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Depression is a prevalent mental disorder characterized by unknown pathogenesis and challenging 
treatment. Recent meta-analyses reveal an association between cardiovascular risk factors and an 
elevated risk of depression. Despite this, the precise role of vascular injury in depression development 
remains unclear. In this investigation, we assess vascular system function in three established animal 
models of depression— chronic unpredictable mild stress (CUMS), chronic social defeat stress (CSDS) 
and maternal separation (MS)—utilizing ultrasonography and laser Doppler measurement. All three 
model animals exhibit anhedonia and despair-like behavior. However, significant microvascular 
dysfunction (not macrovascular) is observed in animals subjected to CUMS and CSDS models, while 
such dysfunction is absent in the MS model. Statistical analysis further indicates that microcirculation 
dysfunction is not only associated with depression-like behavior but is also intricately involved in the 
development of depression in the CUMS and CSDS models. Furthermore, our study has proved for 
the first time that endothelial nitric oxide synthase-deficient (eNOS+/−) mice, which is a classic model 
of vascular endothelial injury, showed depression-like behavior which occurred two months later 
than microvascular dysfunction. Notably, the mitigation of microvascular dysfunction successfully 
reverses depression-like behavior in eNOS+/− mice by enhancing nitric oxide production. In conclusion, 
this study unveils the pivotal role of microvascular dysfunction in the onset of depression induced 
by chronic stress in adulthood and proposes that modulating microvascular function may serve as a 
potential intervention in the treatment of depression.
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Depression, affecting one in five individuals during their lifetime, stands as the leading cause of disabilities 
worldwide1. While current mainstream treatments predominantly target the nervous system, first-line drugs, 
including serotonin-norepinephrine reuptake inhibitors, selective serotonin-reuptake inhibitors, and ketamine, 
manifest notable side effects such as slow onset time2, high addiction potential3, and hallucinogenic properties4. 
Exploring avenues beyond the central nervous system may offer safer and more effective approaches for depression 
interventions5. Clinical studies reveal a higher incidence of depression in individuals with cardiovascular or 
circulatory system diseases, like stroke6,7. Magnetic resonance imaging (MRI) examinations in depressed patients 
indicate abnormal cerebral microvascular and endothelial cell function8,9. Classic vascular disease treatments, 
such as Statins, show significant antidepressant effects, linked to improved blood-brain barrier permeability 
and endothelial cell function10. Furthermore, some animal studies explore the molecular relationship between 
vascular injury and depression; for instance, chronic restraint stress increases serum vascular endothelial growth 
factor levels in mice11, and unpredictable chronic mild stress elevates serum concentrations of intercellular 
adhesion molecule-1, vascular cell adhesion molecule-1, and matrix metalloproteinase-9 in mice12. Despite 
these efforts, the role of vascular injury in depression development and treatment remains unclear.

Cerebral microvascular, an integral component of the neurovascular unit, sustains the brain’s normal 
physiological function and features prominently in research on various diseases, including dementia, Alzheimer’s 
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disease, and depression13. Damage to cerebral microvasculature is closely linked to impaired neural network 
functions such as synaptic pruning and synapse formation14. Nitric oxide (NO), an endothelial vasodilator, 
produced by endothelial nitric oxide synthase (eNOS) through hydrolyzing L-arginine in vascular endothelial 
cells, plays a vital role in maintaining vascular function and barrier integrity15. NO is implicated in various brain 
pathologies, including vascular dementia16, Alzheimer’s disease17 and stroke18. Clinical research consistently 
reports reduced plasma levels of NO metabolites in depression patients19. The classic model of endothelial cell 
injury in the vascular system, eNOS knockout mice, exhibits diverse phenotypes of microvascular damage, 
including spontaneous cerebral small-vessel disease20, glomerular capillary damage21 and cardiac microvascular 
damage22. Recent studies indicate that these mice spontaneously exacerbate vascular endothelial injury with 
age23, potentially leading to symptoms of neurodegenerative diseases such as dementia24. Understanding the 
intricate relationship between vascular injury and depression at the molecular level is imperative for advancing 
our comprehension of depression etiology and refining treatment strategies.

Stress emerges as a pivotal factor contributing to the manifestation of depressive disorders25. Clinical 
investigations have demonstrated a connection between stress and the development of vascular dysfunction, 
hypertension, atherosclerosis, and various circulatory system diseases26. Three prevalent rodent models, namely 
chronic unpredictable mild stress (CUMS), chronic social defeat stress (CSDS), and maternal separation 
(MS), are established to mimic depressive disorders. These models involve diverse pathogenic stimuli such 
as changeable and unpredictable stress, chronic social stress, and early life stress, respectively27. Previous 
studies have indicated that animals subjected to stress-induced depression exhibit an increased susceptibility 
to cardiovascular diseases, linked to autonomic dysfunction, abnormal oxidative stress levels, and endothelial 
dysfunction28–31. However, a comprehensive investigation into the relationship between vascular function and 
depression within these frequently used animal models is currently lacking.

