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Interleukin-17 induced by cumulative mild 
stress promoted depression-like behaviors 
in young adult mice
Jinho Kim1, Yoo‑Hun Suh2 and Keun‑A Chang1,2,3* 

Abstract 

The number of young adult patients with major depression, one of the most common mental disorders, is gradu‑
ally increasing in modern society. Stressful experiences in early life are considered one of the risk factors for chronic 
depressive symptoms, along with an abnormal inflammatory response in later life. Although increased inflammatory 
activity has been identified in patients with depression, the cause of long‑lasting depressive states is still unclear. To 
identify the effects of cumulative mild stress in brain development periods, we generated a young adult depression 
mouse model exposed to cumulative mild stress (CPMS; cumulative mild prenatal stress, mild maternal separation, 
and mild social defeat) to mimic early life adversities. CPMS mice exhibited more long‑lasting anxiety and depression‑
like behaviors than groups exposed to single or double combinations of mild stress in young adult age. Using the 
molecular works, we found that inflammatory cytokines, especially interleukin (IL)‑17, upregulated microglial activa‑
tion in the hippocampus, amygdala, and prefrontal cortex of CPMS mice. In the brains of CPMS mice, we also identi‑
fied changes in the T helper (Th)‑17 cell population as well as differentiation. Finally, anti‑IL‑17 treatment rescued 
anxiety and depression‑like behavior in CPMS mice. In conclusion, we found that cumulative mild stress promoted 
long‑lasting depressive symptoms in CPMS mice through the upregulation of IL‑17. We suggest that the CPMS model 
may be useful to study young adult depression and expect that IL‑17 may be an important therapeutic target for 
depression in young adults.
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Introduction
Major depressive disorder (MDD) is a chronic psychi-
atric disease characterized by a long-lasting state of 
depressive symptoms such as anxiety, loss of pleasure, 
and a feeling of low self-worth according to the World 
Mental Health Survey version of the Composite Inter-
national Diagnostic Interview [1–4]. Patients with 
early-onset depression often experience a loss of social 

relationships, suffer from physical health problems, and 
exhibit high-risk sexual behavior [5, 6]. Notably, young 
adult patients with major depression have experienced 
more depressive episodes and attempt suicide than 
those with late-onset MDD [7]. Moreover, the num-
ber of young adult patients with MDD is consistently 
increasing, and 2–12% of these have been reported to 
have previously attempted suicide [8, 9]. Stressful expe-
riences during early life can be associated with psychi-
atric disorders such as MDD and post-traumatic stress 
disorder [10, 11]. Due to the rapid brain development 
and epigenetic regulation that occurs between child-
hood and adolescence, early life stress may negatively 
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alter the brain’s connections and functions [12]. How-
ever, the underlying molecular mechanisms that evoke 
chronic depression are not clear.

Recent studies suggest that IL-17, a pro-inflamma-
tory cytokine, is involved in the pathogenesis of several 
inflammatory diseases, autoimmune diseases, and MDD 
[13]. In clinical studies, adult patients with depression 
exhibited higher IL-17 levels in serum than in healthy 
controls and have more Th17 cells, which produce IL-17 
[14, 15]. Previous studies have also shown increased Th17 
cells in the brains of the learned helplessness rodent 
model [14, 16]. Th17 cells promote microglial activa-
tion, neuroinflammation, and neuronal damage [17]. 
Differentiation of Th17 cells from naïve CD4+ T helper 
cells requires the elevated expression of cytokines IL-6 
or IL-21 which, in concert with transforming growth 
factor-beta (TGF-β), drive activation of signal transducer 
and activator of transcription 3 (STAT3) [18]. This tran-
scription factor promotes the expression of RAR-related 
orphan receptor γt (RORγt) [19, 20]. Also, TGF-β indi-
rectly promotes the differentiation of Th17 cells by pre-
venting Th1 and Th2 cell differentiation [21–23].

