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Abstract. Early life experiences, particularly maternal deprivation (MD), have long-lasting implications 
on emotional and cognitive development. Using Wistar rats as a model, this study explores the impact 
of MD followed by predator stress exposure (PSS) to simulate aspects of post-traumatic stress disorder 
(PTSD). A cohort of 41 male rat pups underwent MD from postnatal days 2 to 14, followed by PSS at 
day 90. Female rat pups were not included in the experiment. Behavior was subsequently assessed using 
the Elevated Plus Maze test 14 days post-PSS. While MD led to subtle changes such as decreased activity 
and increased anxiety-like behavior, PSS induced pronounced anxiogenic effects. Notably, PSS after MD 
resulted in decreased basal corticosterone levels, mirroring conditions observed in PTSD. The findings 
suggest that although MD itself does not induce significant behavioral changes, it predisposes individuals 
to heightened sensitivity to subsequent stressors. This study underscores the utility of a two-stage PSS 
model for more accurately reflecting the complexities inherent in stress-related disorders, including PTSD.
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Introduction

The first period of life in mammals plays a crucial role in 
their emotional and cognitive development, shaping their 
behavioral and physiological responses at later stages of 
ontogenesis. Maternal behaviors, such as licking/grooming 

and nursing, inhibit the secretion of adrenocorticotropic 
hormone (ACTH) and corticosterone, ensuring the main-
tenance of low and stable levels of corticosterone, which are 
necessary for proper brain development (Rosenfeld et al. 
1992). Consequently, adverse events in early life, particu-
larly changes in the maternal-offspring relationship, can 
cause acute disturbances and produce various detrimental 
effects (Lo Coco et al. 1989; Vetulani 2013). These acute and 
long-lasting effects arise from repeated activation of stress 
mediators, such as glucocorticoids and catecholamines, and 
were described by McEwen (2004) as an allostatic load.
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Maternal deprivation (MD), a paradigm used to mimic 
the transient loss of maternal care, can lead to the removal 
of the inhibitory regulation that mothers exert on the hy-
pothalamic-pituitary-adrenal (HPA) axis of offspring (Hofer 
1994; Miragaia et al. 2018, Nishi et al. 2020). As a result, MD 
increases basal and stress-induced plasma concentrations of 
ACTH and corticotropin-releasing factor (CRF) (Ladd et al. 
1996), and alters brain-derived neurotrophic factor (BDNF) 
expression and processing in the striatum, hippocampus, 
and ventral tegmental area (Ladd et al. 1996; Lippmann et 
al. 2007; Nishi et al. 2020). Recent literature suggests that 
the impact of MD on offspring extends beyond these distur-
bances, causing changes in other endocrine axes, including 
the hypothalamic-pituitary-gonadal (estrogen, progesterone, 
and testosterone) and hypothalamic-pituitary-thyroid axes, 
as well as secretions of growth hormone, prolactin, and 
oxytocin (Strüber et al. 2013; Myers et al. 2014).

It is not surprising that the literature documents associa-
tions between early life stress (ELS) exposures, including 
MD, and the subsequent development of various pathologies 
later in life. Several epidemiological studies have revealed 
that ELS is associated with clear increases in posttraumatic 
stress disorder (PTSD), mood and anxiety disorders, and 
substance use disorders (Anda et al. 2006; Cabrera et al. 2007; 
Fritch et al. 2010; Green et al. 2010; Scott et al. 2010). Fur-
thermore, ELSs have been associated with an increased risk 
of not only psychiatric disorders but also a variety of medical 
disorders, including ischemic heart disease, cancer, chronic 
lung disease, skeletal fractures, autoimmune disorders, and 
liver disease (Nemeroff et al. 2016; Pervanidou et al. 2020).

However, it has been suggested that factors increasing the 
risk of exposure to adverse events later in life may differ from 
those that sensitize individuals to later stressors (Koenen 
et al. 2007; Manukhina et al. 2021). Therefore, the present 
pilot study aimed to reveal the effects of MD on subsequent 
predator stress exposure used as a model of experimental 
PTSD (Manukhina et al. 2020, 2021; Tseilikman et al. 2020; 
Ullmann et al. 2020). Based on data from the literature, we 
hypothesized that maternally deprived rats would display 
more pronounced anxiety and/or depressive-like behaviors 
on behavioral tests and reveal detectable changes in hor-
mone levels and blood parameters. The study was conducted 
exclusively on male rodents to minimize physiological 
variability that could be associated with the estrous cycle in 
female rodents.

