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Aging is a complex process associated with multimorbidity. Hypertension, one of widespread states, is 
among main causes of age-related alterations in behavior, emotionality and sociability. We studied the 
effects of long-term isolated housing on anxiety, depressive-like and social behavior as well as changes 
in the adrenocortical and sympathetic systems in the aging normotensive Wistar Kyoto (WKY) and 
spontaneously hypertensive rats (SHR). Ten-month-old male rats of both strains were subjected to 90-
day isolated or group housing. Surprisingly, social isolation induced only mild effect on anxiety without 
influencing other affective-related behaviors. No effects of isolated housing on sociability or social 
novelty preferences were revealed. Despite the adrenal gland hypertrophy in the SHRs, corticosterone 
levels remained stable within the period of isolation but the expression of nuclear glucocorticoid 
receptor (Nr3c1) mRNA in the adrenals was lower in the SHR as compared to WKY rats. Pre-existing 
hypertension, associated with SHR genotype, did not significantly contribute to the effects of social 
isolation. The data suggest that the aged WKY and SHR rats are relatively resilient to chronic social 
stress associated with isolated housing.
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Social isolation/loneliness in elderly people have become a problem in many developed and developing 
countries around the globe. About one half of people over 60 years old suffer from loneliness occasionally or 
frequently1,2. Social isolation has both objective and subjective dimensions. Objective social isolation means 
physical separation from or limited interaction of the subject with other individuals. However, a subject can 
interpret his/her own insufficiently close relationships with other family members or the limited involvement in 
social networks as a form of isolation or rather loneliness, thus shaping the subjective aspect of social isolation. 
The subjective feeling of social isolation, loneliness, is gaining much attention recently in the light of COVID-19 
pandemic.

Isolation or separation of an individual from other members of society or population is an important 
determinant of health. An association was revealed between prolonged social isolation, loneliness and 
the development of affective disorders, cognitive impairments and dementia3. In older adults, the effects of 
isolation on mental health may depend significantly on the age of the person and be strongly associated with 
the individual’s perception of isolation3,4. However, the relationship between social isolation and mental health 
consequences in older people remain poorly studied, especially the underlying brain mechanisms5.
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Aging is associated with multimorbidity, i.e. co-occurrence of two or more diseases, each lasting more than 
one year6. A relationship between aging and increased vulnerability to various cardiovascular diseases has been 
well established6,7. While cardiovascular diseases remain the leading cause of morbidity and mortality among 
senior people, depression is the second most important cause of illness, which often remains underestimated in 
the elderly8. Heart diseases and depression are often interrelated making vital studies on central mechanisms 
promoting this interaction necessary. Symptoms of depression, but not anxiety are dose-dependently related 
to an increased risk of heart failure9, and depression also increases the risk of hypertension10. In the elderly, 
loneliness not only aggravates various medical conditions, including heart diseases, cardiovascular diseases, 
hypertension, metabolic disorders, and other, but, becoming a chronic state, it is associated with psychological 
stress and depression11. However, the contribution of objective and subjective aspects of social isolation and 
loneliness in the mechanisms of this multifaceted medical condition among older people remains largely obscure.

To study these mechanisms of isolation consequences, models of social isolation in laboratory rodents are 
routinely used. Rats or mice are usually housed in small groups. After being introduced into a new cage, the 
rats exhibit some aggressive behaviors with fighting, but later they live together relatively peacefully, playing 
and sleeping together, crawling under or walking over each other, allogrooming, sniffing, and so on12. These 
different forms of “sociability” allow us to consider rats and mice as social animals, albeit with some caution13. 
Since sociability is less variable in rats than in mice12, rats seem to be a more suitable animal model for studying 
the effects of long-term social isolation.

In the present study, we used aging spontaneously hypertensive rats (SHRs) to investigate the effects of long-
term social isolation on anxiety, depressive-like and social behavior. Wistar Kyoto (WKYs) rats were used as a 
normotensive control. In contrast to the effects of isolation or separation from parents during early ontogeny, the 
consequences of isolated housing in the adult and aging animals have been less studied. The SHR strain provides 
a unique opportunity to study the effects of isolated housing on the age-associated multimorbid conditions. 
SHRs are not only a model for genetically encoded hypertension, most widely distributed age-related human 
pathology, but also a model of attention deficit and hyperactivity disorders14,15, type 2 diabetes mellitus-like 
insulin resistance16, and several other pathologies. SHR and WKY rats exhibit practically opposite coping 
strategies in various stress-associated behavioral paradigms. For example, in the forced swim test (FST), SHRs 
were more active than WKYs17–21. WKY rats showed lower sucrose preference compared to SHRs or other rat 
strains indicating the presence of anhedonia22,23. The correlation between behavioral features in these two tests 
led some authors to consider the WKY strain as a model for depression24,25. Hyperactivity of SHRs in novelty 
conditions is a well-known feature, and this strain is often used as a model for attention deficit and hyperactivity 
disorder26,27. Rats of the SHR strain exhibited innate hyperlocomotion in the open field test (OFT)27–31, which 
was not significantly affected even by regular repeated testing during ontogeny32. Hyperactivity was also revealed 
during testing in smaller new boxes or actimeters33–35. Some authors have reported increased locomotion of 
SHRs in the center of the OFT arena32,36, demonstrating lower anxiety of these rats compared to normotensive 
strains. In some cases, this hyperactivity correlated with lower indices of anxiety in the elevated plus maze 
(EPM)36–38. However, SHRs exhibited higher anxiety in the novelty feeding test compared to other rat strains35. 
Seven-day isolation significantly affected the behavior of SHRs and normotensive Lewis rats in the OFT, 
reducing the number of squares crossed in both central and peripheral parts of the arena, whereas no significant 
alterations were observed in the EPM36. We hypothesized that isolated housing of animals for a longer period 
would enhance depressive-like or anxiety-related behaviors in aging rats with comorbid hypertension similar 
to observations in older people4,39. For this purpose, we subjected 10-month-old male SHR and WKY rats to 
group or isolated housing for 90 days and after the end of the isolation the behavior of the rats was studied using 
standard tests for locomotor activity, anxiety, depressiveness, and sociability. We also examined some stress-
related biochemical indices in the blood and saliva of the rats during and after the end of the isolation period.

