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Abstract

The mother—child relationship of newborns plays an essential role in the development of the central nervous system, and
an inadequate relationship, such as mother—child separation, can cause deficits of mental function in adulthood. However,
insufficient research has examined the effects of foster mothers. We assigned some neonatal rats to one of two foster moth-
ers: one that was lactating and feeding her first litter (FL group) and one that had one previous experience of childbirth and
feeding but no current litter (FE group). Other pups were raised by their own mother (OM group) or subjected to maternal
separation (MS group). Pups were placed with the foster mother (FL and FE groups) or separated from their mother (MS
group) for 3 h/day on postnatal days 1-20. At age 6 weeks, each group was divided into two subgroups, one with 30 min of
acute restraint stress loading (FL-R, FE-R, OM-R, and MS-R) and one without it (FL, FE, OM, and MS). Then, we compared
the density of corticotropin-releasing factor-immunoreactive (CRF-ir) neurons in the central amygdaloid nucleus (CeA).
The density of CRF-ir neurons in the CeA was significantly lower in the FL-R and MS-R subgroups than in the FL. and MS
subgroups, respectively. The results suggest that differences in care received during the neonatal period affect maturation of
CRF neurons in the CeA and may have negative effects on the synthesis and release of CRF.
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Introduction

The neonatal mother—infant relationship plays an integral
role in the development of the central nervous system.
In rats, separating pups from their mothers was shown to
increase anxiety and depression-related behaviors in adult-
hood (Lambas-Seiias et al. 2009) and cause behavioral and
learning impairments (Mirescu et al. 2004; Kwak et al. 2008;
Mogi et al. 2011), probably due to changes in brain structure.
The findings of Malter Cohen et al. (2013) and Coplan et al.
(2014) from animal studies revealed that maternal separation
causes structural changes in the amygdala, the region that
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plays a central role in memory, integration, and retrieval of
fear experiences and mediates various defensive responses
(Jolkkonen et al. 2002; Maren 2005; Balleine and Killcross
2006; Tsvetkov et al. 2015).

Corticotropin-releasing factor (CRF) in the paraventricu-
lar hypothalamic nucleus (PVN) is an important regulator
of the hypothalamic—pituitary—adrenal (HPA) axis, which
acts as a defense system against stress. Dysregulation of the
HPA axis is associated with depression and neuro-immu-
nodeficiency (Li et al. 2015; Raineki et al. 2016; Jiang
et al. 2019). Environmental stress in early childhood, such
as mother—infant separation, is thought to alter CRF in the
PVN, affecting the stress response of the HPA axis (Plotsky
and Meaney 1993). Also, early rearing conditions alter the
central CRF system (Plotsky et al. 2005), which may affect
the expression of endocrine responses to stress in adulthood
(Desbonnet et al. 2008; O'Malley et al. 2011).

CRF is found in a wide range of the brain regions besides
the PVN, including the amygdaloid nucleus (Weiss et al.
2011; Diamantopoulou et al. 2013; Li et al. 2015). The
central amygdaloid nucleus (CeA) receives signals from
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the basolateral amygdalar complex, which associates con-
ditioned and unconditioned fear-related stimuli (Pitts et al.
2009). Previous studies showed that CeA lesions attenuate
both stress-induced anxiety behavior and activation of the
HPA axis (Ventura-Silva et al. 2013). Conversely, continu-
ous expression of CRF in the CeA is associated with dys-
regulation of the HPA axis, leading to increased anxiety
behavior and impairment of reproductive physiology and
behavior (Keen-Rhinehart et al. 2009). Maternal separation
also was shown to reduce CRF receptor type 2 (Weiss et al.
2011) and increase CRF-like immunoreactivity and CRF
mRNA levels (Plotsky et al. 2005) in the CeA.

From the above, we hypothesized that the mother—child
and foster mother—child relationship in the neonatal period
may affect the formation and maturation of neurons that
show immunoreactivity to CRF (CRF neurons) in the CeA.
Therefore, we designed new foster mother models with fos-
ter mothers that were lactating and feeding their first litter
(FL) and others that had one previous experience of child-
birth and nursing but did not currently have their own litter
(FE). We compared the change in density of CRF neurons
in the CeA in rats raised during the entire lactation period
by their own mother (OM group) with that in rats that, for
3 h/day, were placed with one of these foster mothers (FL
and FE groups) or separated from their own mother (MS
group). Last, in each group, we compared the density of
CRF neurons in male rats with and without 30 min of acute
restraint stress (ARS) loading.

Materials and methods

All animal experiments were approved by the Saga Medical
School Animal Care and Use Committee, and all experi-
ments complied with all applicable laws, regulations, and
standards in Japan.