Materials and Methods

Animals and ethical permissions

Experiments were conducted using 41 Wistar rats, including 
8 female mother rats and 33 male rat pups. On average, each 

litter contained 8 pups born on the same day. Female rat 
pups were not included in the experiment. The discrepancy 
in the animal numbers between the groups was a result of 
the limited quantity of animals received and our previous 
experience with the PSS model (Manukhina et al. 2020, 2021; 
Tseilikman et al. 2020; Ullmann et al. 2020). We elected to 
increase the sample size for the unfamiliar maternal depriva-
tion model to better account for potential variances. Given 
the rapid maturation of these early-age animals, even a single 
day can significantly affect the studied parameters; hence our 
careful selection of rat pups born on the same day.

All animal experiments adhered to the requirements 
of the Council for International Organizations of Medi-
cal Sciences (CIOMS) and the International Council for 
Laboratory Animal Science (ICLAS), as described in the 
“International Guiding Principles for Biomedical Research 
involving Animals” (2012). The study protocol was approved 
by the Committee for Bioethics and Humane Treatment of 
Laboratory Animals at South Ural State University, Rus-
sia (Project 0425-2018-0011 from 17 May 2018, protocol 
number 27/521).

Animals were housed in an animal facility at a constant 
temperature (23 ±  1°C) and maintained on a  12:12 hour 
light-dark cycle (lights turned on at 8:00) with relative 
humidity (40–50%). Water and granulated forage (Sniff, 
Soest, Germany) were provided ad libitum. The handling 
of all animals was identical, ensuring consistent treatment 
across the study. 

Experimental models

To mimic the conditions of ELS, we used the MD experi-
mental model (Barreau et al. 2004). Primiparous pregnant 
rats were housed individually in standard polypropylene 
cages with wood chip bedding. Food and water were freely 
available. After birth, the rat pups were randomly assigned 
to the MD group or the mother-raised control group. 

MD was performed daily for three consecutive hours 
(from 9:00 to 12:00 am), during which time the pups were 
removed from their home cage and kept in temperature-
controlled cages at 28 ± 1°C. During MD, the pups were 
individually isolated. This procedure was applied between 
postnatal days 2 and 14. The control pups were left undis-
turbed with their dam. From days 15 to 22, all control and 
MD pups were kept with their dam. Weaning from the 
mother occurred on day 22, after which the offspring were 
separated by sex and housed in cages of 5–6 individuals 
until the end of the experiment. Females were excluded 
from the study.

On postnatal day 90, the animals were divided into 
4 groups:
1.	 Control group – intact animals (n = 5);
2.	 MD group – animals subjected to ELS (n = 12);
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3.	 PSS group – animals subjected to repeated exposure to 
predator scent stress (PSS; n = 5);

4. 	MD+PSS group – animals subjected to repeated exposure 
to PSS in the background of ELS (n = 11).
A paradigm of repeated exposure to PSS was carried 

out as previously described in earlier studies (Manukhina 
et al. 2020, 2021; Tseilikman et al. 2020; Ullmann et al. 
2020), where rats were exposed to the smell of urine marks 
of an adult domestic cat, poured into Petri dishes (100 ml 
each) and covered with medical gauze. For 10 days, PSS 
and MD+PSS rats were exposed daily for 10 min to PSS. 
For 10 days, all control and MD rats were exposed daily for 
10 min to sham PSS (tap water). At 14 days after PSS or sham 
PSS, the behavior of the rats was tested and then euthanized 
for biochemical and hematological analyzes.

The experimental design is illustrated in Figure 1.
On the 115th day of the study, the animals were eutha-

nized. They were decapitated, and their blood was collected. 
Blood samples were collected in two types of tubes (with 
K3-EDTA as an anticoagulant and without anticoagulants). 
Clotted blood was centrifuged at 3000 rpm for 15 min at 4°C, 
and the serum was separated. Serum aliquots were stored at 
−80°C until analysis.

