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According to approach-avoidance model, virgin female laboratory rats display maternal behaviour when the
tendency to approach and interact with the pup is stronger than avoiding it. A positive neural mechanism that
includes the medial preoptic area (mPOA)/bed nucleus of the stria terminalis (BNST) and a negative mechanism
that involves the anterior hypothalamic nucleus (AHN)/ventromedial nucleus (VMN)/ periaqueductal grey
(PAG) underlie to these behaviours. Unlike virgin rats, which avoid the pups, virgin females Mongolian gerbils
(Meriones unguiculatus) can be immediately either maternal or aggressive with the pups. Furthermore, the
Mongolian gerbil is monogamous and biparental species. Despite these difference, we hypothesised that maternal
and aggressive interaction with the pups could activate mPOA/BNST and AHN/VMH/PAG, respectively, and that
maternal response could be associated with high concentrations of estradiol (E3). Twenty virgin maternal females
and 20 aggressive toward the pups were selected. Ten maternal females interacted with the pups (MAT-pups) and
10 with candy (MAT-candy). Of the 20 aggressive females, 10 interacted with the pups (AGG-pups) and 10 with
candy (AGG-candy). Immediately after the test, blood samples were taken to quantify E,. The brains were
dissected for c-Fos immunohistochemistry. MAT-pups females had significantly higher activation in mPOA/BNST
than MAT-candy females, while AGG-pups showed significant activation in AHN/VMH/PAG compared with
AGG-candy females. The maternal response was associated with high concentrations of Ej. These results sug-
gested a positive and a negative mechanism in the regulation of maternal behaviour in the Mongolian gerbil, and
that the immediate maternal response could be due to high E, concentrations.

1. Introduction

In mammals, maternal behaviour consists of a set of activities carried
out by a mother to ensure the survival and successful development of the
offspring [1]. Laboratory rats (Rattus norvegicus) have been the model of
choice in studies of the biological bases of maternal behaviour [1,2].
Virgin female rats have been used to elucidate the neural mechanisms
underlying maternal behaviour resulting from the approach-avoidance
model. According to the model, approach-avoidance maternal behav-
iour is displayed when the tendency to approach and interact with pup
stimuli is greater than the tendency to avoid them. There is a positive
mechanism descending from the medial preoptic area (mPOA) through

the lateral hypothalamus to the ventral mesencephalon, including the
bed nucleus of the stria terminalis (BNST). Furthermore, there is a
negative mechanism that descends from the medial hypothalamus
through the anterior hypothalamic nucleus (AHN)/ventromedial nu-
cleus (VMN) to the periaqueductal grey (PAG) [1,3-6]. Both neural re-
gions are involved in the facilitation and inhibition of maternal
behaviour and have multiple connections with the medial amygdala
(MeA), which receives projections from the olfactory bulb (OB) [3-8].

Estradiol (E3) plays an essential role in the regulation of maternal
behaviour. In rats, the onset of maternal behaviour depends on changes
in the concentrations of progesterone and E; (a decrease in progesterone
concentration and an increase in E; in last third of pregnancy) [1]. In
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this rodent, virgin ovariectomized females exposed to small E implants
of 1 or 2 mm for two weeks do not display maternal behaviour, whereas
large E, implants of 10 mm stimulate maternal responsiveness [9].
Similarly, a dose of 100 pg/kg of estradiol benzoate triggers maternal
behaviour in virgin rats, but a dose of 20 pg/kg is ineffective [10].