Results
The experimental protocol is presented in Fig. 1 and is described in detail in the Materials and Methods section.

Effects of chronic isolation on physiological indices
Mortality from unknown reasons was 2 of 12 rats in the SHRc group, 5 of 10 rats in the SHRi group, and 3 of 
14 rats in each of the WKYc and WKYi groups. No mortality was observed in either group during first 4 weeks 

Fig. 1.  Schematic drawing of the experimental protocol.
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of the isolation period which started when the animals were 40–42 weeks old. Later, in the WKYc group one rat 
died in weeks 5, 7, and 10; WKYi – one rat in weeks 7, 9, and 14; SHRc—one rat in week 9 and 1 day before the 
end of the experiment; SHRi – one rat in week 12, three rats in week 13, and one rat in week 14. The main causes 
of mortality were vascular and renal deficits characteristic for SHRs. The differences in mortality between the 
groups were not significant (p = 0.16).

WKY and SHR rats significantly differed in their body weight at the start and during the whole course of the 
experiment. Data on the body weight of four groups of rats studied at the start and end of the experiment are 
presented in Fig. 2A. ANOVA-RM revealed the effect of “genotype” (F(1,31) = 56.74, p < 0.0001) with no effect of 
“isolation” (F(1,31) = 0.09, p = 0.80) or “genotype” × “isolation” interaction (F(1,31) = 0.28, p = 0.70). However, 
body weight gain during the experimental period changed significantly (factor “start–end” F(1,31) = 5.48, 
p < 0.05); significant interactions between the factors “start–end” × “genotype” (F(1,31) = 12.96, p < 0.01) and 
“start–end” × “isolation” (F(1,31) = 17.35, p < 0.001). These data indicate that the changes in the body weight 
were different in specific groups of animals. Post hoc multiple comparisons showed that body weight gain 
occurred in the WKYc but not WKYi group while in both SHR groups, the body weight did not change during 
the observation period.

Average arterial pressure (AP) was significantly higher in both SHR groups as compared to WKY rats 
(Fig.  2B; ANOVA “genotype” F(1,31) = 67.58, p < 0.0001). The differences between the control and isolated 
groups (F(1,31) = 0.053, p = 0.81) and between the initial and final data (F(1,31) = 2.083, p = 0.16) were not 
found. ANOVA did not reveal interactions between the factors studied.

Thus, we did not observe significant differences in mortality related to strain or chronic isolation. Social 
isolation for 90 days prevented body weight gain in WKY rats only, and did not affect the average AP level in 
either experimental group.

General activity
Locomotor activity was studied in the OFT. SHRs traveled longer distance in the arena as compared to WKY rats 
(Fig. 3A; factor “genotype” F(1,31) = 9.60, p < 0.01), but this effect did not depend on the isolation experience 
(F(1,31) = 0.016, p = 0.90). Moreover, animals of both SHRc and SHRi groups moved with higher velocity than 
rats of the WKYc and WKYi groups (Fig. 3E; factor “genotype” F(1,31) = 6.34, p < 0.05) and this phenomenon 
was not affected by chronic isolation (F(1,31) = 0.013, p = 0.95). However, some differences were revealed when 
the activity of animals was analyzed in the specific zones of the arena. The animals of all experimental groups 
did not differ in the length of the distance traveled in the central zone (Fig.  3B) whereas in the peripheral 
zone, SHRi animals traveled twice longer distance as compared to WKYi rats (Fig.  3D). ANOVA indicated 
the effect of “genotype” (F(1,31) = 13.81, p < 0.001) and trends to the effect of “isolation” (F(1,31) = 3.14, 
p = 0.09) and “genotype” × “isolation” interaction (F(1,31) = 3.04, p = 0.092). Isolated animals of both strains left 
the intermediate zone faster (Fig.  3C; ANOVA “isolation” F(1,31) = 5.02, p < 0.05; “genotype” F(1,31) = 3.26, 
p = 0.08).

In addition to higher locomotor activity SHRs showed increased rearing in comparison to WKYs (Fig. 3F; 
F(1,31) = 23.59, p < 0.0001) and long-term isolation housing did not affect this type of activity (F(1,31) = 0.073, 
p = 0.80). Same was true for climbing or supported rearing (Fig. 3G), contributing to general or exploratory 
activity (ANOVA effect of “genotype” (F(1,31) = 21.25, p < 0.0001; effect of “isolation” F(1,31) = 0.44, p = 0.55). 
The number of unsupported rearing (Fig. 3H) was reduced in WKY rats as compared to SHRs (F(1,31) = 13.75, 
p < 0.001) and long-term isolated housing did not affect this form of behavior in either strain studied 
(F(1,31) = 0.021, p = 0.90).

Thus, general activity in a new large arena was significantly higher in SHRs as compared to WKY rats. This 
was evident in both ambulation and rearing indices. Isolation did not significantly affect behavior in the OFT, 
although isolated SHRs traveled longer distance within the peripheral zone of the arena as compared to isolated 

Fig. 2.  Body weight and blood pressure in the WKY and SHR groups studied. (A) – body weight and (B) – 
averaged arterial pressure in the WKYc (n = 11), WKYi (n = 11), SHRc (n = 8), and SHRi (n = 5) groups at the 
start and the end of the experiment. Data are presented as mean and 95%CI. ***—p < 0.001 according to post 
hoc Tukey HST test. ****—p < 0.0001 – according to ANOVA (factor “genotype”).
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WKY animals. This may be a result of increased thigmotaxis or tendency to avoid the central area because the 
rats of the WKYi and SHRi groups left the central and intermediate zones faster.