Behavioral assessment

Sucrose Preference Test: To assess depression-like behavioral 
traits, we used a  sucrose solution preference test (“Anhe-
donia”), which measured the amount of water and sucrose 
solution consumed by the animals (Liu et al. 2018). The test 
was conducted on the 113th day from the beginning of the 
experiment. Before the test, the animals were housed indi-
vidually in cages. The animals were then provided with two 
preweighed 50 ml drinkers, one with water and the other 
with a 1% sucrose solution. After 24 hours, the drinkers were 
removed and weighed again. We calculated the sucrose solu-
tion preference index using the following formula:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑛𝑛 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)  

Elevated Plus Maze (EPM) Test: We conducted behavioral 
evaluations using the 3D animal tracking system “EthoStu-
dio” in the EPM (Kulikov et al. 2014). We analyzed the fol-
lowing behaviors: number of entries into the closed arms, 
number of entries into and time spent on the open arms and 

closed arms, total number of entries, freezing, grooming, 
and the number of stretch attend postures (protected and 
unprotected), as described by Cruz, Frei, and Graeff (Cruz 
et al. 1994). The EPM test was conducted on the 114th day 
from the beginning of the experiment.

Laboratory studies

Corticosterone levels: We determined corticosterone levels 
using standard commercial kits from “Cloud-Clone Corp” 
(USA) through enzyme immunoassay.

Hematological analyses: We studied animal blood using 
an 18-parameter Celly 70 hematologic analyzer (Biocode-
Hycel, France). Blood was collected in specially designed 
plastic tubes containing K3-EDTA as an anticoagulant. 
Subsequently, the following blood counts were automati-
cally calculated: WBC, the absolute number of leukocytes 
(103/μl); Lym, the absolute number of lymphocytes (103/μl); 
Mid, the absolute number of middle cells (103/μl); Grn, the 
absolute number of granulocytes (103/μl); Lym%, the rela-
tive content of lymphocytes (%); Mid%, the relative content 
of middle cells (%); Grn%, relative content of granulocytes 
(%); RBC, the absolute number of erythrocytes (106/μl); 
Hb, hemoglobin content (g/dl); Hct, hematocrit (%); MCV, 
the average volume of erythrocytes (fl); MCH, the average 
content of hemoglobin in the erythrocyte (pg); MCHC, the 
average concentration of hemoglobin in the erythrocyte 
(g/dl); RDW, distribution of erythrocytes by size (%); Plt#, 
platelet count (103/μl); Pct, thrombocyte (%); MPV, mean 
platelet volume (fl); PDW, platelet size distribution (%). 

Statistical analysis

Statistical calculations and transformations were performed 
in the RStudio programming environment (Allaire 2012) 
using the programming language R (Ihaka and Gentleman 
1996). Data were tested for normality with the Shapiro-
Wilk test, for equality of variances with the Levene test. To 
test the hypothesis of no difference between groups, two-
way analysis of variance (Two-way ANOVA) or Two-way 
ANOVA with Aligned Rank Transform (ART) was used 
in the case of nonnormal distribution of the data. Tukey’s 
test was used for repeated measures between groups after 
univariate analysis of variance, and contrast tests were used 
after the ART Two-way ANOVA.

Figure 1. Experimental design.
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Results

Effects of MD and PSS on rat behavior

Behavioral indicators are presented in Table 1. The analysis, 
conducted using a two-way ANOVA, revealed the contri-
bution of maternal deprivation to the number of freezing 
(F1.25 = 8.82; p = 0.006), protected stretched attend posture 
(F1.24 = 8.27; p = 0.008), and sucrose consumption (F1.25 = 
5.16; p = 0.03). Maternal deprivation in PSS-affected ani-
mals (MD+PSS group) reduced the number of freezing by 
2.6 times compared to PSS animals (Δ0.95∈[−11.3,−3.9]; p < 
0.0001). Simultaneously, in animals of the MD+PSS group, 
a six-fold increase in protected stretched attend posture and 
a two-fold increase in sucrose consumption were observed 
compared to animals in the PSS group (Δ0.95∈[0.8,7.7]; p = 
0.01 and Δ0.95∈[1.4,9.8]; p = 0.005, respectively).