In our study, we assessed vascular function in the aforementioned three classic depression animal models 
using ultrasonography and laser Doppler measurement. We conducted a thorough analysis of the correlation 
between circulation and depressive disorder symptoms through correlation and mediation analyses. Additionally, 
we utilized eNOS+/− mice to ascertain the impact of vascular damage on the onset of depression and explored 
whether the restoration of vascular dysfunction could reverse depression-like behavior in these mice. This study 
aims to provide compelling evidence for the critical role of vascular injury in the development of diverse stress-
induced depressions, advocating for the vascular system as a potential target in the treatment of depression.

Result
Chronic stress in adulthood cause microvascular dysfunction
To investigate the impact of different stress types on depressive disorders, we initially employed three widely 
used animal models for experimental studies: the CUMS model, CSDS model, and MS model (Supplementary 
Fig.  2A). Following exposure to stress stimuli, depressive-like behavior was assessed through two kinds of 
behavior tests. The open field test (OFT) gauged locomotor activity and general mental state, while the sucrose 
preference test (SPT) and forced swimming test (FST) determined the presence of depressive-like behavior. 
As depicted in Supplementary Fig. 2B–D, CUMS and CSDS stimuli significantly decreased locomotor activity 
in the OFT in mice compared to their respective control groups. Concurrently, mice from CUMS and CSDS 
models displayed reduced time in the OFT center, indicative of heightened anxiety states. Conversely, no 
differences in locomotor activity and time in the OFT center were observed between MS rats and their controls. 
Furthermore, animals exposed to CUMS, CSDS, and MS stimuli exhibited a significantly lower percentage of 
sucrose consumption during SPT and an increase in the duration of immobility time during FST compared 
to their respective controls (Supplementary Fig. 2E and F). These findings affirm the successful induction of 
depressive-like behavior in rodents through the three distinct stimuli.

We investigated the presence of microvascular dysfunction in animal models of depression induced by three 
types of stress. Using laser Doppler, we assessed the microvascular status of various body parts, including the 
average perfusion unit (PU) values of the meninx, right forepaw, and right hindpaw. Microvascular function 
was further evaluated by determining the post-occlusive reactive hyperemia (PORH) time of the right hindpaw. 
In comparison with their respective control groups, mice exposed to CUMS and CSDS exhibited a significant 
decrease in PU values for the meninx, right forepaw, and right hindpaw (Fig. 1A-F). Additionally, these three 
types of stress increased the PORH time in the right hindpaw of mice (Fig. 1G and H). Interestingly, no marked 
differences were observed in PU values for different body parts and the PORH time of the right hindpaw in MS 
rats compared with their controls (Fig. 1A-H). These findings suggest that exposure to CUMS and CSDS during 
adulthood can lead to microvascular system damage and impair small vessel function, while early-life stress such 
as MS does not have these effects.

Stress does not cause macrocirculatory system disorder
To further assess the impact of the three types of stress on the macrocirculatory system, we analyzed cardiac 
function in animals from each stress model (Supplementary Fig. 3A and B). Echocardiographic measurements 
were used to evaluate parameters such as Ejection Fraction (EF), Fractional Shortening (FS), Stroke Volume (SV), 
Left Ventricular Internal Dimension in Systole (LVIDs), and Left Ventricular Posterior Wall in Systole (LVPWs). 
No significant changes were observed in EF, FS, SV, LVIDs, and LVPWs in any of the models compared with 
their respective control groups (Supplementary Fig. 3C-G). To further investigate the effects of the three types 
of stress on arterial function, ultrasound was utilized to measure peak systolic blood flow velocity in arteries 
of different body parts, including the aortic arch (AOA), left common carotid artery (LCCA), abdominal aorta 
(AA), and left femoral artery (LFA). No noticeable changes were observed in the systolic peak flow velocity of 
AOA (Fig. 2A-C), LCCA (Fig. 2D-F), AA (Fig. 2G-I), and LFA (Fig. 2J-L) between control and model animals 
from each type of stress. These results indicate that the three types of stressors investigated had no discernible 
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Fig. 1. Different types of stress lead to microvascular dysfunction. (A) Representative laser speckle images 
of cerebral perfusion in each group; (B) Standardized statistical results of cerebral PU in each group; (C) 
Representative laser speckle images of right forepaw perfusion in each group; (D) Standardized statistical 
results of right forepaw PU in each group; (E) Representative laser speckle images of right hindpaw perfusion 
in each group; (F) Standardized statistical results of right hindpaw PU in each group; (G) Schematic diagram of 
the PORH test; (H) Standardized statistical results of PORH time in each group; PU: Perfusion Unit. Control 
group was used as the standard value (100%) in each group. P*<0.05, P**<0.01, P***<0.001 vs. Control.
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impact on the functions of the heart and arteries, suggesting the absence of macrocirculatory system disorders 
in animals exposed to CUMS, CSDS, and MS.