In total, 12 virgin female and 6 male Sprague—Dawley
rats aged 9—-10 weeks were purchased for reproduction from
Japan SLC, Inc (Shizuoka Japan) to obtain offspring (the
ARS loading experiment required a total of 24 male oft-
spring; see below). No criteria were set for including or
excluding animals. Rats were housed in groups of three rats
of the same sex in a standard rat cage in a humidity- and
temperature-controlled vivarium (humidity, 55%; tempera-
ture, 22 °C) with a 12-h light/dark cycle (lights on at 8:00
PM); standard rodent chow and water were available ad libi-
tum. Bedding materials were changed twice a week. After an
acclimation period of at least 6 days from arrival, one male
(11-17 weeks old) was mated with one or three female(s)
(9-16 weeks old) over a 7-day period; each pregnant female
was housed alone during the last 2 weeks of gestation. The
day of delivery was designated as postnatal day (PND) 0. All
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but one of the litters contained 12 to 16 pups of both sexes,
and one litter contained 7 pups of both sexes.

On PND 1, the neonatal rats in each litter were divided
into three or four groups without culling and without being
removed from the litter (four or five pups were assigned to
each group, and each group had approximately the same
number of males and females; no randomization was used
for allocation to groups, no controlling for confounders was
required, because all rats underwent the respective inter-
vention at the same time). Then, each of the groups was
assigned to one of four conditions for PND 1-20, i.e., the
day before weaning. The following three conditions were
applied for 3 h/day from 8:00 AM to 11:00 AM: placement
with a foster mother that was feeding her own first litter (FL
group), placement with a foster mother that was not feed-
ing a litter but had one previous experience of birthing and
nursing (FE group), and placement alone in a new cage for
maternal separation (MS group). In the fourth condition,
neonatal rats were left with their own mother (OM group).
We separated rats in the FL, FE, and MS groups for 3 h a day
until PND 20, because this approach has been used in several
previous studies (Ren et al. 2007; Malter Cohen et al. 2013;
Danielewicz and Hess 2014; Yasuda et al. 2016; Paternain
et al. 2016). Individual animals in each group were marked
by numbering them in different colors applying a picric acid
solution to their back or the base of the tail.

In the FL, FE, and MS groups, the procedure was as fol-
lows: first, the mother was transferred to a new cage, and
each group of pups from the litter was moved to the respec-
tive cage of the FL, FE, or MS group. Then, the mother was
returned to her own cage where the pups of the OM group
remained, if applicable. The FL, FE, and MS cages were
placed in a separate room from the real mother so that the
pups would not be affected by the sounds and odors of the
mother. At the end of the 3-h period, the neonatal rats in
the FL, FE, and MS groups were returned to own mothers.
The foster mother of the FL group received only foster pups
during the neonatal handling period and otherwise reared
her own pups. In the litter with only seven pups, all were
assigned to the OM group. After weaning, animals were
housed in groups of three and bred normally. No blinding
procedures were used.

Six weeks after birth, on the day the animals were to be
euthanized, three males of the FL, FE, MS, and OM groups
were exposed to ARS loading (FL-R, FE-R, MS-R, and
OM-R subgroups, respectively). For ARS loading, animals
were lightly anesthetized with isoflurane and put into an
acrylic resin animal holder with multiple breathing holes
(38 mm in diameter, 152 mm in length; AS ONE, Osaka,
Japan) for 30 min. Afterward, rats were housed for 90 min
in a cage with access to food and water ad libitum. In each
group, three other males were not exposed to ARS loading
controls (FL, FE, OM, and MS subgroups).
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After the ARS loading experiment, all study animals
(130275 g body weight) were anesthetized by intraperi-
toneal injection of a mixture consisting of 0.15 mg/kg
medetomidine hydrochloride, 2 mg/kg midazolam, and
2.5 mg/kg butorphanol tartrate and fixed by transaortic
perfusion of physiological saline followed by 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.3). The
brains were removed, divided into three pieces (by cutting
just rostral to the optic chiasm and caudal to the mammil-
lary body) and re-fixed by immersion in the same fixative
for 2 h or more. After immersion in 10% and 20% sucrose
in phosphate-buffered saline (PBS) for 2 h at room temper-
ature and overnight at 4 °C, frontal sections were serially
cut at a thickness of 40 pm throughout the entire amyg-
dala with a freezing microtome (Yamato Kohki Industrial
Co, Saitama, Japan) and placed in PBS. Then, every sixth
section (cut at 240-pm intervals) was used for CRF immu-
nohistochemistry with the avidin biotin complex method.
First, each section was incubated with 2% normal donkey
serum for 1 h to block nonspecific reactions, then with
rabbit antibody to CRF (Peninsula Laboratories Interna-
tional, San Carlos, CA; T-4037; diluted 1:6,400) for 1 h at
room temperature and overnight at 4 °C. On the next day,
sections were incubated with biotinylated donkey anti-
rabbit IgG (Jackson Immunoresearch Laboratories, West
Grove, PA; diluted 1:200) and avidin—biotin—peroxidase
complex (Vectastain ABC kit; Vector Laboratories, Burl-
ingame, CA; diluted 1:200) for 1 h each. Between each
step, sections were rinsed with PBS three times for 5 min
each. Then, the sections were treated with 0.02% diam-
inobenzidine tetrahydrochloride (DAB; Dojindo, Kuma-
moto, Japan) in 0.05 M Tris buffered saline (TBS, pH 7.6)
containing 0.005% H,0, and rinsed with TBS and PBS.
After that, the sections were mounted on gelatin-coated
glass slides and viewed and photographed with an Olym-
pus BX51 microscope (Olympus, Tokyo, Japan) equipped
with an Olympus DP71 digital camera (Olympus, Tokyo,
Japan). To demarcate the amygdala, the sections adjacent
to those stained for CRF were stained with hematoxylin
(Fig. 1). Image processing software (Adobe Photoshop)
was used to make minor adjustments to the brightness and
contrast of the digital microscopy images.