It should be noted that MD did not cause any signifi-
cant detectable changes in rat behavior. However, the time 
spent by MD rats in the open arms of the EPM tended to 
decrease by 37.4%, the number of entries in the open and 
closed arms, and the total number of entries compared to the 
control decreased by 64.3%, 36.5%, and 40.9%, respectively. 
The number of grooming acts and the total grooming time 
tended to decrease by 45.8% and 39.9% compared to the 

control animals. Additionally, MD rats showed a tendency 
to increase the number and total time of freezing compared 
to control animals.

The two-way ANOVA revealed that PSS significantly af-
fected the number of freezing (F1.29 = 17.97; p < 0.0001). The 
number of freezing increased 6.7 times in animals exposed to 
PSS (PSS group) compared to the control (Δ0.95∈[6.1,14.9]; 
p  < 0.0001) and 3.4 times compared to the MD group 
(Δ0.95∈[−12.2,−4.9]; p  < 0.0001). Also, in PSS animals, 
there was a tendency to decrease in time spent in open arms 
(by 70.9%) and the number of entries into both open arms 
by 140% compared to control group animals. The increase 
in closed arms by 48.7% and the decrease in total grooming 
time by 41.3% and the number of grooming acts by 41.7% 
were observed after PSS.

The two-way ANOVA showed that the two factors stud-
ied, MD and PSS, affected the number of freezing not only 
separately but also when they interacted (F1.29 = 25.23; p < 
0.0001). The interaction between factors was revealed in total 
stretched attend posture (SAP) (F1.29 = 9.2; p = 0.006) and 
sucrose consumption (F1.29 = 8.78; p = 0.007). In animals 
of the MD+PSS group, compared to the PSS group, total 
SAP increased 7 times (Δ0.95∈[−15.5,−9.4]; p = 0.02) and 
sucrose consumption increased 1.9 times (Δ0.95∈[0.2,4.6]; 
p = 0.005).

Table 1. Behavioral indicators

Control
(n = 5)

MD
(n = 12)

PSS
(n = 5)

MD+PSS
(n = 11)

Оpened time (s) 104.4 ± 75.5 65.4 ± 48.8 30.4 ± 26.5 30.5 ± 14.9
Closed time (s) 495.6 ± 75.5 534.6 ± 48.8 569.6 ± 26.5 569.5 ± 14.9
% open time 7.6 ± 4.6 9.5 ± 8.2 0.0 ± 0.0 2.1 ± 1.1
Open entries 1.4 ± 0.7 0.5 ± 0.1 0.0 ± 0.0 0.5 ± 0.2
Closed entries 7.4 ± 1.4 4.7 ± 1.1 3.8 ± 1.5 5.2 ± 1.0
Total entries 8.8 ± 1.1 5.2 ± 1.2 3.8 ± 1.5 5.7 ± 1.2
% Open entries 16.7 ± 8.4 14.6 ± 8.1 0.0 ± 0.01 9.6 ± 4.8
Protected SAP 2.8 ± 0.6 3.6 ± 0.8 0.8 ± 0.4 5.0 ± 0.53

Unprotected SAP 4.75 ± 1.0 1.4 ± 0.5 0.3 ± 0.21 2.1 ± 0.5
Total SAP 7.0 ± 0.8 4.9 ± 1.2 1.0 ± 0.6 7.0 ± 0.9
% Protected SAP 40.8 ± 11.2 76.8 ± 9.5 83.3 ± 10.5 73.5 ± 5.7
Number of freezing 1.8 ± 0.4 3.6 ± 0.6 12.2 ± 2.01,2 4.6 ± 0.53

Total time of freezing (s) 31.4 ± 9.6 80.7 ± 23.6 143.4 ± 59.7 64.7 ± 11.5
Number of grooming acts 2.4 ± 0.6 1.3 ± 0.4 1.4 ± 0.9 1.8 ± 0.5
The total grooming time (s) 21.8 ± 6.3 13.1 ± 3.7 12.8 ± 9.5 21.2 ± 7.8
Anxiety index 0.82 ± 0.1 0.87 ± 0.08 0.97 ± 0.02 0.92 ± 0.03
Sucrose consumption (ml) 8.6 ± 0.9 9.1 ± 0.9 7.8 ± 2.4 11.2 ± 0.83