Emotionality and anxiety
Emotionality in the novel conditions was estimated as the number of defecation boli. However, since defecations 
in the OFT was observed in only small part of animals, we could not find differences in emotionality between 
strains or types of treatment (Fig. 3L). Additionally, we did not reveal any effect of strain or isolation stress on 
grooming, an index of emotional tension and/or anxiety in the OFT (Fig. 3K), and number of entries to the 
central zone of the arena (Fig. 3J). The differences were observed in the latency of leaving the central point of 
placement to the arena (Fig. 3I), probably because of the major difference in activity in WKY and SHR strains 
rather than in anxiety or fearfulness (ANOVA effect of “genotype” F(1,31) = 8.69, p < 0.01, effect of “isolation” 
F(1,31) = 0.084, p = 0.80).Total number of entries into the OA and CA of the EPM was significantly higher in 
both SHR groups as compared to the WKY groups (Fig.  4A; F(1,31) = 14.78, p < 0.001) directly supporting 
higher activity of SHRs in novel conditions. Isolated housing did not affect the activity of rats of either strain 
in the EPM (F(1,31) = 0.18, p = 0.70). The effect of strain was found on the number of OA entries (Fig.  4B; 
F(1,31) = 26.65, p < 0.0001) and to a lesser extent on the number of CA entries (Fig. 4C; F(1,31) = 5.21, p < 0.05). 
Long-term isolation did not affect either of these indices (F(1,31) = 0.23, p < 0.65 and F(1,31) = 0.091, p < 0.80 
for OA and CA, respectively). In accordance with fewer number of entries into the OA of the EPM in WKY rats, 
rats of the WKYc and WKYi groups spent shorter time there in comparison with the SHRc and SHRi groups 
(Fig. 4D; F(1,31) = 24.38, p < 0.0001). However, the time spent by rats of each group in the CA did not differ 
(Fig. 4E; Fig. 2E; F(1,31) = 2.18, p = 0.16). Notably, only 4 of 11 rats in each of the WKY groups entered the 

Fig. 3.  Behavior of animals of the WKYc (n = 11), WKYi (n = 11), SHRc (n = 8), and SHRi (n = 5) groups 
in the open field test. (A) – total distance; (B) – distance in center; (C) – distance in the intermediate zone; 
(D) – distance in periphery; (E) – averaged velocity; (F) – total rearing; (G) – climbing or supported rearing; 
H – unsupported or free rearing; I – latency to leave the center; J – entries to center; K – grooming episodes; 
L – defecation boli. Data are presented as mean and 95%CI. *—p < 0.05, ***—p < 0.001, and ****—p < 0.0001 
according to ANOVA (see details in the text).
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Fig. 4.  Behavior of animals of the WKYc (n = 11), WKYi (n = 11), SHRc (n = 8), and SHRi (n = 5) groups 
in the elevated plus maze. CA – closed arms, OA – open arms. (A) – total entries into the arms; (B) and 
(C) – number of entries into OA and CA, respectively; (D) and (E) – time spent in OA and CA, respectively; 
(F) – number of stretching postures; (G) – number of head-dipping. Data are presented as mean and 95%CI. 
*—p < 0.05, ***—p < 0.001, and ****—p < 0.0001 according to ANOVA (see details in the text).
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OA of the EPM. On the contrary, all rats of the SHR groups entered the OA at least once (p < 0.01 and p < 0.05 
according to Fisher exact test for WKYc vs. SHRc and WKYi vs. SHRi, respectively).

Some ethological indices of anxiety were also assessed. Number of stretch-attend postures (SAP) was 
significantly lower in SHRs as compared to WKY rats (Fig.  4F; F(1,31) = 19.91, p < 0.001). Moreover, the 
number of SAPs negatively correlated with the OA entries (RS = -0.38, p < 0.01; 95%CI -0.59– -0.09) and time 
spent in the OA (RS = -0.41, p < 0.01; 95%CI -0.62– -0.13). The total number of head-dips was higher in SHRs 
preferring to move into the OA and explore the area around the EPM (Fig.  4G; F(1,31) = 17.68, p < 0.001). 
Positive correlations were revealed between the number of head-dips and the number of OA entries (RS = 0.75, 
p < 0.0001; 95%CI 0.58 – 0.85), number of CA entries (RS = 0.63, p < 0.01; 95%CI 0.41 – 0.77), and the time spent 
in the OA (RS = 0.76, p < 0.0001; 95%CI 0.60 – 0.86) whereas a negative correlation was found for the time spent 
in the CA (RS = -0.45, p < 0.01; 95%CI -0.65– -0.18). Isolation did not affect the number of SAPs and head-dips 
(data not shown). As well, neither strain, nor isolation significantly influenced the indices of emotionality such 
as defecation boli and grooming in the EPM (data not shown).

Social attachment and novelty
Social behavior was assessed using three-chamber social test (3CST). When the rats of all experimental groups 
had an opportunity to choose between staying with the previously unknown Stranger 1 rat of the same sex and 
empty part of the chamber, most of them preferred to be in the part of the chamber with Stranger 1 (Fig. 5A; RM-
ANOVA time with Stranger 1 vs. empty part F(1,25) = 7.02, p < 0.05). However, 3 of 8 rats in the WKYc group, 2 
of 9 in the WKYi group, 2 of 7 in the SHRc group, and 1 of 5 in the SHRi group spent more time in the chamber 
with empty basket (the differences not significant). This effect did not depend on the strain or long-term social 
isolation (F(1,25) = 2.02, p = 0.17 and F(1,25) = 0.34, p = 0.80, respectively).