Here, we hypothesized that cumulative mild stress dur-
ing brain development is associated with abnormal regu-
lation of IL-17 and may lead to long-lasting depression in 
young adults. To prove our assumption, we investigated 
whether cumulative mild stress during a critical develop-
mental period induces chronic depression-like behavior 
in a mouse model. We also examined the effect of IL-17 

on depression-like behavior to determine how it evokes 
chronic depressive symptoms.

Results
Cumulative mild stress led to depression‑like behavior 
in young adult mice
C57BL/6N mice were exposed to mild prenatal stress 
(P), mild maternal separation (M), and mild social defeat 
stress (S) in the growth process (Additional file 1: Fig. S1). 
To prove that cumulative mild stress in early life more 
affects long-lasting depressive symptoms, we compared 
the CPMS group with a single or double combination 
mild stress groups (Fig. 1a, b). In the elevated plus-maze 
(EPM) test, all stress groups showed higher levels of anxi-
ety at 8  weeks compared with the CTL group (Fig.  1c, 
 F(4,39) = 12.80, p < 0.0001). Immobility time was signifi-
cantly increased in the CPMS (p < 0.0020), PS (p < 0.0002), 
and MS (p < 0.0006) groups, but not in S group (Fig. 1d, 
 F(4,40) = 10.65, p < 0.0001). However, in the SPT, sucrose 
consumption was significantly reduced only in the CPMS 
group compared to the CTL group (Fig. 1e,  F(4,39) = 3.255, 
p = 0.0214).

Anti‑depressant treatment recovered anxiety 
and depression‑like behavior in CPMS mice
It was confirmed that the anxiety and depression-like 
behaviors in CPMS mice were recovered with antide-
pressant venlafaxine treatment. 8-week-old mice, who 
started antidepressant administration from 7  weeks of 

b c d e

a

E0 E3 E18 P1 P14 P28 P37 P56 (8w) P63 (9w)Day(weeks)

tsetroivaheB)S(taefedlaicosdliM)M(snoitarapeslanretamdliM)P(ssertslatanerpdliM

Behavior test schedule
EPM FST Rest SPT
Day 1 Day 2-3 Day 4 Day 6-7

P M S

CTL - - -

CPMS + + +

S - - +

PS + - +

MS - + +

Fig. 1 Cumulative mild stress in early life led to more severe anxiety‑ and depression‑like behavior in young adults aged. a Experimental 
scheme included cumulative mild stress and behavior tests to evaluate the CPMS mice model. The mice fetuses were indirectly exposed to 
unpredictable mild stress (E3–18) through their dams and litters were directly exposed to mild maternal separation (P1–14) and mild social defeat 
stress (P28–37). b The table displayed each group exposed to mild stress. Following induction of stress, c EPM (CTL (n = 12); 63.75 ± 3.512, CPMS 
(n = 9); 90.89 ± 2.201, S (n = 8); 87.00 ± 3.333, PS (n = 8); 87.25 ± 4.178, MS (n = 7); 83.14 ± 2.650), d FST (CTL; 107.8 ± 15.06, CPMS; 216.4 ± 16.36, 
S; 130.0 ± 18.20, PS; 236.0 ± 14.89, MS; 231.7 ± 33.10), and e SPT (CTL; 89.91 ± 2.337, CPMS; 66.70 ± 4.549, S; 73.66 ± 9.951, PS; 80.63 ± 2.903, MS; 
74.71 ± 4.460) were performed in 8‑week‑old mice. After the behavior tests, 9‑week‑old mice were sacrificed for molecular works
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age, were examined for anxiety, despair, and anhedonia 
(Fig. 2a). The CPMS-saline group (p < 0.0346) had signifi-
cantly higher levels of anxiety compared to the control 
(CTL) groups. However, venlafaxine treatment reduced 
anxiety levels in the CPMS group (Fig. 2b,  F(3,32) = 5.569, 
p < 0.0034). In the forced swimming test (FST), immo-
bility time was increased in the CPMS-saline group 
(p < 0.0269) compared to CTL groups, and immobility 
was recovered in the CPMS-venlafaxine group (Fig.  2c, 
 F(3,31) = 6.950, p = 0.0010). Also, in the sucrose preference 
test (SPT), CPMS-saline mice showed reduced sucrose 
consumption compared to the CTL group (p = 0.0062 vs 
CTL-saline group). However, sucrose intake in CPMS-
Venlafaxine mice was similar to that of the control-saline 
group (p = 0.0007 vs CPMS-saline group; Fig. 2d). There 
were no significant differences in movements of open 
field test (OFT) and memory of the Y-maze test (Addi-
tional file 1: Fig. S2).