Water consumption (ml) 0.2 ± 0.2 0.8 ± 0.2 0.8 ± 0.5 0.5 ± 0.2
Sucrose consumption index 1.0 ± 0.0 0.9 ± 0.0 0.9 ± 0.1 1.0 ± 0.0

1 differences from control animals; 2 differences from MD rats; 3 differences from PSS rats. Control, intact animals; MD, animals sub-
jected to ELS; PSS, animals subjected to repeated exposure to predator scent stress; MD+PSS, animals subjected to repeated exposure to 
predator scent stress in the background of ELS.
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Biochemical and hematological analyzes

Laboratory studies revealed differences in corticosterone 
levels (Fig. 2). The two-way ANOVA showed that both 
MD (F1.29 = 12.54; p  = 0.002) and PSS (F1.29=5.6; p  = 
0.03) factors could influence corticosterone levels sepa-
rately, and combined (F1.29 = 9.92; p = 0.004). The level 
of corticosterone in the MD+PSS group was the lowest 
among all groups: significantly lower than in the control 
group (Δ0.95∈[−630,−33]; p = 0.03), 1.85 times lower than 
in the PSS group (Δ0.95∈[−213,−810]; p = 0.0004), and 
1.5 times lower than in the MD group (Δ0.95∈[−519,−72]; 
p = 0.007).

Hematological analysis revealed a change in two blood 
parameters: the average volume of erythrocytes and the 
absolute number of granulocytes. The two-way ANOVA 
showed a pronounced effect of MD on blood granulocyte 
count (F1.29 = 5.78, p = 0.03). There was a decrease in the level 
of granulocytes in the MD group compared to the control 
(Δ0.95∈[−0.8,−0.1]; p = 0.04) (Fig. 3).

A two-factor ANOVA revealed the contribution of 
both PSS (F1.14 = 6.27, p  = 0.03) and the effect of the 
interaction between the studied factors on the average 
erythrocyte volume (F1.14 = 5.97, p = 0.03). Animals in 
the MD+PSS group exhibited a higher mean erythrocyte 
volume compared to the MD group (Δ0.95∈[0.3,3.4]; p = 
0.02) (Fig. 4).

Discussion

The present study aimed to investigate whether transient loss 
of maternal care would affect the development of parameters 
related to PTSD in animals subjected to PSS, a paradigm 
used to mimic PTSD (Manukhina et al. 2020, 2021; Tseilik-

Figure 2. Corticosterone levels (mean ± SD) in experimental ani-
mals. Schemes follow the same formatting. Control, intact animals; 
MD, animals subjected to ELS; PSS, animals subjected to repeated 
exposure to predator scent stress; MD+PSS, animals subjected to 
repeated exposure to predator scent stress in the background of 
ELS. * p < 0.01, ** p < 0.001, *** p < 0.0001.

Figure 3. Number of granulocytes in the blood of experimental 
animals (mean ± SD). *  p  < 0.01. Grn, the absolute number of 
granulocytes. For more abbreviations, see Figure 2.

Figure 4. The average erythrocyte volume in experimental animals 
(mean ± SD). * p < 0.01. MCV, the average volume of erythrocytes. 
For more abbreviations, see Figure 2.
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man et al. 2020; Ullmann et al. 2020). Male Wistar rat pups 
underwent repeated maternal separation during postnatal 
days 2–14. After 90 days, the rats were exposed to a  PSS 
model consisting of exposure to predator odor stimulus. 
The behavior of the rats was evaluated on the EPM test on 
day 14 after PSS exposure.

EPM is a widely used rodent model for evaluating anxiety-
related behavior, based on the natural preference of these 
animals for dark and protected places. Anxiety is measured 
by the proportion of test time spent in the closed arms of 
the maze, without coming into contact with the open areas 
(Acero-Castillo et al. 2021).

The study revealed several long-lasting effects of both 
experimental interventions (MD and PSS). Anxiety-like 
behavior increased and exploratory activity decreased in all 
groups. Moreover, the basal corticosterone level in plasma 
decreased in rats subjected to PSS after MD, paralleling the 
effects observed in patients with PTSD (Zoladz et al. 2012, 
2015; Wilson et al. 2014). These results are consistent with 
previous studies (Cruz et al. 1994; de Oliveira Soares et al. 
2014) and suggest that, in rats, an early stress experience such 
as MD can aggravate some effects of exposure to a stressor 
during adulthood.