The density of CRF-immunoreactive (CRF-ir) neurons
in the CeA was calculated by dividing the total number
of CRF-ir neurons counted bilaterally in every sixth sec-
tion by the total CeA area where CREF fibers or terminals
were distributed in each section. In one animal in the FE-R
subgroup, cells were counted on only one side, because
the amygdala regions were damaged during tissue prepa-
ration. Accordingly, the data of the FE males with ARS
were obtained from counting neurons and fibers/terminals
in five sections from each of three animals. Cells were
counted and areas measured with a Java image processing

Fig.1 HYPERLINK "sps:id::figllllocator::grllimediaobject::0" Photomi-
crogram showing hematoxylin staining of the central amygdaloid nucleus
and its vicinity, corresponding to Bregma —2.12 mm of “The Rat Brain
in Stereotaxic Coordinates” (Paxinos and Watson). The section is adja-
cent to that shown in Fig. 2h. Subnuclei are demarcated by white broken
lines. The approximate area in the solid black box is shown in Fig. 2. BLA
basolateral amygdaloid nucleus, anterior part; CeC central amygdaloid
nucleus, capsular part; CeL central amygdaloid nucleus, lateral division;
CeM central amygdaloid nucleus, medial division; /M intercalated amyg-
daloid nucleus, main part. Bar=500 pm

program from the public domain (Imagel v. 1.49¢ from
National Institutes of Health, Bethesda, MD; http://rsb.
info.nih.gov/ij/).

Statistical analysis

All animals were included in the analysis. Data are expressed
as mean =+ standard error of the mean (SEM). We analyzed
results by two-way analysis of variance (ANOVA) with the
factors fostering, ARS treatment, and fostering X ARS treat-
ment and then performed a post hoc test. In addition, we
compared each of the fostering groups by one-way ANOVA
and analyzed differences among means with Tukey—Kramer
multiple comparison tests. The restraint (with ARS) and
non-restraint (without ARS) subgroups were compared by
two-sided Student's ¢ test. Because each of the fostering
groups was an unrelated and independent group, we com-
pared the restraint (with ARS) and non-restraint (without
ARS) conditions within each of the fostering groups also
by two-sided Student's ¢ test. A p value of less than 0.05
was considered statistically significant. All analyses were
performed with JMP15 (SAS Institute Japan, Tokyo, Japan).
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Results

CRF immunoreactivity in the CeA was almost completely lim-
ited to the central part of the lateral subdivision of the CeA
and seen only to a small extent in the medial subdivision of
the CeA (Fig. 2). Ovoid or multipolar CRF-ir neurons were
observed in the CeA in all subgroups, even though they were
not treated with colchicine (a drug that is used to stop axonal
flow and accumulate synthesized neurochemical substances
in the cell body).

Two-way ANOVA showed a significant difference fol-
lowing ARS treatment (F) 3 =28.48, p=0.006). We did
not find any significant differences for the factors foster-
ing (F330=1.92, p=0.142) or fostering X ARS treatment
(F339=1.26, p=0.302).