During the second part of the 3CST, when the rat was allowed to choose between the Stranger 1 and novel 
previously unknown Stranger 2, most of animals did not show significant social novelty preference. Time spent 
with Stranger 1 and Stranger 2 did not differ (Fig. 5B; RM-ANOVA F(1,25) = 0.074, p = 0.80) and it did not 
depend on genotype (F(1,25) = 0.84, p = 0.40) or isolation (F(1,25) = 0.01, p = 0.95). Interestingly, social novelty 
preference was observed in some rats in each experimental group: in 3 of 8 rats in the WKYc group, 3 of 9 in the 
WKYi group, 5 of 7 in the SHRc group, and 2 of 5 in the SHRi group (the differences not significant). Thus, the 
WKY and SHR rats demonstrated similar preference of social interactions in the conditions of choice between 
the stranger and empty partitions of the 3CST and did not prefer novel or familiar stranger. Behavior of rats in 
the 3CST was not significantly influenced by social isolation.

Sucrose preference test
To reveal whether long-term social isolation of rats induced the development of depression-like behavior, we 
used the sucrose preference test, which is believed to reflect the signs of anhedonia in rodents. In general, SHRs 
consumed significantly more liquid as compared to WKY rats (Fig.  6A; “genotype” F(1,31) = 9.60, p < 0.01). 
Furthermore, they also consumed more sucrose solution (Fig. 6B; “genotype” F(1,31) = 20.61, p < 0.0001). These 
indices were not influenced by isolated housing of rats (“isolation” F(1,31) = 0.016, p = 0.90 and F(1,31) = 0.18, 
p = 0.70, respectively). Though all animals exhibited very high level of sucrose preference, we did not reveal 
differences (Fig. 6C) between the rats of two genotypes (F(1,31) = 0.95, p = 0.35) as well as control and isolated 
animals within each strain (F(1,31) = 0.35, p = 0.56). Thus, long-term isolated housing of rats did not induce the 
development of depression-like state.

Effects of chronic isolation on blood corticosterone level, expression of corticosterone-
associated genes in the adrenal glands and salivary alpha-amylase activity
The level of circulating corticosterone was measured in blood serum sampled from the tail vein before the 
start of isolation (Day -2), after 49 days of isolation, and after the end of behavioral experiments (Day 97). We 
did not reveal any effects of “genotype” or “isolation” on the levels of blood corticosterone (Fig. 7A; p = 0.30). 
Remarkably, the weight of the adrenal glands was significantly higher in SHRs as compared to WKY rats (Fig. 7B; 
ANOVA effect of “genotype” F(1,31) = 11.19, p < 0.01), the effect of “isolation” was not significant (F(1,31) = 1.12, 
p = 0.30), but there was a significant “genotype” × “isolation” interaction (F(1,31) = 4.35, p < 0.05). Multiple 
comparisons of means revealed a significant difference between the adrenal gland weight of the WKYc and SHRc 
groups, however, this difference was not evident in groups subjected to the isolated housing.

Taking into account hypertrophy of the adrenal glands in the SHRs, we assessed the expression of several 
genes related to glucocorticoid synthesis and signaling in adrenal tissue. Decrease in the content of nr3c1 mRNA 
transcripts was revealed in SHRs compared to WKY rats (effect of genotype F(1,30) = 11.37, p < 0.01) and 
this difference was not influenced by isolated housing (effect of genotype F(1,30) = 11.37, p < 0.01) (Fig. 7C). 
Differences in the expression of hsd11b, cyp11b1, cyp11a1, mc2r, star, and fkbp5 mRNAs were not revealed (data 
not shown).

Salivary alpha-amylase activity seemed to be higher in WKY compared to SHR rats although RM-ANOVA 
revealed only a trend for the effect of “genotype” (Fig. 7D; F(1,31) = 3.57, p = 0.07). Similar trend was revealed for 
the effect of “isolation” (F(1,31) = 3.17, p = 0.09), indicating possible change in amylase activity during the period 
of observation and this was supported by the significant effect of “week” (F(2,62) = 3.64, p < 0.05). However, we 
did not reveal interactions between these factors. Since salivary alpha-amylase activity is believed to represent 
the level of sympathetic activation we can assume that it tended to be increased in WKYs as compared with SHRs 
and increased during the 14-week experiment in the WKYc, WKYi, and SHRc groups, but not in the SHRi group.
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Discussion
Most previous studies have focused on the effects of isolation in early ontogeny whereas behavioral and 
biochemical consequences of isolation in adult or aged animals remained understudied. The aim of this study 
was to investigate the effect of prolonged social isolation of aging rats on locomotion, anxiety, depression-like 
symptoms, and sociability and whether the hypertensive phenotype of SHRs affected these features. In addition to 
the behavioral and emotional consequences we studied alterations in the hypothalamic-pituitary-adrenocortical 
and sympathoadrenal indices during or after isolation.

In addition to hypertension in SHRs, SHR and WKY rats (two strains established from the same parental 
Wistar stock) significantly differ phenotypically. SHRs exhibit higher locomotor activity, impulsivity, and 
inattention in various behavioral tests35,40–42. These differences are observed from 3 to 11 months of age43. In the 
present study, we confirmed increased locomotor and exploratory activity in SHRs as compared to WKY rats at 
the age of 13 months. Many authors have reported that WKY rats are more anxious than SHRs based on their 
behavior in the EPM test44–47. This conclusion is also supported by our data showing decreased number of OA 
visits and time, as well as increased stretching and lower risk-assessment behavior. However, we cannot suggest 
that the differences in animal behavior in the EPM are determined by strain-specific trait/state anxiety only, 
rather they are associated with the hyperactivity of SHRs. This is supported by a higher number of total entries 

Fig. 5.  Behavior of animals of the WKYc (n = 11), WKYi (n = 11), SHRc (n = 8), and SHRi (n = 5) groups in 
the three-chamber social test. (A) – social attachment test with the choice between the empty chamber and 
the chamber with Stranger 1; (B) – social novelty test with the choice between the chamber with the familiar 
Stranger 1 and new Stranger 2. Data are presented as mean and 95%CI. *—p < 0.05 according to ANOVA (see 
details in the text).
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Fig. 6.  Behavior of animals of the WKYc (n = 11), WKYi (n = 11), SHRc (n = 8), and SHRi (n = 5) groups in the 
sucrose preference test. (A) and (B) – liquid and sucrose consumption, respectively; (C) – sucrose preference. 
Data are presented as mean and 95%CI. **—p < 0.01 according to ANOVA (see details in the text).
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Fig. 7.  Effects of social isolation on the indices of the hypothalamus–pituitary–adrenal and sympathetic 
system in animals of the WKYc (n = 11), WKYi (n = 11), SHRc (n = 7–8), and SHRi (n = 5) groups. (A), level 
of corticosterone in blood serum, (B), weight of the adrenal glands, (C), nr3c1 mRNA content in the adrenal 
glands, and (D), salivary amylase activity. Data are presented as mean and 95%CI. **—p < 0.01 according to 
post hoc Tukey HST test.
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into both the CA and OA of the EPM. We have previously shown that hyperactivity significantly affects animal 
performance in many behavioral tests including the EPM in olfactory bulbectomized mice48.

