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This manuscript presents a protocol designed for the comprehensive investigation of early life stress (ELS) out-
comes and a feasibility study conducted with this protocol. ELS alters normal development by interfering at various 
levels: hormonal changes, brain cellular architecture, epigenome, and chromosomal structural elements. The proto-
col combines classic behavioral tests with advanced molecular techniques to obtain comprehensive data and thus 
uncover the underlying mechanisms of ELS. In this protocol, the main source of stress is maternal separation. Briefly, 
a group of C57Bl/6 mice undergoes maternal separation; then, mice perform the radial maze test and the resident-
intruder test. As a control, another group of mice stays undisturbed and performs the same behavioral tests in the 
same timeframe. After the behavioral tests, biosamples are collected, including urine for corticosterone measure-
ments, peripheral blood, hippocampus, amygdala, and prefrontal cortex tissues for DNA isolation and its down-
stream analyses (DNA methylation profiling and telomere length measuring), and whole brains for immunohisto-
chemistry analysis of the glucocorticoid receptor density. This protocol was successfully tested as a feasibility study 
for a large-scale investigation that addresses potential flaws to establish a robust methodology. This paper reports on 
a comprehensive approach to examining multiple aspects of development that interrogates a holistic analysis of mul-
tilayer and multidimensional data and may contribute valuable insights for both animal and human studies.
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В данной методической статье описан разработанный нами экспериментальный протокол для ком-
плексного изучения последствий раннего постнатального стресса (РПС), а также результаты его апро-
бации на малой выборке животных. Механизмы влияния РПС на организм проявляются на различных 
уровнях: гормональном, геномном и на уровне клеточной архитектуры мозга. Протокол сочетает в себе 
материнскую депривацию как модель РПС, классические поведенческие тесты и современные моле-
кулярные методы, что позволяет получить многомерные данные, необходимые для изучения механиз-
мов РПС. Вкратце, одна группа мышат C57Bl/6 подвергается депривации с 3-го по 14-й день жизни; 
через две недели проводятся тесты для оценки рабочей памяти (лабиринт) и социального взаимодей-
ствия («резидент-интрудер») с акцентом на уровень агрессии. Контрольная группа мышей, без РПС, 
выполняет те же поведенческие тесты в те же сроки. По завершению тестов осуществляется сбор био-
образцов: моча для измерения уровня кортикостерона; периферическая кровь, ткани гиппокампа, 
амигдалы и префронтальной коры для анализа профилей метилирования ДНК и длин теломер; зафик-
сированный в воске мозг для иммуногистохимического анализа плотности глюкокортикоидных 
рецепторов. Протокол был успешно апробирован. В главе «Обсуждения» подробно описаны возник-
шие проблемы и предложены пути их решения для оптимизации протокола. Разработанный протокол 
позволяет применять комплексный подход к изучению различных последствий РПС посредством 
анализа многомерных данных, а также получить результаты, которые могут быть транслированы на 
человеческую популяцию.

Ключевые слова: стресс в раннем возрасте, рабочая память, животные модели, Гипоталамо-гипофизарно-
адренокортикальная система.
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Introduction

Early life stress (ELS) events have the potential to adverse-
ly impact future life outcomes in regard to health and social 
well-being. Whereas evidence exists that there is a connection 
between ELS and later developmental outcomes, the mecha-
nisms underlying them remain unrevealed. Studying ELS in 
the human population is complicated due to ethical reasons 
and the challenge of conducting research with human sub-
jects. Therefore, it is important to develop studies that inter-
rogate this connection in animal models to derive biological 
mechanisms that can be translated to the human population. 
There are numerous and diverse negative ELS effects that 
impact later development in mice that have been shown pre-
viously, such as deficits in working memory [5], telomere 
shortening [16; 21], alterations in the structure and function-
ing of certain brain regions, including those related to the 
hypothalamic-pituitary-adrenal (HPA) axis—a major neuro-
endocrine system that controls reactions to stress and regu-
lates many body processes [18; 30], hyperactivation of the 
HPA axis in response to acute stress [17], and alterations in 
DNA methylation of a neuron-specific glucocorticoid recep-
tor (GR) gene Nr3c1 [20; 21], among others. GR, binding 
glucocorticoids (cortisol in humans and corticosterone in 
mice), is the primary mediator of feedback regulation in the 
HPA axis. These effects have also been registered in humans 
but only at the level of associations.

This study pursues several aims. First, it aims to create a 
new combination of behavioral tests and a wide range of bio-
logical markers that will allow for a comprehensive analysis and 
an enhanced understanding of the ELS outcomes at different 
levels (psychological, physiological, and genomic). All tests 
and biosample collections in this study are designed so that the 
results can be subsequently connected to the relevant human 
studies. Second, this study aims to improve our experimental 
design and establish a robust protocol by conducting a feasibil-
ity study before launching a larger-scale investigation. Such a 
step is important since all model studies involve animal sacri-
fice, and it is the investigator’s responsibility to reduce the 
number of animals used in research. Executing a feasibility 
evaluation of the protocol allows researchers to identify poten-
tial flaws, enabling timely adjustments and the more efficient 
utilization of animals. We believe that implementing this pro-
tocol on a full-sized cohort of animals will empower our search 
for mechanisms that are behind adverse outcomes of ELS at 
the level of epigenetics, physiology, cellular architecture of the 
brain, and structural elements of chromosomes, in addition to 
the behavioral outcomes. Thus, in this feasibility study, we 
model the causal effects of ELS exposure on multi-faceted 
aspects of mouse development to shed light on similar mecha-
nisms of exposure to adverse childhood experiences in humans.