Mediating effect of microvascular dysfunction on chronic stress-induced depression-like 
behavior in adulthood
To investigate the potential association between circulatory damage and stress-induced depressive disorder, we 
performed Spearman correlation analysis on all symptom evaluation indicators within the variable range. In 
the CUMS model, a significant correlation was observed between microvascular evaluation variables (meninx 

Fig. 2. Different types of stress did not cause macro-circulatory system disorder. (A) Schematic diagram 
of the experiment and representative ultrasonography images of the AOA in B-Mode. (B) Representative 
ultrasonography images of the AOA in M-Mode. (C) Standardized statistical results of peak systolic blood flow 
velocity in AOA of each model. (D) Schematic diagram of the experiment and representative ultrasonography 
images of the LCCA in B-Mode. (E) Representative ultrasonography images of the LCCA in M-Mode. (F) 
Standardized statistical results of peak systolic blood flow velocity in LCCA of each model. (G) Schematic 
diagram of the experiment and representative ultrasonography images of the AA artery in B-Mode. (H) 
Representative ultrasonography images of the AA in M-Mode. (I) Standardized statistical results of peak 
systolic blood flow velocity in AA of each model. (J) Schematic diagram of the experiment and representative 
ultrasonography images of the LFA artery in B-Mode. (K) Representative ultrasonography images of the LFA 
in M-Mode. (L) Standardized statistical results of peak systolic blood flow velocity in LFA of each model. 
LCCA: Left Common Carotid Artery; AOA: Aortic Arch; AA: Abdominal Aorta; LFA: Left Femoral Arteria. 
Control group was used as the standard value (100%) in each group.
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microvascular perfusion, right forepaw and right hindpaw microvascular perfusion, and the time of post-
occlusive reactive hyperemia) and depressive-like behavior (sucrose preference and immobility time during 
forced swimming). Figure 3A and B presents the Spearman correlation coefficients and a heatmap illustrating 
the relationship between each variable. These findings highlight a positive correlation between microvascular 
evaluation variables and sucrose preference, while indicating a negative correlation with the immobility time 
during forced swimming. Notably, variables related to cardiac function (ejection fraction, fractional shortening, 
stroke volume, left ventricular internal diameter in systole, and left ventricular posterior wall thickness in systole) 
and macro-circulation system function (systolic velocity of aortic arch, left common carotid artery, abdominal 
aorta, and left femoral artery) showed no significant correlation with depressive-like behavior. Similar results 
were obtained in CSDS model (Supplementary Fig.  4A and B). These results collectively suggest a positive 
correlation between microvascular dysfunction and anhedonia, as well as a negative correlation with behavioral 
despair induced by CUMS and CSDS.

To further elucidate the pivotal role of microvascular dysfunction in the onset and progression of depressive 
disorder, we employed “microvascular dysfunction” as a potential mediator for mediation analysis between stress 
factors and core symptoms of depression-like behavior. The results indicate that microvascular dysfunction 
resulting from CUMS contributes to both anhedonia and behavioral despair. The indirect effects on anhedonia 
and behavioral despair were 49.111% (95% CI: -0.635, -0.209) and 54.569% (95% CI: 0.113, 0.786), respectively 
(Fig. 3C and D). In CSDS, microvascular dysfunction was partially involved in the development of anhedonia 
by 22.694% (95% CI: -0.356, -0.037), whereas the mediating effect on behavioral despair was not significant 
(Supplementary Fig. 4C and D). These findings underscore the crucial role of microvascular disturbances in 
the chronic stress models (CUMS and CSDS) leading to depressive behavior, while indicating that it is not the 
primary cause in the development of depression induced by early life stress (MS).