Knowledge of neural mechanisms that regulate maternal behaviour
has been obtained using electrolytic lesions, excitotoxic lesions, and
magnetic resonance imaging. Furthermore, the functional anatomy of
the neuroendocrine system is mapped using neuronal markers, such as
the products of early gene expression, including the Fos family [3,7,
11-17]. Recently, studies on laboratory rats and mice have focused on
more precisely determining the subsets of neurons that regulate
maternal behaviour within some neural nuclei, such as mPOA [18-20].
However, aside from laboratory mice [21,22], no studies have been
conducted on other rodent species regarding the neural circuits of
maternal behaviour. Initially, virgin rats actively avoid pups and display
maternal behaviour only after 6-12 consecutive days of pup exposure
[23]. In contrast, virgin female Mongolian gerbils (Meriones unguicula-
tus) can be immediately maternal or aggressive with pups of the same
species [24]. Furthermore, the Mongolian gerbil is a monogamous and
biparental rodent [24]. Despite these differences from laboratory rats,
we hypothesised that maternal and aggressive interaction with pups
could activate the medial preoptic area (mPOA)/bed nucleus of the stria
terminalis (BNST) and the anterior hypothalamic nucleus (AHN)/ven-
tromedial nucleus (VMN)/periaqueductal grey (PAG), respectively. We
also hypothesized that the maternal response could be associated with
hormonal status, particularly the concentration of E,. The activation of
MeA and OB was also determined in maternal and aggressive in-
teractions with pups because both areas are part of the neural circuit of
maternal behaviour in laboratory rats [1].

2. Materials and methods
2.1. Animals

In this study, we used virgin female Mongolian gerbils between 180
and 210 days old. Gerbils were weaned at the age of 25-28 days. The
animals came from a breeding colony kept at Facultad de Estudios
Superiores Iztacala. All gerbils were kept with an inverted photoperiod
of 12:12 h (light:dark cycle; onset of light at 18:00) at ambient tem-
perature between 17 and 21 °C. The animals were fed with Lab Chow
5001 pellets (Nutrimentos Purina, México) and tap water ad libitum. A
carrot was also provided once a week. Three or four females were
housed in a polycarbonate cage (37 x 27 x 15 cm) with sawdust
bedding from weaning until they were subject to screen tests for
maternal behaviour. Twenty maternal females and 20 aggressive fe-
males toward pups were selected through those tests. After maternal
behaviour tests, maternal females and aggressive females were sepa-
rated remaining three or four of them per cage until each female was
placed individually in a cage, as part of the experimental procedure.
Maternal behaviour tests (second exposure to the pups) were performed
15-20 days after the screening tests. At the end of these tests, blood
samples were taken to quantify E; concentrations, and then the brains
were dissected for c-Fos immunohistochemistry. All experiments were
carried out according to the ethical guidelines of the National Institutes
of Health for the Care and Use of Laboratory Animals (NIH Publication
no. 8023) and the Mexican Official Norm for the Production, Care, and
Use of Laboratory Animals [25].

2.2. Screening and maternal behaviour tests

For the screening test, each female was placed in a cage with the
same characteristics as the housing cage with clean sawdust bedding.
After 10 min of acclimatisation, two pups aged 1-3 days were intro-
duced, and the female’s behaviour toward the pups was recorded. When
the females displayed maternal behaviour, the screening test was
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terminated after five minutes, but if they attacked the pups, the test was
terminated immediately. All behaviours toward the pups were recorded
but not quantified. The criteria for aggressive females included strong
shaking (shaking the pups with their snouts) or biting the pups if they
are not removed quickly. Maternal females touch pups with their noses,
crouch over them, and groom them [21,22]. After 15 and 20 days of
screening tests, 10 maternal females interacted with pups (MAT-pups),
and 10 interacted with candy (MAT-candy). Of the 20 aggressive fe-
males, 10 interacted with pups (AGG-pups), and 10 interacted with
candy (AGG-candy). The candy was a gummy bear, which was used as a
control stimulus due to its softness and similar size to Mongolian gerbil
pups. Candy has also been used as a control stimulus in male-pup in-
teractions among prairie voles [23,24] and male Mongolian gerbils [26].
Maternal and aggressive interactions were examined using the method
described for screening tests except for the use of candy for some tests
(control groups). Before interactions with the pups or candy, maternal
and aggressive females remained in individual cages for 24 h and were
not disturbed so that they could be isolated from any stimuli that could
cause neural activation. At the end of the isolation period, the in-
teractions with the pups or candy were performed. In maternal in-
teractions, the time spent crouching over pups, grooming, and sniffing
was quantified. In aggressive interactions with the pups, the behaviours
were not quantified because the pups were immediately removed from
the cage when they were strongly shaken or bitten. The pups were used
only once. Three pups were slightly bitten, and their wounds were
treated with gentian violet (1 %), after which they were returned to their
parents. The test lasted 80 min because c-Fos expression reaches its
maximum at 70-90 min [13,27]. Although in females’ AGG-pups in-
teractions, the pups were quickly removed from the female’s cage when
they were attacked, the experimental procedure was continued to 80
min. The same was performed with the control group (AGG-candy). All
behavioural tests were carried out for between 11:00 and 14:00 during
the dark period under red light illumination. Sessions were videotaped
with a high-definition infra-red camera (IR Bullet camera, 2.1
megapixels).