Compared with the mean+ SEM density of CRF-ir neu-
rons (cell number/mm?) in the CeA in the OM subgroup, the
density tended to be higher in the FL subgroup and lower in
the FE and MS subgroups without ARS (OM, 73.0+9.6;
FL, 89.5+11.2; FE, 62.2+8.0; and MS, 66.4 +6.5; Fig. 3).
The comparison of each of the fostering groups by one-way
ANOVA did not show any significant differences (£ 5,=1.78,
p=0.184), and Tukey—Kramer multiple comparison tests
found no difference between the means. After ARS loading,
the mean +SEM density of CRF-ir neurons (cell number/mm?)
in the CeA tended to be lower in the FL-R, FE-R, and MS-R
subgroups than in the OM-R subgroup (OM-R, 64.3 +8.1;
FL-R, 56.6 +8.1; FE-R, 58.0+6.6; and MS-R, 44.7+4.9;
Fig. 3). The comparison of each of the fostering groups by
one-way ANOVA did not show any significant differences
(F3,19=1.38, p=0.280), and Tukey—Kramer multiple compari-
son tests found no difference between the means. No difference
in the occurrence and distribution of CRF fibers and terminals
in the CeA was observed between each subgroup, indicating
that the areas used for counting CRF-ir neurons were almost
the same in every subgroup.

The mean density of CRF-ir neurons (cell number/mm?)
in the CeA of the four subgroups with ARS was 55.8 +£3.65,
which was significantly lower (p=0.007) than the density in
the four subgroups without ARS (72.8 +£4.73). The same was
found when comparing each individual subgroup with ARS
with the corresponding subgroup without ARS, whereby the
difference was significant only between the MS-R and MS
subgroups (p=0.023) and between the FL-R and FL sub-
groups (p=0.039) (Fig. 3).

Discussion
To our knowledge, this study was the first to use the foster

mother models FE and FL. The present study evaluated the
influence of various types of neonatal rearing on the density
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of CRF-ir neurons in the CeA in rats. The generally used
separation model consists of 3 h/day of maternal separa-
tion until postnatal day 14 (Lippmann et al. 2007), but we
continued to separate neonatal rats from their mothers until
PND 20, because several previous studies that used separa-
tion until PND 21 showed additional changes, such as in
behavior, neural activity, or neurochemical substances (Ren
et al. 2007; Malter Cohen et al. 2013; Danielewicz and Hess
2014; Yasuda et al. 2016; Paternain et al. 2016). The main
finding of the study was that the density of CRF-ir neurons
in the CeA of the FL-R and MS-R subgroups was signifi-
cantly lower than that in the CeA of the respective subgroup
(i.e., FL and MS).

An earlier study found that, in response to a stimulus,
CRF mRNA is created in 60 min and CRF is synthesized
in 20-30 min in CRF neurons in the rat PVN (Watts 2005).
Although the study examined in the PVN, it is conceivable
that a similar process occurs in CRF neurons in the CeA. A
non-maternal separation study by Sterrenburg et al. (2012)
showed that the number of CRF-ir neurons in the CeA was
not different in male rats 1 h after a 1 h-restraint stress and
non-stressed male rats but that the number of CRF mRNA-
containing CeA neurons was increased after the same stress.
Another study found that the CRF mRNA level in the CeA
increased after acute stress (electric foot shock) in male rats
subjected to maternal separation (24 h, on PND 9) but not
in non-separated animals (Barna et al, 2003). The present
study showed that the density of CRF-ir neurons in the CeA
90 min after 30 min’ ARS in the OM-R subgroup was not
different from that in the non-stressed OM subgroup. This
finding is consistent with that of Sterrenburg et al. (2012),
although the present study did not evaluate CRF mRNA
expression.

We found no significant difference in the density of CRF-
ir neurons also in the FE groups with and without ARS,
suggesting that these handling conditions may have repre-
sented stress-free environments for the neonates. A study in
monkeys found that cohabitation with a stuffed surrogate
during childhood resulted in normal development (Reite
et al. 1978). The foster mothers with previous experience
of parenting (FE group) may have accepted foster pups ear-
lier; previous studies reported that even virgin rats can be
induced to express maternal behavior by repeated exposure
to pups for 5-7 days (Rosenblatt, 1967). Although the FE
foster mother in the present study could not suckle the pups,
she probably behaved as a surrogate mother and thereby may
have provided a stress-free environment; consequently, the
synthesis and release of CRF were not negatively affected.