Cumulative mild stress upregulated inflammatory 
responses, especially IL‑17, as well as microglial activation
After cumulative mild stress in early life, we observed the 
central or peripheral changes in the CPMS mice (Addi-
tional file  1: Fig. S3A). The bodyweight of the CPMS 

group was decreased compared to the CTL group (Addi-
tional file 1: Fig. S3B). Also, corticosterone in the serum 
of 8-week-old CPMS mice was significantly increased 
compared with CTL mice (Additional file 1: Fig. S3C).

Referring to previous studies that showed alterations 
in microglial activation and changes in frontolimbic vol-
ume in depression mouse models [24, 25], we focused 
on changes in the hippocampus (Hip), amygdala (Amy), 
and prefrontal cortex (PFC) of 8-week-old mice. We 
found an increase in the intensity of microglia in the Hip 
(p = 0.0123), Amy (p = 0.0221), and PFC (p = 0.0429) in 
the CPMS group compared to the CTL group (Fig. 3a, b). 
To confirm activated microglia, we also performed west-
ern blot analysis using CD86 as an activated microglia 
marker. The level of CD86 expression was significantly 
increased in the CPMS group compared with the CTL 
group (Hip, p = 0.0007; Amy, p = 0.0014; PFC, p = 0.0027; 
Fig. 3c, d and Additional file 1: Fig. S4A).

Next, we observed changes in the levels of impor-
tant inflammatory factors, Tumor necrosis factor-
alpha (TNF-α) and IL-6 in the brains of 8-week-old 
mice via western blot analysis. TNF-α (Hip, p = 0.0381; 
Amy, p = 0.0279; PFC; Fig.  3e and Additional file  1: 
Fig. S4B) and IL-6 (Hip, p = 0.0165; Amy, p = 0.0178; 
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Fig. 2 The anxiety‑ and depression‑like behavior in CPMS mice were recovered by anti‑depressant treatment. a 7‑week‑old mice were treated with 
venlafaxine or saline for 3 weeks until they were 9 weeks of age before the behavior test. b The anxiety level of each group was measured using 
duration time in closed arms in elevated plus maze (EPM) (CTL‑saline (n = 9); 77.67 ± 3.399, CTL‑venlafaxine (n = 7); 73.71 ± 5.366, CPMS‑saline 
(n = 10); 91.40 ± 1.500, CPMS‑venlafaxine (n = 10); 77.00 ± 3.370). c The immobility time of mice in the forced swim test (FST) was determined to 
measure despair (CTL‑saline; 175.8 ± 16.33, CTL‑venlafaxine; 141.4 ± 23.46, CPMS‑saline; 239.2 ± 13.48, CPMS‑venlafaxine; 173.0 ± 10.36). d Ratio 
of sucrose consumption in the sucrose preference test (SPT) was determined to measure anhedonia (CTL‑saline; 95.89 ± 0.5386, CTL‑Venlafaxine; 
91.57 ± 3.146, CPMS‑saline; 83.60 ± 3.603, CPMS‑Venlafaxine; 94.88 ± 0.6105). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01, vs. 
CTL‑saline, &&p < 0.01, &&&p < 0.001 vs CTL‑venlafaxine, #p < 0.05 vs CPMS‑venlafaxine