In the present study, WKY rats consumed less water or sucrose solution than SHRs, confirming the results 
previously reported23. This phenomenon may be related to the specific water metabolism and higher water 
excretion in the SHRs49. However, no effects of isolated housing on sucrose preference were found in either 
WKY or SHR rats, indicating that long-term social isolation did not result in the development of depressive-
like anhedonia. Available data on the development of anhedonia in WKY rats are contradictory. Some authors 
reported that WKY rats consume less sweet solution but the data on sucrose preference remain inconsistent 
(see relevant references in two extensive reviews24,25). Together with data on reduced locomotion (35,40–42and 
several other studies, including the present one), increased learned helplessness20, and longer passive floating 
or immobility in the Porsolt’s test45,50–52, low consumption of sucrose solution may indicate a propensity for a 
depressive-like state in WKY rats. Yoshii et al53 have reported that solitary housing of young adult WKY rats for 
3–10 days led to lower locomotor activity in the OFT, lower activity in the forced swim test and lower sucrose 
consumption compared to both paired or individually housed Wistar rats. This was associated with atrophy 
in some brain regions, including the ventral hippocampus, caudate putamen, lateral septum, and cerebellum; 
however, the authors did not use socially housed WKY rats as a control. Taking this into account, interpretation 
of the WKY behavior as a model of depression should be done with caution since such a “depressive-like state” 
may be a consequence of passive/defensive behavior prevalence in the WKY strain24.

Social avoidance was revealed in the adult 1.5-month-old male WKY rats compared to Wistar or Sprague–
Dawley rats, but not in SHRs45. In another study, an increased duration of social interaction was revealed in 
5-month-old male SHRs compared to Wistar rats54. Conversely, a social interaction deficit was observed in other 
studies using 1.5-month55 or 5-month old56 SHRs and Wistar rats. The SHRs did not differ from Wistar rats 
in the social recognition task57. These inconsistencies may be due to difference in experimental approaches in 
studies of social behavior. In the current study, we used a 3CST to study sociability and social novelty preference 
in 13-month-old male SHRs and WKY rats. However, this approach failed to reveal significant differences in 
the sociability or social novelty preference either between the strains or between individual and group housing.

SHRs and WKY rats differ in stress sensitivity. Ulcer formation was significantly higher in WKY rats after 
application of different stressors20,30,58 indicating that this strain is more susceptible to the harmful effects of 
acute stress. On the other hand, SHRs were more responsive to acute short-term handling as compared to WKYs 
judged by an increase in circulating corticosterone and adrenocorticotropic hormone59. Exposure of male rats of 
both strains to a 10-day chronic stress (restraining or unpredictable mild stress) resulted in a similar increase in 
the corticosterone level accompanied by adrenal gland hypertrophy independently on the type of stressors used60. 
Notably, SHRs had higher basal level of corticosterone. In 1.5-month-old WKY rats, chronic unpredictable stress 
for 42 days led to an increase in the AP value and sympathetic tone which returned to normal levels after the 
end of stress exposure61. However, psychosocial stress of confrontations applied to WKY, Sprague–Dawley or 
hybrid prehypertensive SHR-WKY F1 rats, housed in groups or individually for 7 weeks, did not produce the 
same effects62. These data show that at least some expected effects of chronic stress, such as hypertension, may 
significantly depend on the type of stressors and the effects of social isolation, even followed by the experience 
of social confrontations, may have a less severe impact than chronic restraining or unpredictable stress models.

In this study, chronic isolation was the only major stressor for aging male SHRs and WKY rats. We could not 
reveal significant effects of chronic isolation on the behavior of rats in either strain. The only significant effect 
of isolation was a decrease in the distance traveled by animals in the intermediate zone of the arena in the OFT. 
This effect was observed in both SHRs and WKY rats, probably, indicating a trend towards leaving a potentially 
dangerous zone that may reflect increased anxiety due to stress exposure. Moreover, the rats from the SHRi group 
seemed more anxious, as they traveled a longer distance in the periphery of the arena as compared to the WKYi 
rats, if this locomotion along the wall would be considered as thigmotaxis; however, in the absence of differences 
in the length of distance traveled in other parts of the arena, this may be a consequence of hyperactivity of 
SHRs. These data partially support previously reported results59, although we could not find effects of isolation 
on anxiety in the EPM. Notably, in 18-month-old Sprague–Dawley rats, 3-month isolation was followed by 
increased anxiety that correlated with an elevated level of corticosterone63. Considering contradictory data from 
different groups, we can assume that the lack of a strong effect from chronic isolation in the present experiment 
may be attributed to the use of younger animals or an insufficient level of restraint which was an additional 
stressor in the above paper.