2.3. Hormone assay

Immediately after the interactions with the pups or the candy, blood
samples (250 pL) were collected from the retro-orbital sinus of all fe-
males in the four groups. Five females were chosen randomly from each
group and anaesthetised with a mild dose (5 mg/kg xylazine and 60 mg/
kg ketamine) to obtain blood samples. The remaining five females were
anaesthetised with a heavy dose (10 mg/kg xylazine and 90 mg/kg
ketamine i.p.) and then perfused as described in the next section. In
these females, blood samples were taken before perfusion following the
same collection procedure described. The blood samples were collected
in heparinised capillary tubes. All blood samples were taken between
13:00 and 14:00 once the animals had fallen asleep. Due to the anaes-
thesia’s effects, each sample was taken in less than one minute. Plasma
was separated by centrifugation and stored at — 7 °C. ELISA was done for
hormone analysis, and E; was measured with a DRG commercial kit
(DRG Diagnostics, Marburg, Germany), which has a sensitivity of 0.083
ng/ml. Each serum sample was analysed at four concentrations: whole
serum and three dilutions. To establish a correlation between Es con-
centrations and the standard curve, only the lower part was considered
since 88 % of the results fell in this part. There was good correlation (r =
0.99). The intra-assay and inter-assay coefficients of variation were 3.9
% and 4.6 %, respectively. The recovery rate for E; was 95.0 % (r = 1.0).
The plate was read using a plate reader (model Multiskan Ascent V1.25,
with a filter of 450-nm wavelength; Thermo Electron Corporation).

2.4. c-Fos immunohistochemistry

Females were perfused through the heart with physiological saline,
followed by 4 % paraformaldehyde in sodium phosphate buffer (0.1 M;
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pH 7.6). The brain was removed and postfixed for 18 h in the same
solution. This tissue was processed and cut into 7-pm-thick coronal
sections with a microtome. The neural areas were located using the
stereotaxic atlas of the Mongolian gerbil [30]. The location of OB was +
1.7 mm, image 300; the mPOA and the BNST were located at — 0.1 mm,
image 520; the MeA and the AHN were located at — 0.888 mm, image
590; the VMH was located at — 1.3 mm, image 640; and the PAG was
located at — 3.5 mm, image 860. After obtaining sections of the different
neural areas, the samples were placed on gelatinised slides (Nutrient
Gelatin, 70151-500G-F; Sigma-Aldrich, CA, USA). Each of the following
steps was followed by rinsing in phosphate-buffered saline (PBS) for 5
min: (1) 10 min of incubation in 3 % H50- in PBS, (2) 20 min of incu-
bation in 5 % normal goat serum (Vectastain ABC kit, PK-4000; Vector
Laboratories) in PBS, and (3) 16 h of incubation at 25 °C with 1:50
dilution of rabbit c-Fos antibody epitope located in the N-terminus of
human origin (sc-52; Santa Cruz Biotechnology, Inc.) in PBS. After two
5-min rinses in PBS, the sections were incubated with biotinylated goat
antirabbit antibody in PBS for 90 min and rinsed twice in PBS (Vectas-
tain ABC kit, PK-6102; Vector Laboratories). The sections were then
incubated with an avidin-biotin complex (Vectastain ABC kit, PK-6100;
Vector Laboratories) for 30 min, followed by two additional rinses with
PBS. Finally, binding was visualised using 3,3'-diaminobenzidine as the
chromogen (DAB Peroxidase Substrate, SK-4100; Vector Laboratories).
The sections were dehydrated and then cover-slipped. For negative
control sections, the incubation with the primary antibody was omitted.
All neural tissues were processed within the same assay. The c-Fos
antibody has been utilised in other rodents, such as Microtus ochrogaster
[28,29] and male Mongolian gerbils [26].