Materials and Methods

Animals
Animal housing was provided by the Animal Care 

Operations (ACO) department at the University of Houston 

(UH) in accordance with national laws and requirements 
for the care and use of animal subjects. All procedures per-
formed with animals during this study are approved by the 
UH IACUC protocol PROTO202100004.

Laboratory-inbred C57Bl/6 mice (Mus musculus) were 
used as the main subjects in this study. Pregnant nulliparous 
females were purchased from The Jackson Laboratory 
(Headquarters Bar Harbor, Maine, U.S.). Animals were 
delivered at the facility on GD15 (gestational day) and gave 
birth on GD19.5 according to established timelines [31]. 
Litter sizes were approximately 4—5 pups, which is slightly 
less than an average size of 6.6 pups per nest for this strain 
[12]. In total, we collected 14 pups from three females.

Laboratory-inbred CD-1 mice (Mus musculus) were 
used as residents in the social defeat paradigm. Animals 
were purchased from Charles River Laboratories 
(Wilmington, Massachusetts, U.S.), and the strain was sup-
ported by breeding in the ACO department at the University 
of Houston. Only males were used in this experiment.

Upon arrival, female pregnant C57Bl/6 mice were 
housed individually in a male-free colony room. Mice 
were kept individually in standard polypropylene venti-
lated cages (IVC) (Optimice®) with a solid floor, under 
controlled temperature (21°C) and humidity (27%) with 
12/12 h light-dark cycle (lights on at 7 am). Animals had 
access to bedding and nesting material; water and food 
(standard rodent chow) were provided ad libitum. Pregnant 
dams were checked daily, and the day of parturition was 
designated as postnatal day (PND) zero, PND0. It can be 
challenging to determine the exact day of birth if cages are 
not checked every other hour; for example, one may miss 
the birth of the litter if it is only checked once in the 
morning. It is more suitable to check mice several times a 
day to accurately stage mouse pups. Additionally, to 
clearly distinguish between PND0 and PND1, the follow-
ing indicators were used: to label pups as PND0, we 
observed the presence of blood and placental fragments 
on the bedding and whether pups were scattered through-
out the cage. To label pups as PND1, we assessed if pups 
had already been retrieved to the nest and that the bedding 
was free from blood and placental fragments. After deliv-
ery, one of the dams was assigned to the control group, 
and two dams were assigned to the MS group.

Maternal separation
The MS is a commonly used model of ELS. For this 

experiment, the MS procedure was designed based on an 
established protocol [10], with the difference being the time 
at which it was performed. Although various periods of the 
day can be used for separation, morning hours might be 
preferable in rodents due to circadian fluctuations in stress 
hormones and associated basal levels of anxiety and stress. 
MS itself causes stress, especially a long one, so it is recom-
mended to perform it in the morning hours when the basal 
level of stress is lowest in mice [7; 10]. For this procedure, 
two adjoining rooms were used to avoid additional stress on 
the animals from being transported through the hall and 
encountering visual, olfactory, and auditory stimuli. Only 
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investigators involved in this experiment and technical staff 
were allowed to enter both rooms, trying to keep the number 
of visits to a minimum.

Starting at PND3 to PND14, MS litters were sepa-
rated from randomized dams for three hours per day, 
starting at 9:00 am and ending at 12:00 pm. First, dams 
were removed from the home cage and placed in a novel 
‘temporary’ cage (regular IVC) with fresh bedding and 
nesting material, food, and water. Then, the ‘temporary’ 
cage was taken to the adjoining room to exclude olfactory 
or ultrasound vocalization exchanges between dams and 
their pups. After dams were taken, pups were individually 
placed in novel polypropylene boxes with fresh bedding 
separated from their littermates. Boxes were placed on a 
heating pad maintained at 37℃. Photos of pups were taken 
daily with the flash turned off. These visual materials 
were used to quantify animal general development based 
on such milestones as eye-opening and hair growth [6]. 
After three hours, pups were placed back in their home 
cages without disturbing the nest. To complete the proce-
dure, dams were returned to their home cages. During the 
whole separation period (PND3—PND14), the same 
‘temporary’ cages were used. In the control group, pups 
were left undisturbed with their dams until weaning at 
PND21, with the exception of routine cage cleaning. 
Cages were cleaned once in two weeks, and for MS fami-
lies, nesting material was changed at PND2, PND9, and 
PND16. At PND21, all pups were weaned and housed in 
groups of 3—5 per cage. At PND28, pups received ear 
tags. Starting from PND31 to PND36, pups were weighed 
daily; starting from PND34, all mice were food-restricted 
to 70% of the daily ratio.