Neuroendocrine abnormalities are a well-known specific feature of the SHR strain. The hypertensive young 
SHRs have impaired adrenal steroidogenesis compared to the age-matched WKY rats64–66. Three-week-old 
SHRs had higher corticosterone levels in blood plasma compared to WKY rats66. Adrenal hyperplasia develops 
in 8-week-old SHRs and it is associated with lower corticosterone secretion64; its level remains lower until 
16  weeks, although, in general, steroidogenesis normalizes after the onset of hypertension65. Corticosterone 
levels may normalize with age, since in the present study, we found similar levels of this hormone in the blood 
serum of 13–14-month-old SHR and WKY rats, even though persisting adrenal hyperplasia was evident 
only in SHRs. Furthermore, in adrenal tissue the level of Nr3c1 mRNA, representing the gene encoding the 
glucocorticoid receptor, was lower in SHRs. This receptor can function as a transcription factor that binds to 
glucocorticoid response elements in DNA to activate the transcription of glucocorticoid dependent genes, 
as well as a regulator of other transcription factors67. In the adrenal glands, signaling through glucocorticoid 
receptors may have some genomic effects related to the negative feedback regulation of glucocorticoid synthesis 
and secretion68. Additionally, it has been shown that glucocorticoid receptor haploinsufficiency may result in 
adrenal hyperplasia69, which may be the case in the SHR strain. This may indicate the presence of an imbalance 
in glucocorticoid signaling despite the lack of differences in the levels of circulating corticosterone levels. We 
did not find a significant effect of individual housing on corticosterone contents of in the blood of animals of 
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either group studied or on the expression of genes related to steroidogenesis and signaling in the adrenal glands. 
This is not very surprising as 8-week isolation of young adult Sprague–Dawley rats did not lead to an increase 
in plasma corticosterone content, although decreased the level of the brain-derived neurotrophic factor in the 
hippocampus70. A similar lack of effect of 20-day social isolation stress on corticosterone levels was observed in 
young adult mice71.

We used salivary alpha-amylase activity to assess changes in the sympathetic system during chronic isolation 
stress. It is believed that salivary alpha-amylase reflects the activity of the sympathetic nervous system in both 
humans and rodents, including stress-related situations72, such as psychosocial stress conditions in humans73 
and exposure to constant light or chronic immobilization in animals74. In the present study no changes 
in the salivary alpha-amylase activity could be revealed in any of the studied groups. Together with data on 
corticosterone levels, these results may indicate that isolated housing in rats used as a major stress factor in 
our study is either not a severe enough stressor for the rat strains used, or the animals became well adapted 
to these conditions during the isolation period. Remarkably, Kvetnansky et al.75 have shown that SHRs had a 
more pronounced sympathoadrenal response to acute immobilization stress but decreased adrenal medullary 
secretion after repeated immobilization demonstrating better adaptive capabilities as compared to WKY rats.

Although there are numerous studies on the effects of chronic isolation on behavioral and neuroendocrine 
indices in rats, the analysis of available data shows that it is tricky, if possible, at all, to compare the reproducibility 
of the data between different groups. The experimental design in all studies differs in at least several of very 
important details, such as rat strain, sex, the age of isolation start, the extent of isolation period, experimental 
specific features of isolation process, and other. All these experimental differences prevent rational comparison 
of the data. Therefore, we have to state that both the hypertensive rat strain (SHR) and the strain widely used 
as the control to SHRs (WKY) were able to effectively adapt to a chronic 3-month-long isolation applied to 
10-month-old animals. However, it does not necessarily mean that chronic isolation did not affect these animals. 
Most probably, the mechanisms affected by this impact may be revealed by challenging the animals using acute 
severe stressors.

Importantly, the type of isolation may be relevant for the possibility to form a firm long-term adaptation 
to this type of chronic stress. In our study, the main factor of isolation was the absence of tactile and visual 
contacts between the isolated animals housed in opaque cages. However, potentially, some olfactory contacts 
and ultrasound communications might be established, alleviating conditions of isolation and subjective isolation 
experience. Individual stress level may be reduced by effective adaptation and be insufficient to evoke a significant 
stress-response and subsequent development of depressive- and anxiety-like associated with significant changes 
in adrenocortical and sympathetic functions.

It should be noted that the present study has several limitations. First, the animal groups, which were equal 
at the start of the study, became relatively small and unequal in size at the end of the study due to mortality 
during the prolonged experiment. The SHRs have limited longevity with a 0–25% survival rate to the age of 
24 months76,77. Most of them die after the age of 15 months. Therefore, we expected to finish our experiment 
when the rats were 14-month-old. Although mortality in our population was within the range reported by other 
groups, it led to a significant reduction in rat numbers in the experimental samples. Second, we performed our 
experiments only in male rats of both strains. On the one hand, this allowed us to exclude the effects of possible 
hormonal fluctuations on the results of behavioral experiments. However, some sex differences were reported 
in the SHR strain in mechanisms related to the maintenance of high blood pressure associated with sexual 
dimorphism in the sympathetic control, renin-angiotensin system, oxidative stress, nitric oxide bioavailability, 
and the immune system78. Moreover, this sexual dimorphism is age-dependent79. Including female rats in future 
experiments will enhance the translational potential of the study. Third, an important question is to what extent 
individual housing can be considered as strict isolation and whether this physical limitation to social interactions 
may be stressful enough to induce significant emotional disturbances leading to the development of depressive-
like behavior in aging rodents. Probably individual housing is not equal to complete isolation. Alternative 
pathways of inter-subject communication, such as ultrasound and olfactory communication used by rats should 
be controlled more carefully. Though many people suffer from loneliness in different situations causing isolation, 
they still have the availability of phone and Internet communications. Fourth, aging is associated with a relatively 
good tolerance to stressful events and only long-term uncontrollable stress leading to significant changes in 
the hypothalamic–pituitary–adrenal response may result in depression. In our study isolation did not lead in 
an increase in the levels of circulating corticosterone. This may explain to some extent the absence of severe 
behavioral abnormalities.

Conclusion
In the present study, we were surprised to find that social isolation had a very mild effect on anxiety and did 
not influence other affective-related forms of behavior as well as sociability and social novelty preference in 
male 10–14-month-old SHR and WKY rats. The levels of corticosterone remained stable during the observation 
period in rats of both strains despite the hypertrophy of the adrenal gland in the SHRs. These data suggest that 
aged SHR and WKY rats are relatively resilient to chronic social stress associated with isolated housing, although 
definite mechanisms of adaptation may be strain-specific.