Page 4 of 13Kim et al. Mol Brain           (2021) 14:11 

PFC, p = 0.0210; Fig. 3f and Additional file 1: Fig. S4C) 
in Hip, Amy, and PFC of CPMS group were signifi-
cantly increased compared to the CTL group. Also, the 
level of IL-1β (Hip, p < 0.0001; Amy, p = 0.0266; PFC, 
p = 0.0469; Fig.  3g) and IL-18 (Hip, p = 0.0037; Amy, 
p = 0.0122; PFC, p = 0.0496; Fig. 3h) was also increased 
in the brain of CPMS mice. Especially, IL-17 (Hip, 
p = 0.0311; Amy, p = 0.0042; PFC, p = 0.0478; Fig.  3g 
and Additional file  1: Fig. S4C) in Hip, Amy, and PFC 
of the CPMS group were significantly increased com-
pared to the CTL group. Besides, the levels of TNF-α, 
IL-6, and IL-17 in the serum of the CPMS group were 
also significantly increased compared to the CTL group 
(Additional file 1: Fig. S5). In our results, we confirmed 
that activated microglia and upregulated inflammatory 
responses persist in the young adult age of CPMS mice.

Differentiation and population of Th17 cells was increased 
in the brain of CPMS mice
Because we discovered high levels of IL-17 in the brains 
and peripheral blood of CPMS mice, we have focused on 
the changes in the signaling pathway related to the differ-
entiation of Th 17 cells.

At first, we observed differentiation factors required for 
development from naïve cells to Th17 cells in 8-weeks-
old mice (Fig. 4a). We found that TGF-β was significantly 
increased in the brains of the CPMS group compared to 
the CTL group (Hip, p = 0.0005; Amy, p = 0.0002; PFC; 
p = 0.0464; Fig. 4b and Additional file 1: Fig. S6A). Phos-
phorylated STAT3 (pSTAT3) in the same regions was 
also found to be significantly increased in the CPMS 
group (Hip, p = 0.0207; Amy, p = 0.0369; PFC, p = 0.0261; 
Fig. 4c and Additional file 1: Fig. S6B).

Recently, it has been suggested that prolonged produc-
tion of IL-17 by Th17 cells is dependent on the actions 
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Fig. 3 Cumulative mild stress induced increase of inflammatory cytokines and microglia activation in young adult CPMS mice. a 
Immunofluorescence staining for Iba1(red) was performed in the 8‑week‑old mice (n = 3 per group). scale bar 100 μm. b Microglia intensity was 
quantified in each region (Hip; 1.362 ± 0.08311, Amy; 1.377 ± 0.1037, PFC; 1.172 ± 0.05855). c Western blot analysis was performed using the cytosol 
isolated from hippocampus (Hip), amygdala (Amy) and prefrontal cortex (PFC). In each region, d CD86 (Hip; 2.227 ± 0.1656, Amy; 2.575 ± 0.2834, 
PFC; 3.479 ± 0.6652 vs CTL). e TNF‑α (Hip; 3.054 ± 0.8463, Amy; 1.577 ± 0.09831, PFC; 2.311 ± 0.3439 vs CTL), f IL‑6 (Hip; 1.850 ± 0.2804, 
Amy; 3.334 ± 0.8327, PFC; 1.923 ± 1.853 vs CTL), g IL‑1β (Hip; 3.363 ± 0.05453, Amy; 3.459 ± 0.6625, PFC; 2.442 ± 0.4368 vs CTL), h IL‑18 (Hip; 
3.985 ± 0.6116, Amy; 2.511 ± 0.6282, PFC; 2.511 ± 0.6107 vs CTL), and i IL‑17 (Hip; 3.082 ± 0.7783, Amy; 1.861 ± 0.1675, PFC; 2.908 ± 0.8383 vs CTL) 
were normalized by GAPDH. All data are presented as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTL
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of the transcription factor RORγt [26]. So, we exam-
ined the RORγt levels in the brains of CPMS group mice 
and found a significant increase in RORγt in the Amy 
(p = 0.0282) and PFC (p = 0.0057) (Fig. 4d and Additional 
file 1: Fig. S6C). The average protein expression level of 
RORγt also increased in Hip (p = 0.0919), but was not 
significant (Fig. 4d and Additional file 1: Fig. S6C).