Behavioral assessments
The MS protocol was followed by the radial maze test 

and social defeat (SD) test to study the working memory 
and self-regulation of the stressed as compared to unstressed 
animals. Although the mouse model of SD includes a 
physical confrontation component, its psychological com-
ponent has some similarities with receiving social evaluative 
threats from the Trier Social Stress Test performed in 
humans [26]. The eight-arm radial maze was used to evalu-
ate working memory, and the SD paradigm was used to 
assess the stress reactivity. Behavioral tests were performed 
from least invasive (the maze) to most invasive (SD), sepa-
rated by 6—7 days to allow the animals to recover. All tests 
were videotaped for subsequent behavioral scoring using 
ANY-maze camera and software (Stoelting Co, USA). 
Behavioral testing was conducted starting at 9:00 am and 
ending at 12:00 pm. All animals were taken to the testing 
room one hour before the beginning of testing and allowed 
to recover after transportation. A soundproof, ventilated 
cabinet with daylighting (Med Associates Inc, USA) was 
installed in the room to isolate waiting animals from the test 
subjects and to minimize the auditory and visual stimulation 
they received. Blood and brain collection was performed on 
the same day as the SD paradigm (PND46 and PND47, 
four mice each day).

Radial arm maze test
A working memory test was performed using the eight-arm 

radial maze protocol [14] with modifications. First, the habit-
uation phase took place for one day instead of two, and sec-
ond, there were no learning days. A one-day habituation phase 
is considered sufficient time for rodents to become familiar 
with the new apparatus and save time [18; 27]. Learning days 
were eliminated as the original paradigm used by Stanojevic et 
al. (ref) was applied to studying long-term memory, and, 
therefore, animals needed to be trained; this training was 
needed for our experiment, as we studied working memory.

The apparatus consists of eight identical arms (5 cm 
width, 35 cm length, 9 cm height) extending radially from 
an octagonal platform (Stoelting Co, USA). A camera was 
placed right above the apparatus to record the experiment. 
The test was performed in two phases: a habituation phase 
on Day 1 (PND38), which consisted of one exploratory trial 
that lasted ten minutes to prepare animals for the maze 
where the food pellets were placed at the end and entrance 
of all eight arms. The main phase at PND39 consisted of 
one trial that lasted five minutes, where one food pellet was 
placed at the end of an arm (once selected at random); the 
arm and the location of the pellet were fixed for all mice. In 
each main phase, the mouse was placed on the central plat-
form and allowed to move freely. An arm entry was counted 
when all four animal paws crossed the entrance of the arm. 
Re-entry in a previously visited baited arm is considered a 
working memory error. After the completion of each test, 
the apparatus was cleaned with 70% Ethanol.

Social defeat paradigm
A resident-intruder test was performed according to a 

previously developed protocol [7] with the difference that, 
in our study, the procedure was carried out once, without 
repetition, since we aimed to create acute stress. C57Bl/6 
mice at PND46 and PND47, weighing 16—21 g, served as 
experimental subjects. CD-1 male mice, which are dis-
tinctly larger than experimental subjects, served as residents. 
Residents were housed singularly. C57BL/6 mice were 
introduced into the home cage of an unfamiliar CD-1 male 
mouse for a 10-minute interaction. Each CD-1 male was 
subsequently used two times with two different C57Bl/6 
mice before being replaced by the next resident. Each CD-1 
mouse performed only two times a day. After the interac-
tion, the mouse was returned to its home cage.

Urine collecting for corticosterone measurement
Before interacting with the CD-1 mouse, each C57Bl/6 

mouse was placed in a novel transparent polypropylene box 
without bedding material for 10 minutes. This was enough time 
for a mouse to urinate. Urine was collected into a 1.5ml tube. 
The same was done after the interaction. The box was cleaned 
between sample collections. All samples were placed on ice 
right after being collected and then placed for long storage.

Blood collecting for methylation profiling
Blood was collected using intracardiac puncture as a 

terminal procedure. The mouse was anesthetized using an 
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isoflurane vaporizer (SomnoSuite, Kent Scientific) and 
placed on its back. After opening the chest, a 22-gauge 
needle was inserted slightly to the left at the base of the ster-
num, directed toward the animal’s head and parallel to the 
table. Blood was collected in 2ml tubes with Ethylene 
Diamine Tetra Acetic acid (EDTA) to prevent blood sam-
ples from clotting.

Brain sectioning for methylation profiling and telomere
length analysis
Mice were decapitated using scissors right after blood 

collection. The skull was opened, and the brain was 
quickly removed and placed in a cooled Stainless-Steel 
Coronal Brain Matrix (Kent Scientific). The Matrix was 
placed on a cold metal block to maintain a low tempera-
ture. All instruments were also cooled before the proce-
dure. The brain was rapidly washed in cold 1X RNase-
free Phosphate-Buffered Saline, PBS (Hygia Reagents, 
San Diego, USA), and three sections were cut out. Based 
on the map designed by Heffner et al. [13], we took sec-
tions 7—8 for the hippocampus, 5—6 for the amygdala, 
and 2—3 for the prefrontal cortex. The hippocampus and 
amygdala tissues were cut from the corresponding sec-
tions; for the prefrontal cortex, the whole section was 
taken. All brain tissues were rapidly collected in 1.5ml 
tubes, immediately placed on ice, and then stored 
at –80°C until subsequent processing. Brains from 4 mice 
were sectioned.