Maternal separation is known to represent a model of
chronic stress during the neonatal period (Coplan et al. 2014;
Malter Cohen et al 2013; O'Malley et al. 2011). In the pre-
sent study, ARS decreased the density of CRF-ir neurons
in the CeA of the MS-R subgroup compared with the MS
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Fig.2 Photomicrograms showing corticotropin-releasing factor
immunoreactivity in the central amygdaloid nucleus of 6-week-old
rats. Note that immunoreactive cell bodies (some of them are indi-
cated by arrowheads) are intermingled with nerve fibers or terminals
in the central amygdaloid nucleus, especially in its lateral division.
The region around the cell indicated by the upper arrowhead is mag-
nified in a’ to h’. Note that corticotropin-releasing factor-immuno-
reactive cell bodies and fibers are visible. Sections are from rats left

with their own mother (OM; a), subjected to one of three handling
conditions for 3 h/day on postnatal days 1-20 (placed with a foster
mother rearing her first pups [FL; b], placed with a foster mother that
had experienced childbirth and nursing once [FE; c], separated from
their mother [MS; d]), or subjected to one of these handling condi-
tions and acute restraint stress (OM-R, FL-R, FE-R, and MS-R; e-h).
Bars=200 pm. Note that the bar in h also applies to a—g and the bar
in h’ also applies to a’-g’
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Fig.3 Density of corticotropin-releasing factor-immunoreactive neu-
rons in the central amygdaloid nucleus of rats left with their own mother
(OM, a), rats placed with a foster mother rearing her first rats (FL, b),
rats placed with a foster mother that had experienced childbirth and
nursing once (FE, ¢), and rats separated from their mother (MS, d) with

subgroup. A similar study by Desbonnet et al. (2008) showed
that the number of CRF-ir neurons in the CeA 90 min after
acute stress (forced swimming) decreased in rats with neona-
tal maternal separation but not in rats without maternal sepa-
ration. As suggested by Desbonnet et al. (2008), the decrease
in the density of CRF-ir neurons in the CeA after neonatal
maternal separation may be due to delayed synthesis of CRF
resulting from an impaired ability of CRF synthesis in some
CeA neurons rather than to diminution or disappearance of
CRF neurons themselves.

The density of CRF-ir neurons in the CeA was also lower
in the FL-R subgroup than in the FL subgroup. Lactating
rodent mothers have been shown to recognize their offspring
and distinguish between their own and other pups (Oster-
meyer and Elwood 1983). Pups in the FL. group may have
experienced a certain psychological burden from spending
time with the lactating foster mother. Accordingly, the pre-
sent findings suggest that experiencing placement with a
lactating foster mother in the neonatal period causes chronic
stress and affects the functional maturation of CRF-ir neu-
rons in the CeA.

Unexpectedly, we did not find a significant difference in
the density of CRF-ir neurons between each neonatal han-
dling group (FL, FE, and MS) and the OM group. Previous
maternal separation studies that compared early (PND 1-14
or PND 1-6) and late (PND 14-21 or PND 16-21) neonatal
handling revealed behavioral and biochemical changes (in

@ Springer

[l without ARS
Ny with ARS

c d
100 - 100 -
< 90 - S 90 1
&) @]
S 80 - 8
o B 25
= o~
o5 o
) o
< <

MS-R

FE FE-R MS

(OM-R, FL-R, FE-R, and MS-R; hatched bars) and without (solid bars)
acute restraint stress. Bars represent meanstandard error of the mean.
*p<0.05. CeA central amygdaloid nucleus; CRF corticotropin-releasing
factor; other abbreviations as for Fig. 2

plasma corticotropin level, c-Fos activity, and body weight)
in the former period but not in the latter period (Horii-
Hayashi et al. 2013; Matsumoto et al. 2006). We suggest
that the longer neonatal handling (i.e., PND 1-20) causes a
partial disturbance of maturation of CRF-ir neurons in the
CeA, but it does not affect immunohistochemical detection
obviously when acute stress is not loaded.

In the present study, we did not perform behavioral obser-
vations on fostering-related mother—pup relations, but such
observations may be useful for precisely monitoring the
rearing environment. Further studies are required, includ-
ing studies on other types of neonatal handling, such as the
use of virgin foster mothers or maternal separation with a
feeding bottle.

In conclusion, we suggest that the maturation of CRF-ir
neurons in the CeA is partially impaired by rearing by a
certain type of foster mothers, which influences the synthesis
and release of CRF in neurons. This hypothesis is supported
by the finding that the density of CRF-ir neurons in the CeA
in adolescent rats was decreased after ARS in rats that were
placed with a foster mother feeding her own first litter, a
finding that was similar to that in rats exposed to maternal
separation.

Acknowledgements The authors thank Dr. N. Kakihara, Ms. M. Tkeg-
ami, Ms. M. Torigoe, Ms. C. Koga, Ms. N. Ikeda, Ms. C. Yamakawa,
Ms. M. Ogawa, and Ms. S. Hara for their technical assistance. The



Experimental Brain Research (2022) 240:2981-2988

2987

researchers would like to thank the school officials who cooperated
in this study.

Author contributions Both authors contributed to the study conception
and design and performed material preparation and data collection and
analysis. The first draft of the manuscript was written by MN-N, and
HK commented on all versions of the manuscript. Both authors read
and approved the final manuscript.