Microvascular dysfunction in eNOS+/− mice results in depression-like behavior
To substantiate the critical role of microvascular dysfunction in the development of depression, we employed a 
transgenic mouse model with partial deficiency in expressing eNOS+/−. This mouse model has been unequivocally 
identified as exhibiting microvascular and vascular endothelial cell dysfunction32. Initially, to assess the onset 
of microvascular damage, the emergence of depression-like behavior, and the progression of these phenotypes, 
we monitored microvascular perfusion in the meninx, right forepaw, and right hindpaw, as well as the PORH 
times of the right hindpaw every two months from birth in eNOS+/− mice and their littermates (Fig. 4A). Laser 
Doppler measurements revealed that, compared with wild-type littermates, eNOS+/− mice exhibited significantly 
decreased PU at all testing locations starting at two months of age (Fig. 4B-D). Additionally, the PORH time was 
notably increased, indicating impaired microvascular function in eNOS+/− mice at this age (Fig. 4E). Behavioral 
test results demonstrated that a partial deficiency in the eNOS gene did not alter the total distance covered in 
the open field test at each time point (data unshown). However, eNOS+/− mice exhibited a lower percentage 
of sucrose preference and an increase in immobility time during forced swimming starting from 4 months of 
age, which was 2 months later than the initial detection of microvascular damage (Fig. 4F-H). These findings 
also proved that the extent of microvascular injury and depression-like behavior in eNOS+/− mice progressively 
worsened with aging (Fig. 4H).

The improvement of microvascular dysfunction rescues depression-like behaviors in eNOS+/− 
mice
To further investigate the link between microvascular dysfunction and depression-like behaviors, we utilized 
arginase inhibitors to enhance the bioavailability of L-arginine to eNOS in mice, thereby boosting NO production. 
At 4 months of age, we screened eNOS+/− mice with microvascular dysfunction accompanied by depressive 
behavior, the mice were treated with arginase inhibitors (Nor-NOHA, 10 mg/kg, i.p.) once every 2 days for a total 
of 6 weeks (Fig. 5A). Initially, compared with littermate controls, the reduced PU value of the right hindpaw in 
eNOS+/− mice was completely reversed after 4 weeks of Nor-NOHA treatment, indicating the recovery of impaired 
microvascular function (Fig. 5B). However, the degree of sucrose preference significantly increased to control 
level until 6 weeks of drug treatment compared with eNOS+/− mice (Fig. 5C). Consequently, we selected 6 weeks 
as the total treatment time. Subsequently, we evaluated microvascular function and depression-like behavior 
after 6 weeks of Nor-NOHA administration. Notably, depression-like behavior in eNOS+/− mice was completely 
restored, as indicated by the elevated percentage of sucrose consumption and the decreased immobility time in 
the forced swimming test (Fig. 5C and D). In addition, NO production in brain tissue was successfully restored 
to wild type control level after 6-week Nor-NOHA treatment, which is accompanied with the increased cerebral 
vascular perfusion and reduced PORH time in the right hindpaw in eNOS+/− mice (Fig. 5E - G), suggesting 
that regulation of NO level and alleviation of microvascular dysfunction are the basis for the improvement of 
depression-like behaviors in the condition of eNOS gene deficiency. These results further confirm the pivotal role 
of microvascular function in the occurrence, development, and intervention of depression.

Discussion
Our results provide evidence of relationships among stress, microvascular dysfunction, and depression-like 
behaviors (Figs. 1 and 3 and Supplementary Fig. 4). Consistently, chronic stress has been linked to increased risk 
for cardiovascular disease and depression, with vascular risk factors associated with heightened susceptibility 
to depression33,34. Patients grappling with depression frequently exhibit peripheral vascular damage, such 
as generalized microvascular dysfunction and peripheral vascular disease35. Previous studies also show that 
various types of chronic stress in adulthood can induce damage to microcirculation function including 
cerebrovascular damage in the form of scattered microbleeds caused by chronic social defeat, irreversible 
impaired autoregulation in murine retinal arterioles induced by chronic social defeat36,37. Meanwhile, chronic 
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Fig. 3. Microvascular dysfunction plays a key role in the process of stress leading to depressive behavior. 
(A) Spearman correlation analysis of changes in the circulatory system and sucrose preference induced by 
CUMS. (B) Spearman correlation analysis of changes in the circulatory system and immobility time of forced 
swimming test induced by CUMS. (C) Mediating effect model diagram of microvascular dysfunction on the 
relationship between stress and sucrose preference. (D) Mediating effect model diagram of microvascular 
dysfunction on the relationship between stress and immobility time of forced swimming. Blue squares indicate 
negative correlations, white squares indicate non-applicable correlations, and red squares indicate positive 
correlations, the deeper the color, the stronger the trend. Absolute value greater than 0.7 was considered 
to indicate a correlation. P*<0.05, P**<0.01 vs. Control. Spearman correlation analysis, generalized linear 
regression analysis and mediation effect analysis were used.
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stress can impair endothelium-dependent vasorelaxation was reported, which accelerated aortic senescence and 
impaired aortic endothelial sprouting38,39. However, the causal relationship between microvascular dysfunction 
and depression remains unclear. Our study, employing mediation analysis, for the first time statistically suggests 
that microvascular dysfunction plays a key role in depression induced by chronic stress in adulthood (Figs. 3 
and 4 and Supplementary Fig.  4). Moreover, subsequent experiments with endothelial function defect mice 
and rescue experiments further corroborate this causal relationship (Fig. 4 and Fig. 5). Together, our findings 
propose a perspective that positions depression as a systemic disease influenced by peripheral tissues through 
microvascular disorders. However, the above inference still requires validations by more in-depth experiments.