Brain dissection for immunohistochemistry (IHC)
After blood collection, transcardiac perfusion was per-

formed according to the protocol designed by Wu and col-
leagues [29]. We followed this protocol starting from the 
“Transcardiac perfusion with saline” without any modifica-
tions, so, therefore, we refrain from describing the proce-
dure in detail here. After brain samples were fixed in 4% 
PFA, they were dehydrated by being placed in 70% Ethanol 
for 30 min, then placed in 90% Ethanol for 30 min, and 
finally placed in 100% Ethanol for 1 hour. After dehydration 
in alcohol, brain samples were placed in an Xylene Substitute 
(Sigma-Aldrich) for 90 min and then placed in melted par-
affin for 4 hours. Finally, samples were infused with melted 
wax and left to dry. Brains from 4 mice were processed for 
subsequent IHC analysis.

Results

In this feasibility study, we designed and executed a pro-
tocol for the evaluation of cognitive abilities, specifically 
working memory, and social behavior, specifically social 
interaction, in mice following ELS due to repeated mater-
nal separation (Figure 1).

The entire protocol took 49 days from delivery to 
sacrifice. Fourteen pups from three families entered the 
protocol. On PND5, one pup was lost due to maternal 
cannibalism. Female rodents are known to eat their litter 

Fig. 1. Workflow diagram
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due to various reasons [2]. On PND20, one pup died in 
the MS1 nest and was removed from the cage. Pups in 
both MS nests developed slower than normal, according 
to the Jackson laboratory’s visual materials on typical 
development (see https://oacu.oir.nih.gov/system/files/
media/file/2021-02/jaxpupsposter.pdf). For example, 
eyes were supposed to open on PND11-12, but in our 
experimental group, it occurred on PND20. 
Unfortunately, during the separation stage of the experi-
ment, we could not compare pups in the MS nests with 
pups in the control nest since the litter had to remain 
undisturbed until PND21. Visual analysis performed on 
the day of weaning (PND21) showed that pups in the 
control nest were more active and larger in size com-
pared to pups in both MS nests. On PND27, four more 
pups died, one from the MS2 nest and three from the 
MS1 nest; thus, the whole litter from the MS1 nest was 
lost. For the C57BL/6 strain, 76.6% is the average sur-
vival rate before weaning in the absence of stress [27], 
while our average rate for both groups is 53.3%. The 
mortality rate we encountered was unexpectedly high. 
Perhaps this can be explained by the prenatal stress expe-
rienced by the mother during extended transportation 
from the vendor to our ACO facility. In the Discussion, 
we propose several options for solving transportation 
problems.

Due to the losses incurred, at the beginning of the 
behavioral experiments, the MS group consisted of three 
males and the control group consisted of 4 females and one 
male. Pups in both groups were underweight according to 
the weight data provided by the Jackson Laboratory 
(Table  1). The radial maze sessions were performed with 
eight animals. Mice in both groups re-entered the baited 
arm during the main trial, which means they conducted a 
memory error. However, a larger number of animals in 
both groups is needed to carry out adequately powered 
statistical analyses.

Using ANY-maze software allowed us to obtain a wide 
range of data, such as the number of entries in each arm, the 
duration of the visits, and various behavior reactions such as 
freezing, immobilization, and escape attempts. Thus, in 
addition to assessing working memory, complex behavioral 
patterns may be analyzed based on the data obtained from 
this test. Despite the small sample size, a variety of individ-
ual behavior patterns were noted. For example, some mice 
actively explored the maze, while others were not eager to 
engage in any explorations. And there was one animal that 

regularly tried to escape by jumping out. The SD test was 
performed with four animals: one male and one female were 
randomly selected from the control, and two males were 
selected from the MS group. Although there were single acts 
of aggression (biting) demonstrated by resident CD-1 mice, 
all C57BL/6 animals showed no signs of subordination. 
After the defeat, typical behavior includes sideways or 
upright submissive postures, withdrawal, fleeing, lying on 
the back, or freezing [3]. We recorded chasing, olfactory 
contacts, and single bites in experimental animals when the 
resident demonstrated high-quality aggressive bouts (defined 
as repetitive attacks [1]). The social defeat paradigm is a 
well-established behavioral test, yet its implementation is 
challenging. To successfully conduct the SD paradigm, 
many specific details must be taken into account. 
Importantly, in this feasibility study, we observed details 
presented in the Discussion that need to be considered in 
the main study.

The SD test was followed by urine collection. Urine 
samples will be used for corticosterone measurement using 
the enzyme-linked immunosorbent assay (ELISA) meth-
od. After the SD test mice were sacrificed, the blood and 
brain specimens were collected. Blood samples were fro-
zen; they will be used for DNA extraction. Brains were 
distributed into 2 sets for different types of analysis: the 
first set included 4 whole brains (2 from MS mice and 2 
from the control group) and was allocated for IHC analy-
sis. The second set also included 4 brains (1 from MS and 
3 from control mice) and was assigned for DNA extrac-
tion. DNA from both blood and brain will be used, first for 
telomere length analysis using the PCR method and sec-
ond — for epigenotyping, so we will get methylation pat-
terns for subsequent analysis. A full analytical plan for 
different types of data is shown in Figure 2.