2.5. Image analysis

The number of cells that showed c-Fos immunoreactivity (ir) were
quantified bilaterally in three cuts per female in five females per group.
Nuclei counts were performed in similar areas of 180 um?2. Micropho-
tographs were taken with a Motic camera (10 megapixels) attached to a
Leica microscope.

2.6. Statistical analysis

The numbers of c-Fos-ir-cells in the mPOA, BNST, AHN, VMH, MeA,
and OB between females of the MAT-pup, MAT-candy, AGG-pups, and
AGG-candy groups were compared using a nonparametric Kruskal-
Wallis test due to the non-normality of the data (Anderson-Darling
test, P > 0.05). Pairwise comparisons were performed using the Mann-
Whitney U test and Bonferroni correction. E; concentrations in plasma
were also compared using a nonparametric Kruskal-Wallis test since
they showed a non-normal distribution (Anderson-Darling test, P >
0.05). The Mann-Whitney U test and Bonferroni correction for multiple
testing were also applied for pairwise comparisons. Correlations be-
tween E; concentrations and the numbers of c-Fos-ir cells in the mPOA,
BNST, AHN, VMH, and PAG were performed using Spearman correla-
tional analyses. Statistical analyses were performed using SPSS version

Table 1
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21.0 (IBM SPSS, Armonk, NY).

3. Results
3.1. Behaviours

All females that were maternal during the screening test and subse-
quently tested with the pups (n = 10) continued to provide maternal
care in maternal behaviour tests. Likewise, all aggressive females with
the pups also displayed aggression in the second exposure to the pups (n
=10). Table 1 shows the behaviours recorded and their quantification in
maternal behaviour tests.

3.2. c-Fos immunoreactivity

The number of c-Fos-ir cells varied significantly between the MAT-
pups, MAT-candy, AGG-pups, and AGG-candy in the mPOA
(H=10.99, df =3, P < 0.05, Figs. 1 and 8) and BNST (H = 11.64,
df =3, P < 0.05, Figs. 2 and 8). Post hoc analyses revealed that the
MAT-pups group had significantly more c-Fos-ir cells in the mPOA and
BNST than the MAT-candy (U =40, P =0.007; U=40, P =0.001,
respectively), AGG-pups (U =40, P =0.007; U=40, P=0.001;
respectively), and AGG-candy groups (U =40, P =0.007; U = 40,
P = 0.001; respectively) (Bonferroni adjusted P = 0.008). Maternal fe-
males that interacted with the pups displayed crouching over pups,
grooming, and sniffing.

The number of c-Fos-ir cells between the AGG-pups, AGG-candy,
MAT-pups, and MAT-candy groups was significantly different in the
AHN (H =12.30, df = 3, P < 0.05, Figs. 3 and 8), VMH (H = 11.45,
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Fig. 1. Maternal females that interacted with pups (MAT-pups) have a signif-
icantly higher number of c-Fos-ir cells in mPOA than maternal females that
interacted with candy (MAT-candy) and aggressive females (AGG-pups and
AGG-candy). Data are presented as the median. Letters indicate significant

differences.

Behaviours recorded in maternal and aggressive females of the Mongolian gerbil during the interactions with unfamiliar pups of the species.