Compare with CUMS or CSDS, MS does not cause any microvascular dysfunction in current study (Fig. 1). 
We consider reasons for this discrepancy may be due to differences in stress patterns (CUMS, CSDS vs. MS), 
the age of the subjects (adult mice vs. new born pups) or species differences (mice vs. rats). First, chronic stress 
models in adulthood like CUMS and CSDS due to their variability and unpredictability of stress factors may lead 
to more significant microvascular dysfunction and depressive-like behaviors36,37. In contrast, the stimulation 
by the MS protocol is milder, and does not appear to cause damage to the vascular system40. Additionally, the 
nervous system was in a critical developmental period and is more sensitive to external stimuli than vascular 
system41. During the MS modeling, the animal’s cardiovascular system was relatively mature and has a certain 
ability to resist external stimuli42, since the vascular system develops earlier than the nervous system43. Besides, 
vascular endothelial cells are a class of cells with the ability to regenerate and repair, enabling them to self-
repair vascular injuries to some extent over time44. Meanwhile research findings indicate that there are distinct 
behavioral responses to maternal separation between rats45 and mice46,47. Together, these results underscore the 
necessity for distinct clinical intervention strategies in the treatment of depression arising from various stressors, 
given the disparate pathogenesis of early life stress and adult chronic stress-induced depression.

Our study provides evidence that genetic eNOS deficit spontaneously induces chronic microvascular 
dysfunction in mice, worsening with age and progressively developing into depression-like behavior Fig.  4. 
Similarly, several literature reports that genetic eNOS deficit presents significant endothelial and vascular 
dysfunction phenotypes by reducing eNOS activity and NO production, accompanied with anxiety and cognitive 

Fig. 4. Microvascular dysfunction induced by endothelial injury can cause depression-like behavior. (A) 
Timeline of the experiment in eNOS+/ − mice and control littermates. We selected three time periods of 2 
months, 4 months, and 6 months as experimental nodes. (B) Standardized statistical results of cerebral PU 
in eNOS+/− mice and WT. (C) Standardized statistical results of right forepaw PU in eNOS+/− mice and WT. 
(D) Standardized statistical results of right hindpaw PU in eNOS+/− mice and WT. (E) Standardized statistical 
results of PORH time in eNOS+/− mice and WT. (F) Standardized statistical results of sucrose preference 
during SPT. (G) Standardized statistical results of immobility time during FST. (H) Trend plots of cerebral 
perfusion and depression-like behavioral. eNOS: endothelial nitric oxide synthase, WT: wild type littermates. 
WT group was used as the standard value (100%) in each group. P*<0.05, P**<0.01, P***<0.001 vs. WT.
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Fig. 5. Arginase inhibitors rescued microvascular dysfunction and depression-like behavior caused by 
endothelial injury in eNOS+/−mice. (A) Timeline of drug treatment experiments in eNOS+/− mice and 
WT littermates. Laser Doppler Measurement and behavioral test were performed before and 6 weeks after 
intraperitoneal injection of arginase inhibitor and saline from the age of 4 months. (B) Right hindpaw PU of 
eNOS+/− mice and WT mice during treatment. (C) Sucrose preference during treatment. (D) Percentage of 
immobility time to total time during FST after treatment. (E) Cerebral PU after treatment. (F) Time of PORH 
after treatment. (G) Nitric oxide in brain tissue after treatment. Nor-NOHA: N-Hydroxy-nor-L-arginine 
Dihydrochloride, Typical arginase inhibitors. P*<0.05, P**<0.01, P***<0.001 vs. WT. N = 8.

 

Scientific Reports |        (2024) 14:24022 8| https://doi.org/10.1038/s41598-024-74902-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


decline24. Consistently, as a common and early event in circulatory system damage, vascular endothelium injury 
was also reported in depressed patients48,49. Furthermore, our findings further revealed that the increased 
NO production by Nor-NOHA treatment restored normal microvascular physiological function earlier 
than ameliorated depression-like behaviors in eNOS+/− mice Fig. 5. This may also explain why some cardio-
cerebrovascular drugs also have antidepressant effects in clinical practice. In neurodegenerative disease models 
like vascular dementia and Alzheimer’s, enhancing neurotransmission via improved microcirculation has been 
implicated in therapeutic effects50,51, this has yet to be explored in stress-induced depression models, warranting 
future mechanistic investigations. Together, these results confirm that the pivotal role of microvascular 
dysfunction in the onset of depression and highlight the potential applications of targeting microvascular system 
in the intervention of depressive patients.