To identify a population of Th17 cells in the whole 
brains of 8-week-old mice, we performed flow cytom-
etry (Additional file  1: Fig. S7). As shown in Fig.  4e, f, 
the population of  CD4+IL-17+ cell-targeted Th17 cells 
was increased about 2.4 times in the brain of 8-week-old 
CPMS (p = 0.0059) compared with CTL mice, so IL-17 
would have been increased by the increase in the Th17 
cell population.

Anti‑IL‑17 treatment ameliorated anxiety‑ 
and depression‑like behaviors in CPMS mice
To prove that IL-17 is involved in the anxiety- and 
depression-like behavior of CPMS mice, we suppressed 
the action of IL-17 through anti-IL-17/IL-17A antibody 
treatment. After anti-IL-17 or immunoglobulin G treat-
ment, 8-week-old mice were evaluated for anxiety and 
depression-like behavior (Fig.  5a). In the EPM test, the 
CPMS + IgG group (0.0242 vs CTL + IgG) exhibited sig-
nificantly high levels of anxiety compared with the CTL 

or anti-IL-17 treatment groups, and the CPMS + anti-
IL-17 group recovered similarly to the CTL group 
 (F(3,25) = 4.257, p = 0.0147, Fig. 5b). Also, immobility time 
was significantly increased in the CPMS + IgG group 
(p < 0.0001 vs CTL + IgG) in the FST, while anti-IL-17 sig-
nificantly reduced immobility time of CPMS mice, alle-
viating despair in CPMS mice  (F(3,26) = 28.78, p < 0.0001, 
Fig.  5c). Furthermore, in the SPT, sucrose consumption 
of the CPMS + IgG group (p = 0.0030 vs CTL + IgG) 
was decreased compared with the CTL group. How-
ever, anti-IL-17 treatment significantly increased sucrose 
consumption in CPMS mice similar to the CTL group 
 (F(3,26) = 7.058, p = 0.0013, Fig. 5d), ameliorating anhedo-
nia in the CPMS group.

Anti‑IL‑17 treatment ameliorated upregulated 
inflammatory cytokines IL‑17, as well as microglial 
activation in CPMS mice
After the behavior test in CPMS mice treated by anti-
IL-17 or immunoglobulin G treatment, we confirmed 
changes in RORγt and IL-17 levels in the brains of the 
mice via western blot analysis. The level of RORγt was 
no difference by anti-IL-17 treatment in the brain com-
pared with CPMS + IgG mice (Fig.  6a). However, Anti-
IL-17 significantly reduced the levels of IL-17 in Hip 
 (F(3,8) = 19.80, p = 0.0005), Amy  (F(3,8) = 8.971, p = 0.0061) 
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Fig. 4 Differentiation and population of Th17 cells was increased in the brains of CPMS mice. a Representative image of western blot analysis in 
the Hip, Amy, and PFC. b TGF‑β (Hip; 2.288 ± 0.1537, Amy; 4.342 ± 0.4557, PFC; 1.757 ± 0.2707 vs CTL), and c pSTAT3/tSTAT3 (Hip; 4.563 ± 1.284, 
Amy; 4.850 ± 1.628, PFC; 4.278 ± 1.152 vs CTL) were normalized by GAPDH. d RORγt (Hip; 1.374 ± 0.1462, Amy; 1.700 ± 0.2548, PFC; 1.399 ± 0.215 
vs CTL) was normalized by Lamin B1. e Flow cytometry was performed to detect  CD4+ IL‑17+ cells (CTL (n = 5); 0.0476 ± 0.006592, CPMS (n = 6); 
0.1158 ± 0.01638) in whole brain of the 8‑week‑old mice. All data are presented as mean ± SEM of three or more independent experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. CTL
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and PFC  (F(3,8) = 43.42, p < 0.0001) compared with 
CPMS + IgG mice (Fig. 6b).