Materials and methods
All procedures performed in experiments involving animals were in accordance with the ethical standards of the 
Institution or practice at which the studies were conducted. Experiments were performed in accordance with the 
principles of Basel declaration and Directive 2010/63/EU of the European Parliament and of the Council of 22 
September 2010 on the protection of animals used for scientific purposes, and the Order of the Ministry of Health 
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Care of the Russian Federation no. 199n, April 1, 2016 “On approval of the rules of good laboratory practice”, and 
were supervised by the Ethical Commission of the Institute of Higher Nervous Activity and Neurophysiology, 
Russian Academy of Sciences, Moscow, Russia. The ARRIVE Guidelines (v. 2.0) were followed for data report.

Animals
Male SHR (n = 22) and WKY (n = 28) rats were supplied at the age of 4 months by The Animal Breeding Facility 
(the Unique Research Unit Bio-Model of the Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry, 
Russian Academy of Sciences, Moscow Region, Russia). The animals were derived from stock supplied by 
Charles River Laboratories (USA). The rats were housed 4–5 per cage made of clear polycarbonate. The rats were 
housed in the conventional vivarium under 12:12 h light/dark cycle and food and water available ad libitum. The 
experiments were started in 10-month-old rats. Taking into account that averaged longevity in SHRs is about 
73 weeks, i.e. approximately 18 months, with a 100% mortality at the age of 100 weeks77, we suggested that start 
of the isolation period at 10-month age with the start of behavioral testing at 13-month age would correspond 
to an aging period in this specific strain of rats. This period is unlikely related to the predominance of secondary 
pathology associated with the development of hypertensive target organ disease.

Social isolation
Isolated rats were housed individually in opaque cages (200 × 120 × 120  mm) for 90  days before the start of 
behavioral testing (groups WKYi and SHRi). After 90-day isolation period the animals, i.e. during the behavioral 
study, the rats of these two groups maintained in the same individual home cages. Thus, isolation continued 
until the end of the experiment. Control animals remained in their home cages (480 × 375 × 210 mm) in groups 
of 2–3 rats (groups WKYc and SHRc). Despite the small sizes of individual cages, the rats of 300–400 g body 
weight could move from the front to the back walls to get the feeder and drinking bottle although some restraint 
of movement also occurred. Isolated and control animals were housed in the same colony room, so that the 
isolated rats might have auditory and olfactory contacts with control rats. Animals were disturbed for cleaning 
purposes, which were accomplished daily because of increased urination in SHRs. Food and water were available 
ad libitum. Body weight was measured weekly in all animals.

Blood pressure measurement
Before the start of the isolation period and after isolation (at Day 88 of the experiment) blood pressure was 
measured using the tail cuff method. For this purpose, the animals were adopted to plastic holders, which were 
used for the procedure for 3 days. During the measurement, the rat was placed into a holder and a cuff was put 
onto the tail. The holder was placed onto a “Flogiston” heating plate (Neurobotics, Russia) to maintain a stable 
temperature of the body. The cuff was connected to a computer-assisted “Sistola” device (Neurobotics, Russia). 
Blood pressure was measured using original software supplied by a manufacturer. Three measurements were 
conducted with a 10-min interval between them. The averaged arterial pressure (AP) was calculated and used as 
an index of the AP in the animal.

Behavioral study
For behavioral tests we used devices supplied by “Open Science Ltd” (Krasnogorsk, Russia). Behavior of animals 
was recorded with DMK 23GV024 GigE camera connected to a personal computer, using IC-Capture Ver. 
2.2.248.1000 software (The Imaging Source Europe GmbH, Germany). Behavioral tracing and analysis were 
performed using EthoVision 11XT software (Noldus, The Netherlands). Thirty min before each behavioral test, 
except of the sucrose preference test, the animals were transported into the behavioral room in their home cages 
and adopted to the experimental conditions. All behavioral tests were conducted between 10 a.m. and 1 p.m.

The “Open field test” (OFT) was used to estimate locomotor and exploratory activity, anxiety, and emotionality 
in rats80,81. The OFT was performed in the gray circular arena with a diameter of 100 cm surrounded with the 30-
cm high wall. The arena was situated in the center of a sound-protected room. The floor of the arena was evenly 
lit (450 lx) by reflected light with four diode lamps located on the walls of the room. The rat was placed into the 
center of the arena and its behavior was recorded for 5 min. The floor of the arena was divided into the central 
circle and intermediate and peripheral rings. The distance traveled in the arena and specific zones of interest, 
latency to leave the center, entries to center, rearing (total, free and climbing), grooming episodes, urinations and 
defecation boli were counted.

The “Elevated plus maze” (EPM) test was used to test anxiety in experimental animals82,83. The EPM consisted 
of four crossed arms with a size of 50 × 14 cm. Two closed arms (CA) had side walls of 30 cm high, and the open 
arms (OA) had a side boards of 1 cm high. The maze was elevated by 55 cm over the floor. The intensity of OA 
lighting was 300 lx. The rat was placed onto the central platform facing to an OA. During 5 min the latency to 
start movement, number of entries into and time spent in the OA and CA, number of head dips and stretching 
postures, grooming and defecation boli were recorded.

The “Three-chamber sociability and social novelty test” was applied to assay cognition on the form of sociability 
and interest in social novelty in rodents using a protocol adopted from previously published studies84,85. The 
chamber (120 × 80 × 40 cm) was divided onto three equal compartments by two clear partitions. In the center 
of each partition there was an opening (10 × 10 cm) closed by a guillotine door. The central compartment was 
empty whereas in both side compartments cylinder baskets (20 cm in diameter and 30 cm high) were located. 
The test was performed under dim light (15 lx) conditions. The 10-min habituation session started by placing 
the rat into the central compartment; the doors were opened immediately after the placement. After the end 
of the habituation the rat was returned into the central compartment. The never-been-met Stranger 1 rat was 
introduced into one of the baskets and the 10-min sociability session was initiated by opening the doors. In 
this session, the rat was allowed to explore both empty compartment and compartment with a new subject. 

