n=6),
12 females (NH: n=4, H: n=4, MS: n=4), challenged: 16 males (NH: n=5, H: n=5, MS: n=6), 16 females (NH: n=6, H: n=5, MS: n=5). * represents statistically significant
difference compared to non-challenged animals of the same neonatal intervention and sex; $ represents statistically significant difference compared to males subjected to
the same neonatal intervention and challenge procedure; # represents statistically significant difference compared to non-challenged NH and H females. Relevant p values

are presented in subsection 3.2.

cant interaction between sex, neonatal intervention and challenge
was found [F(2,47)=6.015, p=0.005]. In general, females and chal-
lenged animals had higher corticosterone levels. A subsequent
one-way ANOVA revealed that all groups had a significant increase
in corticosterone levels after being challenged (p <0.05) except for
MS males (p=0.184); non-challenged MS females had lower cor-
ticosterone levels compared to NH and H females (p=0.001 and
p<0.001, respectively). Interestingly, non-challenged MS males
and females were not different (p=0.939).

It is worthy to disclosure that our non-challenge corticosterone
levels may not represent basal levels, as animals had been pre-
sented with aversive stimuli the day before and thus there is no
guarantee that once removed from the vivarium, a stress response
was not triggered. We did however make sure that animals were
euthanized as quickly as possible once out of the vivarium (less
than 5min).

4. Discussion

Disrupting the mother-pup interaction results in changes in
maternal care in rats, and early interventions such as neonatal
handling and maternal separation, have been studied to assert the
influence of the environment on the pup’s development, especially
concerning the functioning of the HPA axis (Lajud et al., 2012;
Liu et al., 1997; Macri et al., 2004). The outcomes that these two
interventions have on the offspring have been intensively stud-
ied, but their impact on maternal care and how this contributes to
the consequences observed on the offspring are not clear, particu-
larly concerning the paradigms that involve long pup separations.
Here, we showed, for the first time, that MS Wistar rat moth-
ers present high fragmentation of maternal care, while H dams
only show a small and single increase in behavioral inconsistency,
when compared to NH mothers. We also evaluated central oxy-
tocin and hippocampal BDNF and synaptophysin, and we found
increased CSF oxytocin in dams whose pups were handled. Addi-

tionally, contextual stress-induced corticosterone was evaluated
on the adult offspring and group and sex-specific responses to stress
were observed.

The circadian distribution of maternal care in NH mothers was
very constant, and the frequency of behaviors that are strongly
correlated with improved care, like licking and arched-back nurs-
ing, hardly changed throughout the day. H dams exhibited similar
daily patterns, except for an increase in pup licking, which is in
accordance with previous reports (Liu et al., 1997; Stamatakis
et al,, 2015). Other slight variations in maternal behavior pattern
presented by H dams did not reach significance, but were simi-
lar to those observed by Reis et al. (2014). As for MS mothers,
their behavior changed considerably compared to NH dams, with
intervention-induced high increases in licking and arched-back
nursing and increased time spent away from pups and conse-
quently less time spent nursing in the morning (10:00 observation).
The observed increase in arched-back nursing in MS mothers
did not imply increased total frequency of nursing, but a switch
from the more common blanket posture to the arched-back pos-
ture, probably induced by the demanding pups (Stern, 1997). In
summary, long separations seem to induce an acute increase in
maternal care (Pryce et al., 2001) that is not maintained through-
out the day, and more importantly, alter the circadian pattern of
pup-related behaviors, particularly in the light phase. The transient
nature of the increase in MS dams care and the fact that it occurs in
the light phase may possibly explain why some studies reported
a decrease in nurturing frequency in these dams (Boccia et al,,
2007). Apart from the sustained increase in arched-back nursing
in MS mothers observed in the 20:00 cycle, no differences between
groups were observed in the two nocturnal observations (6:00 and
20:00), which was expected since nursing is more common during
the light phase in rats (Champagne et al., 2003).