Maternal females (n = 10)

Aggressive females (n = 10)

Behaviour Number of females that performed this X + ES (s) Behaviour Number of females that performed this X =+ES
behaviour behaviour (s)
Onset latency of maternal 10 13.0 +£ 8.6 Attack latency 10 5.2+ 2.0
behaviour

Crouching over pups 10 219.8 Strongly 7 7 times
+ 54.5 shaken

Grooming 10 221.3 Bitens 3 3 times
+78.6

Sniffing 10 40.1 +15.6

Behaviours recorded and quantified in maternal behaviours tests of the Mongolian gerbil.
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Fig. 3. Aggressive females that interacted with pups (AGG-pups) presented
significantly higher c-Fos-ir cells in AHN than aggressive females that interacted
with candy (AGG-candy) and maternal females (MAT-pups and MAT-candy).
Data are presented as the median. Letters indicate significant differences.
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Fig. 5. Aggressive females that interacted with pups (AGG-pups) have signifi-
cantly higher c-Fos-ir cells in PAG than aggressive females that interacted with
candy (AGG-candy) and maternal females (MAT-pups and MAT-candy). Data
are presented as the median. Letters indicate significant differences.
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Fig. 6. Both maternal and aggressive interactions with pups had greater c-Fos-
ir cells in OB than those that interacted with candy. Data are presented as the

median. Letters indicate significant differences.
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Fig. 4. In VMH c-Fos-ir cells number was significantly higher in aggressive
females that interacted with pups (AGG-pups) than aggressive females that
interacted with candy (AGG-candy) and maternal females (MAT-pups and MAT-
candy). Data are presented as the median. Letters indicate significant
differences.

Fig. 7. Both maternal and aggressive interactions with pups have significantly
higher c-Fos-ir cells in MeA than those that interacted with candy. Data are
presented as the median. Letters indicate significant differences.

df = 3, P < 0.05, Figs. 4 and 8), and PAG (H = 10.93, df = 3, P < 0.05,
Figs. 5 and 8). The pairwise comparison revealed that the AGG-pups
group had significantly higher c-Fos-ir cells in the AHN, VMH, and
PAG than the AGG-candy (U =40, P =0.005; U =40, P =0.007;
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Fig. 8. Representative photomicrographs showing c-Fos-ir cells in the mPOA, BNST, AHN, VMH, PAG, MeA, and OB of the females of different groups. 3 V = third

ventricle, LV = lateral ventricle, Aq = aqueduct, opt = optic tract. Coronal sections, scale bars = 100 um.

U =40, P=0.007; respectively), MAT-pups (U =40, P = 0.005;
U =40, P =0.007; U = 40, P = 0.007; respectively), and MAT-candy
groups (U =40, P =0.005; U=40, P=0.007; U=40, P=0.007;
respectively) (Bonferroni adjusted P = 0.008).

The number of c-Fos-ir cells in the MeA (H = 14.40, df = 3, P < 0.05,
Figs. 6 and 8) and OB (H = 14.63, df = 3, P < 0.05, Figs. 7 and 8) in the
MAT-pups, MAT-candy, AGG-pups, and AGG-candy groups was signifi-
cantly different. Pairwise comparison revealed that the MAT-pups group

had significantly more c-Fos-ir cells in the MeA and OB than the AGG-
candy (U = 40, P = 0.007; U = 40, P = 0.001, respectively) and MAT-
candy groups (U =40, P =0.007; U =40, P = 0.001, respectively),
but there were no significant differences between the MAT-pups and
AGG-pups groups in these same neural areas (U = 25.5, P = 0.7533;
U = 22, P = 0.2963, respectively) (Bonferroni adjusted P = 0.008).
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3.3. Estradiol levels