Funding This study was funded by grants-in-aid for scientific research
from the Japan Society for the Promotion of Science (grant number
15K11659).

Data availability The data that support the findings of this study will
be made available upon reasonable request to the corresponding author.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

References

Balleine BW, Killcross S (2006) Parallel incentive processing: an inte-
grated view of amygdala function. Trends Neurosci 29:272-279.
https://doi.org/10.1016/].tins.2006.03.002

Barna I, Balint E, Baranyi J, Bakos N, Makara GB, Haller J (2003)
Gender-specific effect of maternal deprivation on anxiety and
corticotropin-releasing hormone mRNA expression in rats. Brain
Res Bull 62(2):85-91. https://doi.org/10.1016/s0361-9230(03)
00216-8

Coplan ID, Fathy HM, Jackowski AP, Tang CY, Perera TD, Mathew SJ,
Martinez J, Abdallah CG, Dwork AJ, Pantol G, Carpenter D, Gor-
man JM, Nemeroff CB, Owens MJ, Kaffman A, Kaufman J (2014)
Early life stress and macaque amygdala hypertrophy: preliminary
evidence for a role for the serotonin transporter gene. Front Behav
Neurosci 8:342. https://doi.org/10.3389/fnbeh.2014.00342

Danielewicz J, Hess G (2014) Early life stress alters synaptic modifica-
tion range in the rat lateral amygdala. Behav Brain Res 265:32-37.
https://doi.org/10.1016/j.bbr.2014.02.012

Desbonnet L, Garrett L, Daly E, McDermott KW, Dinan TG (2008)
Sexually dimorphic effects of maternal separation stress on corti-
cotrophin-releasing factor and vasopressin systems in the adult rat
brain. Int J Dev Neurosci 26:259-268. https://doi.org/10.1016/].
ijjdevneu.2008.02.004

Diamantopoulou A, Raftogianni A, Stamatakis A, Oitzl MS, Styliano-
poulou F (2013) Effects of denial of reward through maternal con-
tact in the neonatal period on adult hypothalamic-pituitary-adrenal
axis function in the rat. Psychoneuroendocrinology 38:830-841.
https://doi.org/10.1016/j.psyneuen.2012.09.007

Horii-Hayashi N, Sasagawa T, Matsunaga W, Matsusue Y, Azuma
C, Nishi M (2013) Developmental changes in desensitisation of
c-Fos expression induced by repeated maternal separation in pre-
weaned mice. J Neuroendocrinol 25:158-167. https://doi.org/10.
1111/.1365-2826.2012.02377.x

Jiang Y, Peng T, Gaur U, Silva M, Little P, Chen Z, Qiu W, Zheng W
(2019) Role of corticotropin releasing factor in the neuroimmune
mechanisms of depression: examination of current pharmaceutical
and herbal therapies. Front Cell Neurosci 13:290. https://doi.org/
10.3389/fncel.2019.00290

Jolkkonen E, Miettinen R, Pikkarainen M, Pitkidnen A (2002) Pro-
jections from the amygdaloid complex to the magnocellular

cholinergic basal forebrain in rat. Neuroscience 111:133-149.
https://doi.org/10.1016/s0306-4522(01)00578-4

Keen-Rhinehart E, Michopoulos V, Toufexis DJ, Martin EI, Nair
H, Ressler KJ, Davis M, Owens MJ, Nemeroff CB, Wilson ME
(2009) Continuous expression of corticotropin-releasing fac-
tor in the central nucleus of the amygdala emulates the dys-
regulation of the stress and reproductive axes. Mol Psychiatry
14:37-50. https://doi.org/10.1038/mp.2008.91

Kwak HR, Lee JW, Kwon KJ, Park JI, Chun W, Kim SS, Lee HJ
(2008) Neuronal architecture of the hippocampus and the cer-
ebral cortex in rats experiencing maternal social separation.
Clin Psychopharmacol Neurosci 6:65-70

Lambas-Seiias L, Mnie-Filali O, Certin V, Faure C, Lemoine L, Zim-
mer L, Haddjeri N (2009) Functional correlates for 5-HT(1A)
receptors in maternally deprived rats displaying anxiety and
depression-like behaviors. Prog Neuropsychopharmacol Biol
Psychiatry 33:262-268. https://doi.org/10.1016/j.pnpbp.2008.
11.017

Li C, Liu Y, Yin S, Lu C, Liu D, Jiang H, Pan F (2015) Long-term
effects of early adolescent stress: dysregulation of hypothalamic-
pituitary-adrenal axis and central corticotropin releasing factor
receptor 1 expression in adult male rats. Behav Brain Res 288:39—
49. https://doi.org/10.1016/j.bbr.2015.04.007