The sequence and pattern of maternal care seem to be relevant
factors to assess the quality of this behavior and its impacts on
the offspring development (Ivy et al., 2008; Molet et al., 2016; Reis
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et al.,, 2014). Based on this fact, we also performed a qualitative
analysis of maternal care of dams, by scoring the inconsistency
and fragmentation of their behavior (Ivy et al., 2008). In H dams,
we found only a small increase in behavioral inconsistency in the
cycle after the procedure, which could be explained by the find-
ings of Liu et al. (1997) that H dams had shorter but more frequent
nest bouts than controls. MS mothers, on the other hand, showed
higher fragmentation of maternal behavior, which also occurred
in mothers subjected to the stress paradigm reported by Ivy et al.
(2008). The increase in behavior fragmentation is not due to alter-
nations between nursing postures, which frequently occur in rat
as reflex responses to pup demands (Stern, 1997), since we did
not consider them to determine the inconsistency score. Frequent
intervals between licking bouts may contribute to this result, since
rat dams usually exhibit rather short licking bouts (Champagne
et al., 2003), which could count as behavior changes in our analysis
and increase the inconsistency score. However, the total frequency
of licking was similar among all groups in the late night observation,
and the inconsistency score remained high for MS mothers in this
period. Inconsistent care displayed by these dams may result from
a conflict between attending demanding pups and dealing with
its own stress and, despite being quantitatively high, may not be
tuned with the pups needs (Pereira and Ferreira, 2016). We should
consider that NH mothers show an increase in fragmentation of
their maternal behavior late in the afternoon. As such, the increase
in fragmentation in the MS mothers could be an exacerbation of
this behavior. It would be interesting to perform further studies
addressing the point of handling late in the afternoon.

Several studies have shown that oxytocin is involved in the
mediation of maternal behavior, particularly by enhancing the
dam’s motivation to respond to pups (Bridges, 2015). We reported
here that brief separations from pups induce a high and long last-
ing increase in the levels of this neuropeptide in the dams CSF,
which could be related to the increase in maternal care observed
in this group. One limitation of this study is that, since behavior
was recorded at PND1-10, and biochemical analyses were per-
formed on PND21, it is possible that some biochemical effect could
have changed by the time of euthanasia. However, Stamatakis
et al. (2015) have shown an increase in the expression of oxy-
tocin receptors in several brain areas in H dams, which lasted up
to PND 22. Oxytocin levels appear to be inversely correlated with
depressive-like symptoms in the postpartum period, in humans
(Moura et al., 2016). MS mothers in our study did not exhibit an
increase in oxytocin production at the analysis day, despite their
higher frequency of maternal activities, a neurobehavioral pat-
tern that has been previously referred to as “attenuated nursing
efficiency” by Murgatroyd and Nephew (2013), regarding another
model of maternal stress. Rat mothers that experienced long sep-
arations from their pups exhibit increased anxiety-like (Aguggia
etal., 2013; Maniam and Morris, 2010) and depression-like behav-
iors (Boccia et al., 2007; Maniam and Morris, 2010; von Poser
Toigo et al., 2012). Together with the inconsistent maternal care
and the absence of increased oxytocin levels reported here (com-
pared to H dams), our study offers further support to the suggestion
that maternal separation may correlate with postpartum depres-
sion in humans (Boccia et al., 2007; von Poser Toigo et al., 2012).
Human mothers also show an association between poor childcare
and depression/anxiety (Kim et al., 2016).

Changes in the HPA axis reactivity have already been reported
in adult MS and H animals (Colman et al., 2015; Diehl et al., 2007;
Kalinichev et al., 2002; Lajud et al., 2012; Llorente-Berzal et al.,
2012; Rees et al., 2006), with a variety of responses that range from
no differences to either increase or decrease in the intervention
groups. Such inconsistencies may result from a dependency of the
HPA response on the MS protocol used, age, strain and sex of the
animals and the type of stressor (reviewed by Rees et al., 2006).

Although a similar approach was used by Pryce et al. (2003 ) on early
deprivation (isolation) Wistar rat offspring, to our knowledge, this
is the first report of changes in MS circulating corticosterone levels
in response to the exposure not to a stressor per se, but to a condi-
tioned aversive context, which represents a psychological stressor.
These changes may have implications on how males and females
that were separated from the mother during the neonatal period
retrieve and reconsolidate aversive contextual memories, since glu-
cocorticoids strongly affect these processes (Cai et al., 2006).