According to the results, MD led to only slight behavioral 
effects, which manifested as a general decrease in activity and 
impulsivity, and increased anxiety-like behavior (evaluated 
by the total number of entries, open arms entries and time 
spent in (Cruz et al. 1994; de Oliveira Soares et al. 2014), and 
the immobility time (Walf and Frye 2007). MD also resulted 
in decreases in unprotected SAP and grooming, which are 
indicative of increased approach avoidance conflict and/or 
risk assessment behavior (Fernández Espejo 1997; Rodgers 
and Dalvi 1997; Horii-Hayashi et al. 2021). The data on the 
effects of MD in the literature are contradictory; while sev-
eral studies reported lasting changes in behavioral reactivity 
(Troakes et al. 2009), others did not replicate that, reporting 
no alterations or even opposite effects (e.g., lower anxiety 
or lower depressive-like behavior) (Eklund and Arborelius 
2006). Therefore, the present study’s results reflect mainly 
those of Estanislau and Morato (2005), who also found that 
maternal separation does not cause strong behavioral effects. 
Furthermore, hematologic and biochemical studies did not 
reveal any specific changes.

Exposure to cat odor (PSS) produced clear anxiogenic 
responses in both the social interaction and EPM tests, 
suggesting a generalization of the anxiety response in both 
place and time (Zangrossi and File 1992). PSS revealed signs 
of anxiety-related behavior and general decline in activity, 
and resulted in a decrease in the percentage of open arms 
time (Cruz et al. 1994), the total number of stretches, and 
the number of unprotected stretches, which are indicative 
of risk assessment and/or exploratory behavior (Rodgers 
and Cole 1993; Rodgers and Dalvi 1997; Sestakova et al. 

2013; Horii-Hayashi et al. 2021). The significant increase in 
freezing, indicating fearful/non-exploratory behavior (Rodg-
ers and Cole 1993) also corresponded to increased anxiety 
(Walf and Frye 2007). This finding broadly supports the 
work of other studies in this area linking experimental PSS 
rat models with increased anxiety and reduced exploratory 
activity (Adamec et al. 2004; de Paula et al. 2005; Diehl et 
al. 2007; Albrechet-Souza and Gilpin 2019; Wu et al. 2019; 
Blount et al 2023). After PSS, the rats expectedly reduced 
sucrose consumption by 1%. This finding is consistent with 
that of Papp et al. (2016), who found that chronic stress led 
to reduced ingestion of 1% sucrose solution. Reduced low-
concentration sucrose consumption has also been reported 
when other models of chronic stress are used (Willner et al. 
1987; He et al. 2020; Wang et al. 2020). Anhedonia, in this 
context, can be defined as low reward sensitivity (Rygula et 
al. 2005). It should be noted that the concentration of sucrose 
solutions used can strongly affect the level of its ingestion 
(Acero-Castillo et al 2021; Markov 2022).

Thus, PSS after MD led to a decrease in basal corticoster-
one levels in animals, a condition similar to those observed 
in PTSD. According to the literature, low levels of cortisol 
(corticosterone in rats) could be due to partial primary 
adrenal insufficiency, HPA axis underactivity, increased 
negative feedback sensitivity and/or changes in glucocor-
ticoid metabolism (Yehuda and Seckl 2011; Sarapultsev 
et al. 2020). Furthermore, it is known that in PTSD, low 
plasma levels of cortisol occur particularly in the context 
of ELSs, physical or sexual abuse, implying a degree of de-
velopmental programming, perhaps both of lower cortisol 
and vulnerability to psychopathology (Yehuda and Seckl 
2011). The latter fully corresponds to our findings, as the 
MD model was established to mimic the adverse effects of 
early life. This also agrees with the studies by Zoladz et al. 
(2012, 2015) which revealed that rats exposed to a cat in 
conjunction with chronic social instability exhibited re-
duced basal glucocorticoid levels, increased glucocorticoid 
suppression, increased anxiety, and robust fear memory. 
The identified discrepancy with studies by Rodgers et al. 
(1999) can be explained by the fact that in our studies the 
negative correlations between SAP and corticosterone were 
detected in animals after MD, which provides the basis for 
the development of a pathological process resembling PTSD 
and whose reactions have already been changed, but not in 
naïve animals. Thus, Korte and De Boer (2003) have shown 
that animal emotions (fear) and behavior could be enhanced 
by prior stressor exposure and that the neural mechanisms 
involved in that fear-potentiated plus-maze behavior (state 
anxiety) as compared to spontaneous plus-maze behavior 
(trait anxiety) are quite different.