We did not experience data loss in this study, but this may 
be due to the small number of animals. In larger studies, 
data loss could occur due to various reasons in each of the 
tests, taking into account the number of different types of 
data collected (i.e., behavioral, hormonal, (epi)genetic, and 
neurobiological).

Discussion

In this study, we designed and evaluated the feasibility of 
an experimental protocol that combines classic tests to 

Ta b l e  1
Weight gain dynamics. Average weight ± standard deviation is shown, with values for the single male excluded 

in the control group. Values for the “Jackson Lab” columns were taken from the vendor’s website 
(https://www.jax.org/jax-mice-and-services/strain-data-sheet-pages/body-weight-chart-000664)

PND
Females (grams; ± st.dev) Males (grams; ± st.dev)

Control nest Jackson Lab MS nest Jackson Lab

31 12.5 ± 1.29 14.7 ± 1.8 11.7 ± 3.5 16.5 ± 2.6

35 13.5 ± 2.1 17.8 ± 1.1 13.3 ± 2.5 20.7 ± 1.8

47 17 ± 0.58 18.75 ± 0.95 17.7 ± 2.1 22.75 ± 1.65
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study the behavioral outcomes of ELS with modern meth-
ods of molecular analysis to reveal possible mechanisms 
underlying these outcomes at different levels: hormonal 
changes, DNA methylation patterns, cellular architecture 
of the brain, and structural elements of chromosomes. 
While most research in this area focuses on specific targeted 
changes that occur because of ELS, we propose a protocol 
for a comprehensive analysis combining multiple tests and 
biomaterials that potentially respond to MS. The utilization 
of a combination of tests, previously used individually or in 
other frameworks, can lead to new insights. While all ele-
ments of this protocol have been used in previous publica-
tions [7; 10; 14], we believe that this particular combination 
of tests is unique and, therefore, valuable.

In our study, mice repeatedly visited the baited arm in the 
maze test, which indicates deficits in working memory and 
self-regulation. Working memory is known to share an over-
lapping neural circuit with the HPA response to psychological 
stress [33], and ELS is one of the reasons for alterations in 
HPA functioning. In search of the molecular signatures of 
these alterations, we are planning to study methylation pro-
files of genes involved in the HPA development and function-
ing. For that purpose, we will use DNA extracted from the 
blood and brain samples of MS and non-MS mice. One of 
the target genes is Nr3c1, which codes the GR receptor that 
binds corticosterone. We plan to study not only the Nr3c1 
methylation pattern but also the GR receptor’s density in 
brain structures related to HPA. If a reduced density is 
observed, it could explain the persistence of corticosterone 
levels in response to acute stress, which was shown for rodents 
after ELS [23]. Corticosterone levels will be evaluated as well 
using the urine samples collected after the SD test.

One of the aims of this study was to determine potential 
flaws in the designed paradigm and its implementation and 
perform the needed troubleshooting. We have encountered 
several difficulties that we believe are worth discussing so that 
they can be successfully resolved. First, we noticed a slightly 
reduced body weight and survival rate of pups in both the MS 
and control groups. Reduced birth weight has been shown to 

be one of the outcomes of prenatal stress during the second 
half of pregnancy in rodents [19]. While the maternal HPA 
axis response to stress is significantly attenuated during the 
second half of pregnancy [19], the stress in later gestation 
stages in mice still could have led to undesirable conse-
quences. In our case, all three pregnant dams were trans-
ported from the vendor to the ACO facility at 13-15 gestation 
days, which is almost the end of pregnancy (it usually lasts 
19.5 days) for the C57BL/6 strain. The vendor experienced 
an unexpected technical delivery delay that might have 
caused extra stress for the dams. Although such technical 
problems cannot be avoided entirely, we would suggest 
ordering dams at 8—9 days of gestation, approximately in 
the middle of pregnancy, and requesting that mice are not 
transported on weekends or holidays to avoid additional 
travel time. Maintaining a mice colony in the local ACO 
facility may also be a solution to this problem. Reduced birth 
weight could also explain the increased mortality of the pups 
across all nests. Perhaps in the future, it would be worth 
excluding from the protocol the pregnant dams that experi-
enced problematic delivery. However, if such mortality is 
observed during the experiment and it is not related to hous-
ing conditions, then little can be done. Switching to a less 
susceptible mouse strain may be an option.