In conclusion, we identified impaired microvascular function in adulthood chronic stress-induced depression 
in stress-induced depression-like behaviors. The improvement of microvascular dysfunction rescues depression-
like behaviors in mice. These results signify microvascular injury as a critical factor in chronic stress-induced 
depression in adulthood, emphasizing the regulation of microvascular system function as a novel strategy for 
depression treatment.

Materials and methods
Animals
Male C57BL/6 mice (7–8 weeks old), male CD-1 mice (13–15 weeks old), and male as well as nulliparous female 
Wistar rats (8 weeks old) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. Male 
endothelial nitric oxide synthase knockout (eNOS−/−) mice were obtained from The Jackson Laboratory (stock 
NO.002684). Sexually experienced retired male CD-1 breeders served as aggressors for chronic social defeat 
stress. Male eNOS−/− homozygous mice were bred with wild type C57BL/6J mice to obtain the F1 generation 
of eNOS+/−, which were used as experimental subjects. Animals were housed under standard specific pathogen 
free conditions at an appropriate temperature (22 ± 2 °C) and humidity of 60%, with a 12 h light/dark cycle. 
Food and water were provided ad libitum. The authors affirm that this study was carried out in accordance with 
the ARRIVE guidelines for reporting animal research. All animal procedures were approved by the Committee 
for Experimental Animal of Shandong University of Traditional Chinese Medicine under protocol number 
SDUTCM20230828014.

Animal models of depressive disorder
Following a 7-day adaptive feeding period, rodents with normal locomotor activity, as assessed by their 
movement patterns and activity levels in the open field test, were selected for further experiments.

Chronic unpredictable mild stress (CUMS)
The CUMS model was conducted as previously described with slight modifications52. Mice were housed 
individually and subjected to a variety of stressors, including: (1) cold swim at 4 °C for 10 min; (2) 24-hour food 
deprivation; (3) cage tilting for 12 h; (4) tail pinching for 10 min; (5) 24-hour reversal of the light/dark cycle; (6) 
24-hour exposure to a wet pad; (7) restraint stress for 4 h; (8) shaky cage 1 time/s for 15 min; (9) no bedding for 
24 h. These stressors were applied randomly, twice daily, for a duration of 4 weeks. One day after the final stress 
session, depression-like behavior was assessed using the open-field test (OFT), sucrose preference test (SPT), 
and forced swimming test (FST).

Chronic social defeat stress (CSDS)
The CSDS model was carried out as previously reported with minor modifications52. C57BL/6J mice were exposed 
to daily 10-minute confrontations with different CD1 aggressive counterparts. Following each confrontation, the 
mice were placed in non-contact isolation for a 24-hour period. This protocol was conducted over a 10-day 
period, with each experimental mouse encountering a unique CD1 aggressor each day. The day after the stress 
regimen concluded, mice exhibiting susceptibility to stress were identified using the Social Interaction Test (SIT) 
for subsequent experimentation (Supplementary Fig. 1A and B). Behavioral tests, including the OFT, SPT, and 
FST, were used to observe depression-like behavior.

Maternal separation (MS)
Maternal separation (MS) experiments were conducted daily from postnatal day 1 (PD1) to postnatal day 21 
(PD21). Between the hours of 09:00 and 13:00 each day, the adult rats were removed from their home cages and 
placed in separate cages, while the pups remained in their original environment. The control group rats and 
their offspring were left undisturbed throughout this period until weaning. On PD21, all pups were weaned and 
subsequently grouped into new cages, with four to five pups per cage, until they reached two months of age. 
Female offspring were excluded from further analysis53. Behavioral testing to observe depression-like behavior 
in rats was conducted after postnatal day 60 (PD60), using OFT, SPT and FST.