Lippmann M, Bress A, Nemeroff CB, Plotsky PM, Monteggia LM
(2007) Long-term behavioural and molecular alterations associ-
ated with maternal separation in rats. Eur J Neurosci 25:3091-
3098. https://doi.org/10.1111/j.1460-9568.2007.05522.x

Malter Cohen M, Jing D, Yang RR, Tottenham N, Lee FS, Casey BJ
(2013) Early-life stress has persistent effects on amygdala func-
tion and development in mice and humans. Proc Natl Acad Sci
USA 110:18274-18278. https://doi.org/10.1073/pnas.1310163110

Maren S (2005) Building and burying fear memories in the brain. Neu-
roscientist 11:89-99. https://doi.org/10.1177/1073858404269232

Matsumoto Y, Yoshihara T, Yamasaki Y (2006) Maternal depriva-
tion in the early versus late postnatal period differentially affects
growth and stress-induced corticosterone responses in adolescent
rats. Brain Res 1115:155-161. https://doi.org/10.1016/j.brainres.
2006.07.088

Mirescu C, Peters JD, Gould E (2004) Early life experience alters
response of adult neurogenesis to stress. Nat Neurosci 7:841-846.
https://doi.org/10.1038/nn1290

Mogi K, Nagasawa M, Kikusui T (2011) Developmental consequences
and biological significance of mother-infant bonding. Prog Neu-
ropsychopharmacol Biol Psychiatry 35:1232-1241. https://doi.
org/10.1016/j.pnpbp.2010.08.024

O’Malley D, Dinan TG, Cryan JF (2011) Neonatal maternal separation
in the rat impacts on the stress responsivity of central corticotro-
pin-releasing factor receptors in adulthood. Psychopharmacology
214:221-229. https://doi.org/10.1007/s00213-010-1885-9

Ostermeyer MC, Elwood RW (1983) Pup recognition in Mus muscu-
lus: parental discrimination between their own and alien young.
Dev Psychobiol 16:75-82. https://doi.org/10.1002/dev.420160202

Paternain L, Martisova E, Campidn J, Martinez JA, Ramirez MJ,
Milagro FI (2016) Methyl donor supplementation in rats reverses
the deleterious effect of maternal separation on depression-like
behaviour. Behav Brain Res 299:51-58. https://doi.org/10.1016/j.
bbr.2015.11.031

Pitts MW, Todorovic C, Blank T, Takahashi LK (2009) The central
nucleus of the amygdala and corticotropin-releasing factor:
insights into contextual fear memory. J Neurosci 29:7379-7388.
https://doi.org/10.1523/JINEUROSCI.0740-09.2009

Plotsky PM, Meaney MJ (1993) Early, postnatal experience alters
hypothalamic corticotropin-releasing factor (CRF) mRNA,
median eminence CRF content and stress-induced release in
adult rats. Brain Res Mol Brain Res 18:195-200. https://doi.org/
10.1016/0169-328x(93)90189-v

@ Springer


https://doi.org/10.1016/j.tins.2006.03.002
https://doi.org/10.1016/s0361-9230(03)00216-8
https://doi.org/10.1016/s0361-9230(03)00216-8
https://doi.org/10.3389/fnbeh.2014.00342
https://doi.org/10.1016/j.bbr.2014.02.012
https://doi.org/10.1016/j.ijdevneu.2008.02.004
https://doi.org/10.1016/j.ijdevneu.2008.02.004
https://doi.org/10.1016/j.psyneuen.2012.09.007
https://doi.org/10.1111/j.1365-2826.2012.02377.x
https://doi.org/10.1111/j.1365-2826.2012.02377.x
https://doi.org/10.3389/fncel.2019.00290
https://doi.org/10.3389/fncel.2019.00290
https://doi.org/10.1016/s0306-4522(01)00578-4
https://doi.org/10.1038/mp.2008.91
https://doi.org/10.1016/j.pnpbp.2008.11.017
https://doi.org/10.1016/j.pnpbp.2008.11.017
https://doi.org/10.1016/j.bbr.2015.04.007
https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://doi.org/10.1073/pnas.1310163110
https://doi.org/10.1177/1073858404269232
https://doi.org/10.1016/j.brainres.2006.07.088
https://doi.org/10.1016/j.brainres.2006.07.088
https://doi.org/10.1038/nn1290
https://doi.org/10.1016/j.pnpbp.2010.08.024
https://doi.org/10.1016/j.pnpbp.2010.08.024
https://doi.org/10.1007/s00213-010-1885-9
https://doi.org/10.1002/dev.420160202
https://doi.org/10.1016/j.bbr.2015.11.031
https://doi.org/10.1016/j.bbr.2015.11.031
https://doi.org/10.1523/JNEUROSCI.0740-09.2009
https://doi.org/10.1016/0169-328x(93)90189-v
https://doi.org/10.1016/0169-328x(93)90189-v