The second difficulty concerns the social defeat para-
digm that we performed. As recommended [1], larger CD-1 
resident mice were selected in comparison to intruder 
C57BL/6 mice. However, the size dominance was not suf-
ficient to challenge the experimental mice. In the future, we 
plan to introduce several additions to the current version of 
the protocol. First, we will preliminarily select CD-1 mice 
with consistent levels of aggressive behavior and of a much 
older age than C57BL/6 mice [1]. Next, an additional 
variation of the SD test designed for female mice will be 
introduced to our study. The classical version of the SD 
paradigm includes only males, as they tend to demonstrate 
aggressive behavior, but our aim is to acquire data on the 
ELS-driven social behavior changes for both males and 
females. Today, several modifications have been developed 

Fig. 2. The experiment roadmap. A) Dam with litter. At this stage, the number of pups in a litter is evaluated; litters with less than 
3 pups are excluded from the protocol; B) During the MS, developmental milestones (eyes opening, ear positioning, and hair growth) 
are tracked; C) In radial maze test the number of re-entries in the baited arm for each animal is counted; D) In SD test the number 

and duration of attacks is noted, as well as specific submissive poses. Urine samples are collected and processed for the enzyme-linked 
immunosorbent assay (ELISA) to measure the amount of corticosterone in a sample; the ELISA is performed according to the 

protocol described in [4]; E) Blood sample is collected using cardiac puncture for subsequent DNA extraction followed by telomere 
length analysis using a quantitative real-time PCR (the protocol is described in [16]), and epigenotyping via genome-wide DNA 

methylation array. Prior to the brain tissue collection, the MS and control animals are randomly assigned to two groups for 2 different 
downstream analyses of the target brain regions — amygdala, hippocampus, and prefrontal cortex: (1) immunohistochemical analysis 

(see Methods, [29]) of GR density according to the manual described in [14], and (2) DNA extraction followed by the telomere length 
measurement and DNA methylation profiling using the above molecular genetic techniques
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for the SD protocol, as the need to include females in 
rodent social stress models is growing. Instead of an adult 
CD-1 male, a retired breeder adult male can be used as a 
resident for encountering a female intruder. A retired male 
is less likely to perform mating behavior and more likely to 
attack a female [7]. Lactating females could also be used as 
residents [22; 25; 32], as well as females housed with cas-
trated males [11].

Third, in our initial experimental design, we selected 
urine collection over peripheral blood, as both bioliquids 
have been successfully used for corticosterone measurement 
[4; 9], and urinary and serum corticosterone levels have 
been shown to correlate [28]. In our future experiments, 
urine collection will be used as a less invasive procedure that 
permits repeated sampling without causing extra stress. 
Moreover, during this feasibility study, a baseline for corti-
costerone was not measured, which will be carried out in a 
full-fledged study.

Of note is that this study does not present the statistical 
analysis of the data. This is due to the following: (1) there 
was a small number of animals in each group (3 and 5 mice) 
and (2) these groups were not sex-balanced. These limita-
tions will be resolved in a study with a larger number of 
animals, which will also allow us to connect the data more 
adequately with human studies involving participants of 
both sexes. For the full-fledged study, a between-group 
comparison of animals with and without MS will be per-
formed in terms of their learning, social behavior, and bio-
logical markers, taking the sexes into account [15].

Yet, the successful execution of this feasibility study 
demonstrates that this protocol can be transferred to a 
larger-scale project while maintaining the timeline. The 

feasibility study took 49 days from delivery to sacrifice. 
According to our estimates, an optimal workflow includes 
4 litters (up to 24 pups) simultaneously, so scaling for larger 
studies may unfold as follows:

1. While the first set of 4 litters undergoes MS, an order 
for 4 pregnant dams should be placed so they are delivered 
near the end of MS.

2. When the first set is weaned and left to grow (for 
approximately 2 weeks), the second set of 4 litters is ready 
for MS.

3. When the second set of litters is weaned and left to grow, 
the first set can perform behavioral experiments. Thus, the 
researchers have two weeks to conduct the maze test and the 
SD test and to sacrifice animals. Having completed this first 
round, they can engage the second set of mice. As a result, 
nine weeks are needed to process approximately 50 mice. 
This number can be increased if there are multiple rooms for 
MS, behavior rooms, and enough personnel.

Conclusion

To date, numerous animal protocols have been devel-
oped to study the consequences of ELS (primarily, MS), 
most of which focus on specific outcomes, such as changes 
in DNA methylation profile [20; 24] or brain anatomy [8]. 
We believe that the proposed integrated approach combin-
ing a broad range of behavioral and molecular tests has a 
greater, compared to fragmented protocols, potential to 
uncover mechanisms underlying the effects of ELS and can 
significantly improve our understanding of the connection 
between ELS and later developmental outcomes.

Краткое изложение содержания статьи
на русском языке

Введение

Стресс, пережитый в раннем постнатальном перио-
де жизни (ранний постнатальный стресс, РПС), ока-
зывает негативное влияние на последующее развитие 
организма, что отражается на когнитивных способно-
стях (например, нарушение рабочей памяти [5]) и на 
социальном поведении (например, снижение комму-
никативности и проявления антисоциального поведе-
ния). Биологические эффекты РПС проявляются в 
морфофункциональных нарушениях в ряде отделов 
головного мозга, таких как амигдала, гиппокампус и 
префронтальная кора [18; 30], геномных пертурбациях, 
таких как изменение эпигенетического профиля [20; 
24] и сокращение длины теломер [16; 21], и в гормо-
нальных изменениях, таких как увеличение уровня 
кортикостерона в плазме крови в ответ на стресс [17]. 
Несмотря на обилие данных об отдельных эффектах 
РПС на последующее развитие организма, механизмы, 
лежащие в основе этих эффектов, на сегодняшний 
день остаются малоизученными.