Scientific Reports |        (2024) 14:28135 12| https://doi.org/10.1038/s41598-024-79677-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


After the session has elapsed, the rat was returned into the central compartment and the doors were closed. The 
never-been-met Stranger 2 rat was introduced into the other basket and the baskets were alternated between the 
side compartments. Then, the doors were opened and the rat was allowed to explore both side compartments 
with the Stranger 1 and the Stranger 2 during the next 10-min social novelty session. Behavior of rats was video 
recorded and then, the time spent sniffing each basket, the time spent in each compartment, and the number of 
entries into each compartment were recorded.

The “Sucrose preference test” (SPT) is often used to detect depressive-like features in animals86. For this 
purpose, the rats from the control groups were placed individually into clear Plexiglas cages to decrease the effect 
of individual housing. The isolated animals were tested in cages made of nontransparent plastic. The cages were 
located in the room separated from the colony room. The test was performed as previously described87,88. On 
day 94, after the end of the three-chamber social test, each rat was placed into an individual cage and exposed to 
two drinking bottles filled with fresh water. On day 95, water in one of the bottles was replaced with 2% sucrose 
solution. Then, drinking behavior was observed for 48 h. The positions of the bottles were changed every 12 h. 
Food pellets were available for the whole period of observation. Bottles with water or sucrose solution were 
weighted before the start and after the end of each 12-h interval. Sucrose consumption was calculated as total 
weight of consumed solution. Sucrose preference was calculated as sucrose weight referred to total weight of 
consumed liquid (sucrose solution + water) and presented as percentage.

Biochemical assays
In order to estimate circulating corticosterone, peripheral blood was collected by puncture of the tail vein. For 
this purpose, rats were anesthetized with 2% isoflurane, the tail was washed with water and disinfected with 
70% alcohol. After puncture, 200 µl of blood was collected into a tube. After clot formation, the samples were 
centrifuged at 1500 × g for 15 min and the serum was collected and frozen in liquid nitrogen. The samples were 
stored at -85  °C until use. Corticosterone was measured using a solid phase enzyme-linked immunosorbent 
assay (ELISA), based on the principle of competitive binding with the Rat Corticosterone ELISA Kit (XEMA, 
Russia) according to the protocol of the manufacturer.

Salivary alpha-amylase activity was measured in the samples collected in anesthetized rats during blood 
sampling. For this purpose, a piece of filter paper (5 × 5 mm) was placed under the tongue for 10 min till the 
complete moistening. Then, the filter was placed into the tube containing 100 µl of 0.9% NaCl, frozen in liquid 
nitrogen, and stored at -85 °C until use. Activity of salivary alpha-amylase was measured by the kinetic method 
using the Amylase kit (Vector-Best, Russia) according to the protocol of the manufacturer. Protein content was 
measured by the Bradford method using the Pierce Bradford Protein Assay Kit (Thermo Scientific, USA). Alpha-
amylase activity was calculated as Units/mg of protein.

RNA extraction and reverse transcription
Total RNA was isolated from the adrenal glands using Extract RNA reagent (#BC032, Evrogen, Russia) according 
to the manufacturer’s recommendations. Before cDNA synthesis, 2 μg of RNA was treated with DNase I (Thermo 
Fisher Scientific, USA) according to the manufacturer’s recommendations. Then, one half of DNase-treated 
RNA was used as a negative control without reverse transcription.

The second half of RNA was used to synthesize cDNA using the equimolar mix of random decaprimer 
(#SB002, Evrogen, Russia) and oligo(dT)-primer (#SB001, Evrogen, Russia) by means of the MMLV RT Kit 
(#SK021, Evrogen, Russia) and RiboCare RNase Inhibitor (#EK005M, Evrogen, Russia) in accordance with the 
manufacturer’s recommendations. The product of reverse transcription reaction was diluted 8 times.

Quantitative real-time polymerase chain reaction (qPCR)
The gene expression was analyzed using qPCRmix-HS SYBR + LowROX (#PK156L, Evrogen, Russia) in 
accordance with the manufacturer’s recommendations by means of a quantitative PCR system CFX384 (Bio-
Rad, USA). The genes of interest were Hk1, Pik3c3, Mc2r, Star, Cyp11a1, Cyp11b1, Hsd11b1, Fkbp5. Nucleotide 
sequences of primers used are shown in Table 1. Primers were designed based on genes sequences from NCBI 
database using the Lasergene Primer Select Software Package.

The relative quantity (RQ) of transcripts was assessed using the 2-ΔΔCt method, taking into account the 
efficiency of the reaction with respect to the expression of the Hk1 and Pik3c3 genes and the data are presented 
as relative quantity.

Statistical analysis.
Statistical analysis was performed using Statistica 12 for Windows (StatSoft Corp., USA) or GraphPad Prism 
8 (GraphPad Software, LLC, USA) software. All data were initially analyzed for correspondence to normal 
distribution using Shapiro–Wilk’s test. All samples passed the normality test were subjected to analysis of variances 
(ANOVA); the others were analyzed using non-parametrical methods. Mortality of rats and the proportions of 
animals in groups performed entries into the arms of the EPM were estimated using the two-tailed Fisher exact 
test. Physiological indices were evaluated using two-way ANOVA with repeated measures (ANOVA-RM) with 
“genotype” and “isolation” as between- and “start–end” as within-factor. Post hoc comparisons were performed 
using the Tukey HST for unequal N. Two-way factorial ANOVA was applied to most other group comparisons 
with “genotype” and “isolation” as between-factors and post hoc multiple comparisons were performed using 
the Tukey HST for unequal N. Spearman rank correlation analysis was used for calculation of interrelationships 
between specific behavioral measures in the EPM.
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Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to the require-
ments of the Institute of Higher Nervous Activity and Neurophysiology, but are available from the correspond-
ing author on reasonable request.
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