2988

Experimental Brain Research (2022) 240:2981-2988

Plotsky PM, Thrivikraman KV, Nemeroff CB, Caldji C, Sharma S,
Meaney MJ (2005) Long-term consequences of neonatal rearing
on central corticotropin-releasing factor systems in adult male rat
offspring. Neuropsychopharmacology 30:2192-2204. https://doi.
org/10.1038/sj.npp.1300769

Raineki C, Chew L, Mok P, Ellis L, Weinberg J (2016) Short- and
long-term effects of stress during adolescence on emotionality
and HPA function of animals exposed to alcohol prenatally. Psy-
choneuroendocrinology 74:13-23. https://doi.org/10.1016/j.psyne
uen.2016.08.015

Reite M, Short R, Seiler C (1978) Physiological correlates of maternal
separation in surrogate-reared infants: a study in altered attach-
ment bonds. Dev Psychobiol 11:427-435. https://doi.org/10.1002/
dev.420110507

Ren TH, Wu J, Yew D, Ziea E, Lao L, Leung WK, Berman B, Hu PJ,
Sung JJ (2007) Effects of neonatal maternal separation on neuro-
chemical and sensory response to colonic distension in a rat model
of irritable bowel syndrome. Am J Physiol Gastrointest Liver
Physiol 292:G849-856. https://doi.org/10.1152/ajpgi.00400.2006

Rosenblatt JS (1967) Nonhormonal basis of maternal behavior in the
rat. Science 156:1512-1514. https://doi.org/10.1126/science.156.
3781.1512

Sterrenburg L, Gaszner B, Boerrigter J, Santbergen L, Bramini M, Rou-
bos EW, Peeters BW, Kozicz T (2012) Sex-dependent and differ-
ential responses to acute restraint stress of corticotropin-releasing
factor-producing neurons in the rat paraventricular nucleus, cen-
tral amygdala, and bed nucleus of the stria terminalis. J Neurosci
Res 90:179-192. https://doi.org/10.1002/jnr.22737

Tsvetkov EA, Krasnoshchekova EI, Vesselkin NP, Kharazova AD
(2015) Amygdala: neuroanatomy and neurophysiology of fear.
Zh Evol Biokhim Fiziol 51:406-418

@ Springer

Ventura-Silva AP, Melo A, Ferreira AC, Carvalho MM, Campos
FL, Sousa N, Pégo JM (2013) Excitotoxic lesions in the central
nucleus of the amygdala attenuate stress-induced anxiety behavior.
Front Behav Neurosci 7:32. https://doi.org/10.3389/fnbeh.2013.
00032

Watts AG (2005) Glucocorticoid regulation of peptide genes in neu-
roendocrine CRH neurons: a complexity beyond negative feed-
back. Front Neuroendocrinol 26:109-130. https://doi.org/10.
1016/j.yfrne.2005.09.001

Weiss IC, Franklin TB, Vizi S, Mansuy IM (2011) Inheritable effect
of unpredictable maternal separation on behavioral responses in
mice. Front Behav Neurosci 5:3. https://doi.org/10.3389/fnbeh.
2011.00003

Yasuda H, Harauma A, Kato M, Ootomo Y, Hatanaka E, Moriguchi
T (2016) Artificially reared mice exhibit anxiety-like behavior in
adulthood. Exp Anim 65:267-274. https://doi.org/10.1538/expan
im.15-0115

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


https://doi.org/10.1038/sj.npp.1300769
https://doi.org/10.1038/sj.npp.1300769
https://doi.org/10.1016/j.psyneuen.2016.08.015
https://doi.org/10.1016/j.psyneuen.2016.08.015
https://doi.org/10.1002/dev.420110507
https://doi.org/10.1002/dev.420110507
https://doi.org/10.1152/ajpgi.00400.2006
https://doi.org/10.1126/science.156.3781.1512
https://doi.org/10.1126/science.156.3781.1512
https://doi.org/10.1002/jnr.22737
https://doi.org/10.3389/fnbeh.2013.00032
https://doi.org/10.3389/fnbeh.2013.00032
https://doi.org/10.1016/j.yfrne.2005.09.001
https://doi.org/10.1016/j.yfrne.2005.09.001
https://doi.org/10.3389/fnbeh.2011.00003
https://doi.org/10.3389/fnbeh.2011.00003
https://doi.org/10.1538/expanim.15-0115
https://doi.org/10.1538/expanim.15-0115

	Effects of neonatal rearing by different types of foster mother on the distribution of corticotropin-releasing factor neurons in the central amygdaloid nucleus in rats
	Abstract
	Introduction
	Materials and methods
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References