After PSS, MD rats increased sucrose consumption. This 
finding is contrary to previous studies which have suggested 
that rats subjected to these chronic stress models showed 
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reduced sucrose consumption (Katz and Hersh 1981; Willner 
et al. 1987; Sur and Lee 2022). However, in several studies 
(Matthews et al. 1995; Strekalova et al. 2006; Henningsen 
et al. 2013), increases in sucrose consumption and prefer-
ence in stressed rats were also revealed. These effects can 
be interpreted as a manifestation of stress-induced diabetes 
mellitus and a hypercompensatory ‘prohedonic’ response to 
stress (Strekalova et al. 2022). They may also be associated 
with hypersecretion of corticotropin-releasing factor (CRF) 
and vasopressin in the hypothalamus and hypophysis, which 
provokes behavioral invigoration, a stronger consumption re-
sponse, and stress-induced thirst (Strekalova et al. 2006, 2022). 
In line with this, according to Coplan et al. (1996), nonhuman 
primates with variable foraging mothers (a model for ELS) 
also had elevated CRF and decreased cortisol levels in adult-
hood, a picture that is close to PTSD (Bremner et al. 1997).

Finally, we can conclude that although MD does not 
cause pronounced behavioral effects (Estanislau and Morato 
2005), it gives grounds for the development of complications 
in the future, increasing sensitivity to subsequent stressful 
effects (Agorastos et al. 2019). This also supports evidence 
from a  meta-analysis of rodent studies by Schuler et al. 
(2022), which confirmed that early life stress (MD) creates 
a vulnerable phenotype (Schuler et al. 2022), which depends 
on genetic variations at specific genes that moderate HPA 
axis and brain function, and manifests itself only when suf-
ficiently triggered (Lee et al. 2018, Schuler et al. 2022).

In summary, the observed changes in the present study 
can be understood through the concept of the ‘training reac-
tion.’ This concept refers to a general nonspecific adaptive 
reaction that arises in response to weak stimuli of different 
qualities. According to Garkavi, this reaction leads to nei-
ther suppression nor significant stimulation of protective 
subsystems (Garkavi et al. 1998) (Fig. 5).

The MD variant used in this study, which involved wean-
ing rat pups from their mother alone, should not be consid-
ered a pathological impact but rather a physiological one. 
This MD variant can be seen as a natural acceleration of the 
rat pups’ transition to independent life when they leave their 
mothers. Generally, the ‘training reaction’ is characterized 
by increased secretion of glucocorticoids (within the upper 
half of normal) that results in a mild antiinflammatory effect 
without causing immunosuppression.

Thus, the present study’s findings suggest that while MD 
may not cause pronounced behavioral effects, it can set the 
stage for future complications by increasing sensitivity to 
subsequent stressful effects. This supports the notion that 
ELS can create a  vulnerable phenotype that depends on 
genetic variations at specific genes that moderate HPA axis 
and brain function and manifests only when sufficiently 
triggered. The concept of the ‘training reaction’ helps explain 
these findings and the complex relationship between ELS and 
later vulnerability to stress-related disorders.

The subsequent exposure to PSS initiates an ‘activation 
reaction,’ which is a general nonspecific adaptive reaction 
to medium stimuli, including olfactory stress. The biologi-
cal purpose of this reaction is to increase the activity of the 
regulatory and protective systems within the body. The 
‘activation reaction’ is characterized by a  predominance 
of moderate excitation in the central nervous system and 
reduced secretion of glucocorticoids.

Animals that have experienced the ‘activation reaction’ due 
to MD display a weaker response to olfactory stress. This sug-
gests a protective effect that may help the animals better adapt 
to the stressor. The observed changes in the MD+PSS group 
compared to the PSS group, such as an increase in unprotected 
SAP, total SAP, and sucrose consumption, as well as a decrease 
in the number of freezing instances and glucocorticoid levels, 
are consistent with the characteristics of an ‘activation reaction’.