Next, we evaluated for the intensity of microglia in 
the Hip  (F(3,11) = 11.69, p = 0.0010), Amy  (F(3,11) = 8.157, 
p = 0.0039), and PFC  (F(3,11) = 17.85, p = 0.0002) in the 
CPMS group compared to the CTL group (Fig.  6c). 
Espceically, Iba1 intensity was significantly decreased 
in the CPMS + anti-IL-17 group compared with the 
CPMS + IgG group (Hip, p = 0.0279; Amy, p = 0.0230; 
PFC, p = 0.0038; Fig. 6b).

Discussion
An adverse environment in early life has a signifi-
cant influence on behavioral or psychological changes 
in young adulthood [27, 28]. Negative inputs, such as 
acute or chronic stress during development, may lead 
to changes in gene expression or stress-responsive sys-
tems, and ultimately to psychopathology with an abnor-
mal inflammatory response involving complex processes 
[29, 30]. One of the important characteristics of MDD 
compared the other disease related to stress such as 
post-traumatic stress disorder (PTSD) is the accumula-
tion of stress memories in the past [31]. Also, multiple 
stressors accumulating and combining to lead to more 
severe outcomes such as abnormal inflammation in the 
developmental literature [32, 33]. Although there are 

many mice models of depression, the periods or stress-
ors were limited. So we generated a CPMS mouse model 
for depression in young adulthood by exposing cumula-
tive three kinds of mild stress (P, M, and S) in early life 
using a modified protocol that complements the pre-
vious mouse model based on stress [34]. During the 
periods from embryo to adulthood, neurogenesis, syn-
aptogenesis, and myelination as well as circuit formation 
of diverse functional lobes occur actively [35, 36]. Thus, 
cumulative mild stress throughout the growth process 
can alter emotional regulation, metabolism, and immune 
systems [37]. Assessment of rodent depression models 
should include behavioral tests to assess clinically rel-
evant depressive behavioral symptoms [38]. CPMS mice 
also exhibited long-lasting anxiety- or depression-like 
behavior, which are the representative behaviors such as 
despair or anhedonia in human MDD patients. However, 
thorough the result of normal movement in CPMS mice, 
we confirmed that the stress applied to the mouse model 
generation was not severe or excessive (Additional file 1: 
Fig. S2). Furthermore, we compared the CPMS mice 
model with the other models exposing single or double 
mild stressors. Interestingly, there was no significant in 
despair of the S group under mild social defeat stress, 
but the double combination mild stress groups such as 
PS or MS, applied during the prenatal or infant period, 
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a

Fig. 5 Anti‑IL‑17 reduced anxiety‑ and depression‑like behavior in CPMS mice. Mice were injected with an anti‑IL‑17 or IgG (total 5 times for 
2 weeks) after cumulative mild stress. a Experimental scheme included behavior tests in the CPMS mice model after anti‑IL‑17 treatment. After 
treatment, 8‑week‑old mice were subjected to b EPM (CTL + IgG (n = 8); 81.63 ± 4.468, CTL + Anti‑IL‑17 (n = 6); 89.00 ± 1.528, CPMS + IgG (n = 8); 
96.63 ± 1.253, CPMS + Anti‑IL‑17 (n = 7) 82.29 ± 4.799), c FST (CTL + IgG; 177.8 ± 6.256, CTL + Anti‑IL‑17; 182.4 ± 8.552, CPMS + IgG; 287.3 ± 14.00, 
CPMS + Anti‑IL‑17, 215.7 ± 6.707), and d SPT (CTL + IgG; 87.38 ± 1.721, CTL + Anti‑IL‑17; 87.86 ± 2.198, CPMS + IgG; 63.50 ± 7.273, CPMS + Anti‑IL‑17; 
81.43 ± 3.176). Data are expressed as mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. CTL + IgG; &&p < 0.01, &&&&p < 0.0001 vs. CTL + anti‑IL‑17; 
#p < 0.05, ###p < 0.001 vs.; CPMS + IgG
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showed significantly elevated despair. However, only the 
CPMS group showed significantly increased anhedo-
nia in SPT. These results demonstrated that the degree 
of mild stress accumulation is associated with chronic 
depressive symptoms. To approve as depression models, 
pharmacological validity, which requires the reversal of 
depressive symptoms by available anti-depressants, need 
to be met [39]. Therefore, we also demonstrated that anx-
iety- and depression-like behaviors of CPMS mice were 
recovered by venlafaxine treatment, which inhibits the 
5-HT/noradrenalin synaptosomal uptake [40]. Venlafax-
ine also has anti-inflammatory property about abnormal 
inflammatory responses related to microglia as one of the 
risk factors causing depressive symptoms [41–43]. So, 
we confirmed that Velafaxine reduced microglial activa-
tion (Additional file  1: Fig. S2C) and it was considered 
that Venlafaxine may have rescued depressive behavior 
in CPMS animals by supressing the upregulated inflam-
matory response. These results support that the cumula-
tive mild stress may mimic the growth circumstances of 