Изучение последствий раннего негативного опыта 
на развитие организма в человеческой популяции 
затруднено из-за этических причин и сложности про-
ведения исследований с участием людей. Поэтому 
важно разрабатывать релевантные животные модели 
для выявления биологических механизмов, которые 
могут быть перенесены на человеческую популяцию.

Разработка протокола такого исследования, которое 
включает поведенческие тесты и набор биомаркеров, 
изучение которых позволит получить результаты, адек-
ватно транслируемые на человеческую популяцию, и 
является одной из целей данного исследования. Вторая 
цель состоит в том, чтобы объединить различные тесты и 
биологические маркеры в единый набор параметров, 
комплексный анализ которых позволит прийти к более 
глубокому пониманию системных эффектов РПС и их 
когнитивных и поведенческих последствий. В данной 
методической статье в деталях описаны разработанный 
нами экспериментальный протокол, а также результаты 
его реализации на пробном запуске с малой выборкой 
животных. В разделе с результатами перечислены слож-
ности, возникшие по ходу реализации протокола, а в 
разделе «Обсуждения» приведены возможные способы 
решения данных сложностей.
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Материалы и Методы

В качестве модельных животных данного экспери-
мента послужили мыши инбредной линии С57Bl/6. 
В  основу протокола заложена часто используемая 
модель РПС — длительная (трехчасовая) депривация 
потомства от матери, которая проводилась с третьего по 
четырнадцатый день жизни мышат [10]. В эксперименте 
участвовали две группы мышат — первая группа пере-
живала депривацию, вторую группу мышат не тревожи-
ли за исключением рутинной чистки клетки, которую 
проводили раз в две недели. Далее подросшие мышата 
(возрастом 5,5 недель) из обеих групп участвовали в 
тесте для оценки качества их рабочей памяти с исполь-
зованием традиционного восьмилучевого лабиринта и 
пищевых приманок [14]. Спустя шесть дней проводили 
тест «резидент-интрудер» для оценки социального взаи-
модействия (с акцентом на уровень агрессии) с самцами 
мышей инбредной линии CD-1 [7]. До и после данного 
теста проводили сбор мочи. Проведение всех поведен-
ческих тестов фиксировали на видео. По окончании 
тестов проводили забой мышей с использованием 4% 
изофлюрана и производили сбор биоматериалов — 
образцов крови и головного мозга. У половины живот-
ных мозг нарезали на секции, вырезая гиппокамп, 
амигдалу и префронтальную кору с последующим выде-
лением геномной ДНК из перечисленных отделов 
мозга. У второй половины животных мозг промывали 

фосфатным буфером и затем — раствором парафор-
мальдегида для фиксации тканей и последующей под-
готовки к проведению иммуногистохимического анали-
за. На основе данных материалов предполагается изуче-
ние широкого спектра биологических показателей: 
уровня кортикостеронов в моче, плотности глюкокор-
тикоидных рецепторов в тканях головного мозга, изме-
рение длины теломер и определение полногеномных 
профилей метилирования ДНК в клетках перифериче-
ской крови и трех отделов головного мозга: гиппокампа, 
амигдалы и префронтальной коры. Объединение широ-
кого спектра поведенческих и молекулярных тестов 
позволяет провести комплексный анализ эффектов 
раннего стресса, проявляющихся на различных уровнях 
в организме.

Все процедуры, выполненные с животными в ходе 
данного исследования, одобрены протоколом IACUC 
PROTO202100004.

Результаты

Разработанный нами протокол позволяет оценить 
когнитивные способности, в частности рабочую 
память, и социальное поведение, в частности уровень 
агрессии, у мышей после РПС (рис. 1).

Весь протокол занял 49 дней от рождения до 
забоя. В протокол вступили 14 мышат, однако на 

Рис. 1. Схема эксперимента
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пятый день один детеныш погиб вследствие мате-
ринского каннибализма. Точную причину гибели 
установить было невозможно; известно, что канни-
бализм у самок грызунов проявляется по различ-
ным поводам, в том  числе на фоне стресса [2]. 
Далее погибло еще 5 детенышей, таким образом, в 
последующих этапах эксперимента участвовали 8 
мышей. Для линии C57BL/6 средний показатель 
выживаемости к 21-му дню жизни при отсутствии 
стресса составляет 76,6% [27], тогда как наш сред-
ний показатель для обеих групп составил 53,3% 
(33,3% — для стрессированных мышей; 100% — для 
не стрессированных). Мышата в обеих группах 
отставали по скорости набора массы тела в соответ-
ствии с данными, предоставленными Лабораторией 
Джексона (https://www.jax.org/jax-mice-and-
serv ices/s t ra in-data-sheet-pages/body-weight-
chart-000664). Кроме того, согласно визуальным 
материалам лаборатории Джексона (см. https://
oacu.oir.nih.gov/system/files/media/file/2021-02/
jaxpupsposter.pdf), мышата в обеих группах развива-
лись с отставанием от нормы. Например, они долж-
ны были открыть глаза на одиннадцатый-двенадца-
тый день жизни, однако в обеих группах это прои-
зошло только на двадцатый день. При этом осмотр, 
проведенный в 21-й день, показал, что детеныши, 
которых не беспокоили в первые две недели жизни, 
были более активными и крупными по сравнению с 
детенышами, пережившими депривацию от матери.