Behavioral tests
Open-field test (OFT)
An open activity box (mice: 50 cm x 50 cm x 40 cm, rat: 80 cm x 80 cm x 40 cm) was placed on an open floor with 
a camera mounted at the center above the box. Animals were conditioned in the test room for 2 h in advance. 
Subsequently, each animal was carefully positioned at the center of the chamber and permitted to explore the 
space without restriction for a duration of 15 min. The total distance travelled in the box and the time spent in 
the center were recorded by the camera. The box was cleaned with 20% ethanol between sessions54. Data were 
recorded using VisuTrack software (Shanghai Xinruan Software Technology Co., Ltd.).
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Sucrose preference test (SPT)
To uniformly evaluate different model animals, all behavioral test methods were adapted from our previous 
study53. Anhedonic responses were assessed using a standard sucrose a standard sucrose preference test. Water 
bottles in the cages were removed and replaced with two 50 mL conical tubes with sipper tops, filled with water, 
for a 24-hour habituation period. After 24 h, water in both the 50 mL conical tubes was replaced with a 1% 
sucrose solution for another 24 h habituation period. Subsequently, one of the 50 mL conical tubes containing 
1% sucrose solution was replaced with water for the formal experiment. Animals had ad libitum access to the 
solutions for a 12-hour period. After consumption, the tubes were reweighed and then alternated to prevent 
location bias during the subsequent 12-hour drinking period. At the end of the 24-hour test, sucrose preference 
was calculated by dividing the total volume of sucrose solution consumed by the total fluid intake during the 
24-hour sucrose exposure period.

Forced swimming test (FST)
Animals were transported to the laboratory and placed in a transparent plastic cylinder (25 cm * 10 cm for 
mice and 40 cm * 20 cm for rats), filled with 20–30 cm of water at a temperature ranging from 22 °C to 24 °C, 
respectively. The test duration was 6 min, during which the animals’ immobility was recorded. Immobility was 
defined as the lack of movement for more than 10  s. Following the test, the animals were dried with paper 
towels55. The duration of immobility was recorded by VisuTrack (Shanghai Xinruan Software Technology Co., 
Ltd.).

Social interaction test (SIT)
The Social Interaction Test was conducted one day after the last stress session in an open activity box (50 cm x 
50 cm x 40 cm). The test consists of two parts. Initially, a 24 × 14 cm area was designated as the social contact 
zone on one side of the open box. A small compartment (8 × 6 cm) was partitioned from the social contact area 
by a transparent plastic spacer to prevent direct contact with CD1 mice. The spacer contained small holes that 
allowed C57BL/6J mice to detect the presence of the unfamiliar CD1 mice. Next, in the absence of CD1 mice 
in the compartment (target absent phase), the C57BL/6J mice were placed in the central area of the open box 
and allowed to move freely for 2.5 min. Their frequency of entering the social interaction zone was recorded 
during this period. The open box was cleaned after the first part of the test. In the second part of the test (target 
present stage), an unfamiliar CD1 mouse, which had no prior contact with the C57BL/6J mice, was placed in the 
compartment. The C57BL/6J mice were then returned to the open box, and the number of times they entered 
the social contact area was recorded over 2.5 min. The social interaction ratio (SI ratio) for each C57BL/6J mouse 
was calculated as follows: SI ratio = target time (in interaction zone)/no target time (in interaction zone). Data 
were recorded using VisuTrack (Shanghai Xinruan Software Technology Co., Ltd.). Based on the time spent in 
the interaction zone and the social interaction ratio, the experimental mice subjected to CSDS stress could be 
preliminarily categorized. Mice with an SI ratio less than 1 were classified as stress-sensitive, while those with an 
SI ratio greater than 1 were considered stress-resistant56.

Laser Doppler measurement
Following the methodology established in our previous study 引文, we assessed in vivo microvascular 
perfusion in the meninges, the right forepaw, and the right hindpaw using laser Doppler flowmetry (PERIMED 
PeriFlux5000 system, Sweden). Animals were anesthetized with 1.5%(mice) or 1%(rat) isoflurane and placed on 
a heating pad to maintain body temperature. The hair on the plantar surfaces of the regions of interest (ROI) 
was gently removed using hair removal cream, and the surfaces were then positioned on a dark surgical towel. 
The mean Perfusion Unit (PU) was recorded, with the laser scan head optimized for optimal image quality and 
a constant distance maintained for all measurements. Baseline blood flow measurements were taken over a 
2-minute scan duration. To measure peripheral reactive hyperemic responses (PORH), stable PU values of the 
hind limbs were established as the resting blood flow. The right hind limbs were then clamped to induce a blood 
flow block, confirmed by zero perfusion. After 30 s of ischemia, the pressure was released, and the time taken 
for the PU value to return from 0 to the resting blood value was recorded as the reactive hyperemia time of the 
hind limbs. The total or average flow, expressed in PU, was automatically calculated by summing the pixel values 
within the manually outlined hind limbs region. The mean flow in this region was computed by the software 
provided by the manufacturer57,58.