patients with MDD better than other stressors and the 
CPMS model was appropriate to use in MDD with young 
adulthood.

Since behavioral tests such as FST can affect mouse 
models, we newly created the CPMS mice to measure 
stress-related molecular changes. It has been known that 
chronic stress causes loss of body weight and increases 
corticosterone levels in serum [44]. Consistent with these 
results, CPMS mice had lower body weight and higher 
serum corticosterone levels compared to CTL mice 
(Additional file  1: Fig. S3). Indeed, early life stress may 
impact the inflammatory reactions in adults by enhanc-
ing the transcription of nuclear factor kappa B (NF-κB) 
by increasing pro-inflammatory cytokines [33]. In normal 
conditions, stress commonly triggers the hypothalamic–
pituitary–adrenal (HPA) axis through the corticoster-
one releasing hormone (CRH), which usually suppresses 
immune response via the release of glucocorticoids (GC) 
from adrenals by inhibiting NF-κB [45, 46]. Prolonged 
hypersensitivity to stress with exaggerated circulatory 
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Fig. 6 Anti‑IL‑17 reduced increased inflammatory cytokines and microglia activation in young adult CPMS mice. Brain tissues were collected 
from mice after treatment with an anti‑IL‑17 or IgG (total 5 times for 2 weeks) in CPMS mice. Western blot analysis was performed using the 
cytosol isolated from the hippocampus (Hip), amygdala (Amy), and prefrontal cortex (PFC). a RORγt of Hip (CTL + Anti‑IL‑17; 1.307 ± 0.2092, 
CPMS + IgG; 1.492 ± 0.04870, CPMS + Anti‑IL‑17; 1.729 ± 0.1189 vs CTL + IgG), Amy (CTL + Anti‑IL‑17; 1.681 ± 0.8243, CPMS + IgG; 3.421 ± 0.2366, 
CPMS + Anti‑IL‑17; 3.499 ± 0.3410 vs CTL + IgG) and PFC (CTL + Anti‑IL‑17; 1.527 ± 0.2602, CPMS + IgG; 3.173 ± 0.1740, CPMS + Anti‑IL‑17; 
2.656 ± 0.1406 vs CTL + IgG) was normalized by Lamin B1, and b IL‑17 of Hip (CTL + Anti‑IL‑17; 1.228 ± 0.05834, CPMS + IgG; 1.480 ± 0.03881, 
CPMS + Anti‑IL‑17; 0.9077 ± 0.04316 vs CTL + IgG), Amy (CTL + Anti‑IL‑17; 1.191 ± 0.07569, CPMS + IgG; 1.373 ± 0.06446, CPMS + Anti‑IL‑17; 
0.9261 ± 0.02749 vs CTL + IgG) and PFC (CTL + Anti‑IL‑17; 1.243 ± 0.04680, CPMS + IgG; 1.614 ± 0.03935, CPMS + Anti‑IL‑17; 0.8410 ± 0.05664 vs 
CTL + IgG) was normalized by GAPDH. c Immunofluorescence staining for Iba1(red) was performed in the 9‑week‑old mice (n = 3–5 per group). 
Scale bar 100 μm. Microglia intensity was quantified in Hip (CTL + Anti‑IL‑17; 0.9702 ± 0.06205, CPMS + IgG; 1.385 ± 0.03117, CPMS + Anti‑IL‑17; 
1.136 ± 0.06541 vs CTL + IgG) ± Amy (CTL + Anti‑IL‑17; 1.017 ± 0.006536, CPMS + IgG; 1.315 ± 0.03766, CPMS + Anti‑IL‑17; 1.074 ± 0.9068 vs 
CTL + IgG), PFC (CTL + Anti‑IL‑17; 0.9675 ± 0.01086, CPMS + IgG; 1.403 ± 0.02017, CPMS + Anti‑IL‑17; 1.121 ± 0.06376 vs CTL + IgG). All data 
are presented as mean ± SEM of three or more independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs CTL + IgG, &p < 0.05, &&p < 0.01, 
&&&p < 0.001 vs CTL + Anti‑IL‑17, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.001 vs CPMS + IgG
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GC could destroy the negative feedback loop of the HPA 
axis, triggering behaviors such as anxiety and depression 
[47].