В ходе эксперимента с использованием восьмилу-
чевого лабиринта мыши из обеих групп допускали 
ошибки, повторно посещая рукава, содержащие при-
манку, что говорит о нарушениях функций рабочей 
памяти. Однако следует учесть, что эксперимент про-
водился на малом числе животных, поэтому для 
построения выводов необходимо повторение экспери-
мента с адекватной выборкой. В  ходе прохождения 
мышью лабиринта на видео фиксировали различные 
поведенческие реакции, такие как замирание, иммо-
билизация и попытки побега. Таким образом, полу-
ченные в этом тесте данные позволяют не только оце-
нивать рабочую память, но и анализировать сложные 
модели поведения.

В проведенном тесте «резидент-интрудер» мыши 
C57BL/6 не проявляли признаков подчинения, при 
этом со стороны мышей CD-1 были отмечены единич-
ные акты агрессии (укусы). К нормальным признакам 
подчинения относят принятие покорной позы, уход-
бегство, принятие позы лежа на спине или замирание, в 
то время как агрессию определяют по повторяющимся 
атакам [1; 3]. В ходе эксперимента мы зафиксировали 
преследование, обонятельные контакты и одиночные 
укусы, а также повторяющиеся атаки.

Проведение пробного запуска протокола позволило 
выявить его слабые места, которые будут учтены при 
дальнейшей подготовке к эксперименту. Подробное 
описание решения возникших проблем приведено в 
следующей главе.

Обсуждение

Нами был разработан экспериментальный прото-
кол, который сочетает в себе классические поведенче-
ские тесты с современными методами молекулярного 
анализа и служит для выявления возможных механиз-
мов, лежащих в основе последствий РПС. В ходе реали-
зации данного протокола возник ряд трудностей, кото-
рые, как мы считаем, стоит обсудить, чтобы их можно 
было успешно разрешить в дальнейшей работе.

Во-первых, мы заметили отставание в наборе массы 
тела и пониженную выживаемость мышат. Снижение 
массы тела при рождении является одним из послед-
ствий пренатального стресса во второй половине бере-
менности у грызунов [19], что также могло стать при-
чиной снижения выживаемости. В нашем случае у 
поставщика возникла неожиданная техническая 
задержка поставки, которая могла вызвать дополни-
тельный стресс у беременных самок. Понимая невоз-
можность гарантированно избежать подобных техни-
ческих проблем, мы предлагаем заказывать самок на 
8—9-м дне беременности и так, чтобы транспортиров-
ка не приходилась на выходные или праздничные дни, 
чтобы избежать дополнительного времени в пути. 
Решением этой проблемы также может быть поддер-
жание колонии мышей в местном виварии. Второй 
недостаток касается теста «резидент-интрудер». 
Согласно рекомендации [1], мыши-резиденты CD-1 
значительно превосходили по размеру мышей-интру-
деров C57BL/6. Однако этого параметра оказалось 
недостаточно для проявления агрессии, в связи с чем 
мы планируем модифицировать текущую версию про-
токола. Во-первых, добавить предварительный отбор 
мышей CD-1, превосходящих по возрасту мышей 
C57BL/6, и демонстрирующих стабильно агрессивное 
поведение [1]. Во-вторых, добавить вариант теста для 
самок. Классическая версия теста «резидент-интру-
дер» включает только самцов, однако для полноцен-
ной трансляции наших результатов на человеческую 
популяцию нам хотелось бы получить данные об изме-
нениях социального поведения, вызванных РПС, для 
представителей обоих полов. Так, согласно литерату-
ре, для проведения теста «резидент-интрудер» с уча-
стием самки можно использовать возрастного самца, 
который с меньшей вероятностью будет демонстриро-
вать половое поведение и с большей вероятностью 
нападет на самку [7]. В качестве резидентов также 
могут использоваться кормящие самки [22; 25; 32] или 
самки, которых содержат с кастрированными самцами 
[11]. Для измерения уровня кортикостерона до и после 
проведения теста на агрессию были собраны образцы 
мочи. Обычно для подобного анализа используют 
периферическую кровь или мочу [4; 9] и показано, что 
уровни кортикостерона в моче и сыворотке крови кор-
релируют [28]. Наш выбор определяется тем, что сбор 
мочи является неинвазивной процедурой и позволяет 
проводить многократный забор проб, не вызывая у 
мышей дополнительного стресса.
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Выводы

На сегодняшний день разработано множество про-
токолов для изучения последствий РПС, большинство 
из которых являются узкопрофильными, т. е. они 
нацелены на изучение конкретного неблагоприятного 
исхода, например изменения в профиле метилирова-
ния ДНК [20; 24] или развитие морфофункциональных 
нарушений мозга [8]. Мы считаем, что предложенный 

нами интегрированный подход имеет гораздо больший 
потенциал для комплексного изучения механизмов, 
лежащих в основе различных эффектов РПС, посколь-
ку он позволяет выстроить сети взаимосвязей процес-
сов, происходящих на разных уровнях в организме. 
Таким образом, применение разработанного нами 
протокола поможет нам приблизиться к пониманию 
особенностей развития организма, пережившего 
стресс на начальном этапе жизни.
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