In vivo ultrasound imaging and assessment
The in vivo ultrasound imaging method was adapted from our previous study57. Cardiac function and 
hemodynamic function in the carotid, arcus aortae, abdominal aorta and femoral arteries were evaluated 
using a SiliconWave 60 Ultrasound Image system (KOLO, China), with a frequency range of 22–38 MHz and a 
central frequency of 30 MHz. Measurements were obtained randomly and labeled by a single operator. Animals 
were anesthetized with 2% (mice) or 4% (rat) isoflurane in a chamber with 1  L/min of medical oxygen for 
3–5 min, after which the isoflurane concentration was reduced to 1.5% (for mice) or 1% (for rats) to maintain 
anesthesia during imaging. The animals were positioned supinely, and hair on the neck, chest, abdomen, and 
legs was removed using depilatory cream to facilitate imaging while controlling body temperature. The probe 
was positioned parallel to the animal’s neck to locate the left carotid arteries, and M-mode images were used to 
measure blood flow velocity in the left common carotid arteries (LCCA) during contraction. The probe was then 
moved to the chest to locate the ventricular center, and M-mode images were used to measure cardiac function 
and systolic blood flow velocity (AOA) of the aortic arch. Subsequently, the probe was moved to the abdomen 
to locate the abdominal aorta (AA) and to the calf to locate the left femoral artery (LFA) to measure blood 
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flow velocity during contraction of the AA and LFA, respectively. The results were recorded using the Off-line 
Workstation package (WS01, KOLO, China).

Mediation analysis
To examine the correlation between circulatory damage and stress-induced depressive disorder, we employed 
Spearman correlation analysis. Heatmap cluster analysis was used to determine the relationship between 13 
evaluation indicators of circulatory damage and 2 evaluation indicators of depression59. We selected significant 
evaluation indicators (P ≤ 0.05) from the Spearman analysis as candidates for mediation analysis. Due to the 
complexity of assessing microvascular injury, reliance on a single indicator would not adequately capture 
systemic damage, and assigning weights based on previous studies is challenging. Therefore, we applied the 
common objective weighting method, specifically the entropy weighting method, to calculate the weight of 
each microvascular damage indicator, providing a foundation for a multi-index comprehensive evaluation of 
microvascular damage (detailed weight values are shown in Supplementary Tables 1–4). As we focused solely on 
circulation and excluded other interfering factors in this study, we used the classical mediation analysis method. 
We constructed a structural equation model based on statistical results, performed mediation effect testing 
using the bootstrap method, and conducted group path analysis with a sampling frequency of 5000. A P-value 
of ≤ 0.05 was considered statistically significant60. The detailed process of mediation analysis is provided in 
Supplementary Tables 1–4.

Replenish with nitric oxide
eNOS+/− mice received intraperitoneal injections of the arginase inhibitor Nor-NOHA (10 mg/kg, dissolve in 
saline, monacetate, 93555, MCE) every 2 days for a total of 6 weeks. Concurrently, littermate wild-type and 
eNOS+/− control mice were administered saline injections61,62. The blood perfusion of the right hind paw was 
measured every 2 weeks, SPT and FST were performed after the blood perfusion of the right hindpaw no longer 
showed a significant decrease compared to littermate control mice.

Total NO production assay
The Total NO Assay Kit (S0023, Beyotime, China) and the Griess reagent were used to assess total NO 
production. Due to the rapid metabolism of NO to Nitrate and Nitrite, total NO production was evaluated by 
determining nitrite content after converting nitrate to nitrite using nitrate reductase. Briefly, 60 µL of each brain 
sample supernatant was incubated with 5 µL of nicotinamide adenine dinucleotide phosphate, 10 µl of flavin 
adenine dinucleotide and 5 µl of nitrate reductase for 30 min at 37 °C. Then, 10 µl of lactate dehydrogenase buffer 
and 10 µl of LDH were added in the above reaction buffer for an additional 30 min at 37 °C. Finally, 50 µl of 
Griess reagent I and 50 µl of Griess reagent II were mixed into all the above wells before incubation for 10 min. 
The optical density at 540 nm was measured using a microplate reader (Multiskan SkyHigh, Thermo Scientific, 
USA). Concentrations were determined by comparing the absorbance to a standard curve63.

Statistics
Data analyses and visualizations were conducted using SPSS 21.0 (Chicago, IL, USA) and GraphPad Prism 
version 8.0 (San Diego, CA, USA). All data are represented as mean ± SEM. Statistical differences were evaluated 
using unpaired t test. The blank control group for each model was set as the reference, with its value considered 
as 100%. The relative change values for each model or transgenic animal were then calculated individually. 
Specific values for control animals in the various groups are detailed in Supplementary Tables 5 and 6. The 
number of animals is denoted by “n”, and a p-value of ≤ 0.05 was deemed statistically significant, indicating a 
significant difference.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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