The concentrations of E; in plasma from the MAT-pups, MAT-candy,
AGG-pups, and AGG-candy groups were significantly different
(H = 31.63,df = 3, P < 0.05, Fig. 9). The pairwise comparison revealed
that the MAT-pups group had significantly higher E; concentrations in
plasma than the MAT-candy (U = 155, P = 0.003), AGG-pups (U = 187,
P = 0.005), and AGG-candy groups (U =176, P = 0.005). The MAT-
candy group did not show significant differences in Ep concentrations
in plasma compared with the AGG-candy group (U = 99.5, P = 0.8965).
Interestingly, the AGG-pups group had lower E, concentrations than the
AGG-candy group (U = 55, P = 0.002) (Bonferroni adjusted P = 0.008).
In the MAT-pups group, E; concentrations in the plasma and the number
of c-Fos-ir cells were significantly correlated in the mPOA (r = 0.93,
P < 0.05) and BNST (r = 0.95, P < 0.05). In the AGG-pups group, Ey
concentrations in the plasma and the number of c-Fos cell in the AHN
(r=-0.95 P>0.05, VMH (r=-0.96, P>0.05), and PAG
(r = — 0.92, P > 0.05) were not significantly correlated. In addition, the
correlations were negative.

4. Discussion

Virgin maternal females displayed crouching, grooming, and sniffing
behaviours toward the pups. These behaviours have been reported as
components of maternal conduct of the Mongolian gerbil. It should be
noted that gerbil mothers, in addition to the behaviours already
mentioned, display nest building, suckling, and retrieval of the young
[24]. This difference between virgins and mothers is due to the exposure
of mothers to pregnancy and parturition [1]. Furthermore, the time that
virgin females of this rodent spent with pups in this study was relatively
short, so other maternal behaviours, such as nest building, may have
been missed. Aggressive behaviours such as shaking, and biting
exhibited by aggressive virgin females with pups are also displayed by
sexually inexperienced aggressive male gerbils [31]. Elwood mentions
that aggressive virgin female Mongolian gerbils bite and eat pups [32].

In accordance with our hypothesis, virgin maternal female Mongo-
lian gerbils that interacted with the pups had significantly more c-Fos-ir
cells in the mPOA and BNST than virgin maternal females that interacted
with candy. These results show that these neural regions are strongly
activated when the females of this rodent display maternal behaviour,
which suggests that the mPOA and the BNST are part of the positive
mechanism that regulates maternal behaviour in the Mongolian gerbil.
Many studies have shown that mPOA and BNST are activated in both
virgin and lactating female laboratory rats when they display maternal
care [3,33,34]. For example, when female rats interact with pups, they
have a high degree of c-Fos activation in mPOA and BNST, but not when

Estradiol levels in plasma (pg/ml)
8
o
-

, e %_
) =

AGG-pups AGG-candy MAT-pups MAT-candy

Fig. 9. Maternal females that interacted with pups (MAT-pups) had signifi-
cantly higher E, levels than maternal females that interacted with candy (MAT-
candy) and aggressive females (AGG-pups and AGG-candy). Data are presented
as the median. Letters indicate significant differences.
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they are exposed to only stimuli from pups [35]. In this rodent, the use of
electrolytic and excitotoxic lesions reaffirm that mPOA has a crucial
function in the display of maternal behaviour, and when neurons in this
nucleus are injured, maternal behaviour is severely affected [36-40].
Likewise, several investigations support that BNST plays an important
role in regulating maternal behaviour, particularly the ventral region [3,
41,42].

Female Mongolian gerbils that were aggressive toward pups had a
significantly higher number of c-Fos-ir cells in the AHN, VMH, and PAG
than aggressive females that interacted with candy. These results sug-
gest that these neural regions are involved in the negative mechanism
regulating aggressive interactions with the pups in females of this ro-
dent. The AHN, VMH, and PAG are components of the neural circuit that
mediates aversion toward pups and defensive behaviours in female
laboratory rats [3,42-44]. Supporting this view, studies causing exci-
totoxic lesions of the AHN and VMH stimulated a rapid onset of maternal
behaviour by oestrogen-treated nulliparous rats [45]. In rats, Rizvi et al.
[46] suggested that PAG and mPOA have reciprocal connections that
may affect maternal behaviour, among other functions. In male gerbils,
mPOA/BNST and AHN/VMH/PAG are activated in paternal and
aggressive interactions with pups, respectively [47].