In conclusion, the study demonstrates that ELS, such as 
MD, can lead to an ‘activation reaction’ that enables animals 
to exhibit a weaker and potentially more adaptive response 
to subsequent stressors like PSS. This protective effect may 
contribute to an increased resilience against the development 
of stress-related disorders in later life.

Study limitations

It is important to emphasize that this study was conducted 
on the relatively small number of animals, which limited 

Figure 5. Various reactions of the body to frequentative weak 
stimuli (Garkavi et al. 1998).
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the reliability of the data obtained for various parameters, 
particularly in the biochemical and hematological domains. 
This constraint restricts our ability to confidently confirm 
one concept over another, such as the development of train-
ing responses in MD and the subsequent activation response 
in PSS according to Garkavy et al. (1998), or the perception 
of MD as the basis for the formation of a sensitive phenotype 
according to Schuler et al. (2022).

To establish a  clearer understanding of the effects of 
maternal deprivation, additional experiments are required. 
Future studies should focus on the differences between single 
and multiple exposures in early periods of ontogeny, as the 
development of the training response necessitates multiple 
exposures. Furthermore, investigating the differences in re-
sponse to stronger stressors, compared with olfactory stress 
(e.g., immobilization stress), would provide further insights 
into the impact of ELS on later stress sensitivity.

Lastly, a significant limitation of this study is the exclusive 
use of male rats and not females. This is particularly relevant 
given that the prevalence of PTSD in women is twice as high 
as in men, even though there are few gender differences in 
the experience of traumatic events (Olff 2017). Inclusion of 
female rats in future studies could provide valuable insights 
into sex-specific responses to ELS and its potential role in 
the development of PTSD.

Conclusions and future perspectives

The present study aimed to investigate the effects of MD 
on rat behavior and anticipate pronounced anxiety-related 
changes in hormone levels and blood parameters. While 
we did not observe significant changes in most measures, 
our findings provide important insights and implications 
in two key areas.

Firstly, our study contributes to the understanding that 
early life experiences can influence an individual’s sensi-
tivity to subsequent stressors (Koe et al. 2009; Lewis and 
Olive 2014; Syed and Nemeroff 2017; Diaz-Chávez et al. 
2020; Ochi and Dwivedi 2023). By examining the effects of 
ELS and subsequent stress exposure, we shed light on the 
potential vulnerability of specific groups. This knowledge 
can guide healthcare professionals in providing tailored 
interventions and early intervention strategies to mitigate 
the long-term consequences of stress and improve mental 
health outcomes.

Secondly, our study demonstrates the relevance of two-
stage experimental models of PTSD, which involve both 
ELS experiences and subsequent exposure to pronounced 
stressors (Yehuda et al. 1990; Yehuda and Antelman 1993). 
This model better mimics the characteristics of PTSD, 
characterized by increased anxiety and lowered gluco-
corticoid levels. By utilizing such models, researchers can 

gain a deeper understanding of the complex mechanisms 
underlying PTSD and develop more effective diagnostic and 
therapeutic strategies.

Furthermore, our findings have implications for the opti-
mization of treatment algorithms for stress-related disorders 
(Mathur and Sutton 2017). Understanding the intricate rela-
tionship between ELS and later vulnerability allows health-
care professionals to tailor therapeutic strategies based on 
an individual’s history. This personalized approach enhances 
treatment effectiveness and improves patient outcomes by 
addressing the specific needs and challenges faced by each 
individual. Additionally, our research supports the devel-
opment of preventive measures to mitigate complications 
and adverse mental consequences in individuals exposed 
to stress (Smith and Pollak 2020). By identifying predictors 
of negative outcomes, targeted interventions and preventive 
strategies can be implemented early on, reducing the burden 
of stress-related disorders and promoting overall population 
mental health.

In conclusion, our study’s findings contribute to a better 
understanding of the complex nature of stress-related disor-
ders and pave the way for the development of more effective 
strategies for their diagnosis, treatment, and prevention. 
By considering the impact of ELS and subsequent stress 
exposure, researchers and healthcare professionals can make 
significant strides towards improving the well-being of indi-
viduals and promoting mental health. This protective effect 
may contribute to increased resilience against the develop-
ment of stress-related disorders, such as PTSD, later in life.
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