Our results concerning circulating levels of corticosterone
appear to coincide with the quality of care our dams offered to their
offspring. H mothers did not show marked differences compared to
NH, except for the increased licking behavior, which consequently
results in a small increase in the behavior inconsistency score in
the period when it was observed. Similarly, H adult offspring did
not differ from controls in their corticosterone response, either
when non-challenge or when exposed to the aversive environment,
which is in accordance with previous studies which also submit-
ted H animals (Wistar and Long-Evans rats) to different stressors
(Colman et al., 2015; Kalinichev et al., 2002). It is important to
mention that animals that were handled in the neonatal period
do show several behavioral and neurochemical alterations (Liu
et al., 1997; Marcolin et al., 2012; Singh-Taylor et al., 2015), but
context-induced endocrine stress response was not altered here.
On the other hand, a strong increase in behavioral fragmentation
was observed in MS dams, and the offspring also exhibited very dif-
ferent corticosterone secretion patterns compared to controls. Male
MS rats did not increase corticosterone production in response to
the aversive context exposure, since their basal levels were already
high; this may correlate with the increase in anxiety-like behavior
and memory processing changes previously reported in MS male
Wistar rats (Aisa et al., 2007; Diehl et al., 2011, 2014). MS females,
on the other side, had lower basal corticosterone levels than con-
trols, as previously reported also in Wistar rats (Diehl et al., 2007,
Llorente-Berzal et al., 2012), and showed a marked increase after
the challenge.

It is worthy to state that only one corticosterone measure in
response to a specific type of stressor was used in this report, so
the conclusions we draw concerning neuroendocrine responses in
H and MS animals are limited. However, changes reported here
are consistent with other studies (Colman et al., 2015; Diehl et al.,
2007; Kalinichev et al., 2002). In addition, our goal was to study
the contribution of maternal care to the long-term consequences
of neonatal interventions, to which our experiment provided inter-
esting insights.

Two important factors interact in the MS procedure: first, the
pups lose tactile contact with the mother and are kept without a
nutrition source for 3 h per day (in our MS model, heating is assured
and the pups are not separated from their siblings, as occurs in some
deprivation studies); second, the dam increases the quantity and
decreases the quality of care it provides to the litter, as shown here.
Conditions listed in the first item have been shown to affect the
HPA long-term regulation (Suchecki et al., 1993) and other aspects
of MS pups development have been attributed specifically to the
lack of tactile stimulation during the separation period (Kuhn and
Schanberg, 1998). Interestingly, our adult MS females and males,
which received the same neonatal treatment, exhibited very differ-
ent corticosterone secretion patterns when challenged. Even when
non-challenged, these animals show opposite differences towards
their respective controls. This could be an effect that arose later
in life as a consequence of modulation of corticosterone synthesis
by sexual hormones, which are modified by early life interventions
(Viveros et al., 2010) or it could be a result of estrogen effects on
neurodevelopment during the neonatal phase, as some studies with
maternal deprivation have suggested (Oomen et al., 2009). While
the work by Oomen et al. (2009) appeared to exclude the impact
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of maternal care on their results, Macri et al. (2008) proposed that
increased maternal care in MS dams could partially compensate
the deleterious effects of the separation. Hence, the role of altered
maternal care on MS offspring neurodevelopment remains contro-
versial. Again, a purely quantitative approach was taken in these
studies. The amount of licking rat mothers perform on pups has
predictive value when applied to handling studies (Liu et al., 1997;
van Hasselt et al., 2012; Macri et al.,, 2008; Meaney et al., 1985).
However, there appears to be a ceiling effect in the benefits of tactile
stimulation to the pups, as determined by studies that use artificial
rearing (Lomanowska and Melo, 2016), so the stronger increases in
this behavior observed in MS dams may not necessarily be advan-
tageous to the offspring; also, the pattern of care, rather than just
the frequency, appears to be important, and may better correlate
with neurobehavioral outcomes of neonatal interventions.

Quality assessment of maternal care in this report points that
H mothers, in addition to providing higher care for their pups, did
so without creating a high disruption in the pattern of “normal”
maternal care; they also had a marked increase in the central pro-
duction of oxytocin. Their adult offspring did not show differences
in aversive context-induced corticosterone secretion compared
to controls. On the contrary, the increase in maternal behavior
observed in MS mothers was not accompanied by an increase in
oxytocin production and occurred in a fragmented and inconsis-
tent manner, which we propose, could be an additional source
of stress for MS pups and contribute to the long-term negative
consequences observed in these animals in this and other stud-
ies. Future studies should better address the interaction between
pup sex and the quality of maternal care. This could contribute to a
better understanding of sexual dimorphic long-term effects of early
interventions.
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