The number of c-Fos-ir cells in the MeA and OB was significantly
higher in MAT-pups females than MAT-candy females, but it was not
significantly different among MAT-pups females and AGG-pups females.
This shows that these areas were similarly activated in maternal females
that interacted with the pups and those that had aggressive interactions
with them. Furthermore, it should be noted that both the MAT-pups and
AGG-pups females presented immunoreactivity to c-Fos in MeA and OB,
unlike maternal or aggressive females that interacted with candy. These
results suggest that stimuli from the pups cause activation of OB and
MeA in maternal and aggressive females, which could indicate that both
MeA and OB are part of the positive and negative mechanisms that
regulate maternal behaviour in the Mongolian gerbil. In laboratory rats,
these two neural regions have multiple connections with both the
facilitating (mPOA/BNST) and inhibiting (AHN/VMH) regions of neural
circuits of maternal behaviour, as mentioned above [3,7,8,42,48,49].

Plasma estradiol concentrations were significantly higher in
maternal females than aggressive females, which could indicate that a
high E; concentration is required for virgin female Mongolian gerbils to
respond maternally. We believe that an immediate maternal response in
females can occur because the positive mechanism of the neural circuit
of maternal behaviour is ready to respond to the presence of the pups,
and that this can happen due to the high concentration of E,. In addition,
E; concentrations in plasma were positively and significantly correlated
with the number of c-Fos-ir cells in mPOA and BNST. This suggests that
high concentrations of E; correspond to greater activation of these
nuclei involved in facilitating maternal behaviour. Well-designed ex-
periments have shown that administration of high doses of E; (100 pg/
kg) cause a shortening of the latency of onset of maternal behaviour in
virgin female laboratory rats [50-52]. Several studies have suggested
that mPOA integrates inputs generated by sensory stimuli from pups and
that the hormonal milieu influences this process to facilitate maternal
behaviour that inhibits the AHN, VMH, and PAG, which are part of the
aggression/fear circuitry [53]. Bales and Saltzman [8] point out that in
the absence of hormonal inputs, such as Ez and oxytocin, MeA stimu-
lation leads to activation of AHN/VMH/PAG, which are neural regions
that promote aversion to pups. In a hormonal milieu similar to that of
the last phase of pregnancy (high E, concentrations), MeA stimulation
leads to activation of mPOA/BNST and consequently to the display of
maternal behaviour.

Interestingly, the MAT-pups group had significantly higher E; con-
centrations in plasma than the MAT-candy group, which suggests that
interaction with the pups stimulates an increase in E; levels, possibly to
reinforce maternal behaviour. In contrast, aggressive females’ in-
teractions with pups were associated with a significant decrease in Ej.
We think that the presence of pups could cause stress, which could affect
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the synthesis of E;. Some studies have reported that stress alters the
biosynthesis of luteinizing hormone, thus causing a decrease in testos-
terone levels and consequently the production of one of its metabolites,
Ej [54,55]. Non-sexually aggressive male Mongolian gerbils also show a
significant decrease in the concentration of testosterone when they
interact with pups [26]. Ey concentrations between MAT-candy and
AGG-candy groups were not significantly different, which supports the
idea that unlike candy, multiple stimuli from pups are capable of causing
not only neural activation, but also a hormonal response, such as an
increase or decrease of E; [28,29].

The results of this study suggest the existence of positive and nega-
tive mechanisms in the regulation of maternal behaviour in the Mon-
golian gerbil and that the immediate maternal response could be due to
high Ey concentrations. Future studies should be done using electrolytic
or excitotoxic lesions, as well as chemogenetic and optogenetic tech-
niques. Such efforts could confirm that the neural areas activated in
maternal and aggressive interactions with pups are part of positive and
negative mechanisms of the neural circuits of maternal behaviour in
Mongolian gerbils.
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