In our study, we found that cumulative mild stress 
consistently induces excessive cytokines in the brains 
and peripheral blood of young adult CPMS mice. These 
results are consistent with the results of a meta-analysis 
showing that patients who experienced early life adver-
sity had a marked increase in baseline peripheral levels 
of IL-6, TNF-α, and CRP compared to those who did 
not [48]. Another previous study showed that the con-
sequences of early life stress-induced infection altered 
cytokine production, such as IL-6, TNF-α, or IL-1β, and 
changed behaviors in later life [49]. Our results were 
similar to the previous clinical report that both lev-
els of IL-18 and IL-18/IL-18BP ratios were significantly 
higher in patients with early-onset psychosis (EOP) aged 
12–18 years than in age-matched healthy controls [50].

Recently, some clinical or preclinical studies reported 
that IL-17 and Th 17 cells were associated with MDD 
[13–15, 51]. Interestingly, the CPMS mice had elevated 
IL-17 levels in the Hip, Amy, and PFC regions of the 
brain as well as activated microglia. In previous reports, 
IL-17 promoted the production of several cytokines, 
chemokines, and nitric oxide, which damaged the brain 
both directly and indirectly via the disruption of the 
blood–brain barrier [52, 53]. IL-17 also induced struc-
tural remodeling of microglia and enhanced the release 
of pro-inflammatory cytokines from microglia [54]. 
Through these results, we hypothesized that increased 
IL-17 caused by cumulative mild stress in early life plays 
an important mediator in inducing and sustaining anxi-
ety- and depression-like behavior in young adulthood. 
To prove our hypothesis, we compared the depressive 
symptoms and the level of IL-17 in the CPMS group with 
a single or double combinations group of mild stress 
including mild social defeat stress. As a result, IL-17 lev-
els in the brain of CPMS mice were higher than single 
(S) or double stressor groups (PS, MS), and the degree 
of depressive symptoms was correlated with increased 
levels of IL-17 in the brain (Additional file  1: Fig. S8). 
Additionally, we found an increase in the differentia-
tion factors and population of Th17 cells, which produce 
IL-17, in the brains of CPMS mice. Finally, we identified 
the association between IL-17 and depressive symptoms 
in CPMS mice, via anti-IL-17 treatment to inhibit potent 
IL-17. These results suggested that cumulative mild stress 
in early life induced excessive IL-17, which drove from Th 
17 cells, and it may promote a persistent inflammatory 
response, which can occur brain damage. These abnor-
mal responses of inflammation as a result of cumulative 
mild stress during brain development may occur depres-
sive symptoms in young adulthood.

The limitations of this study include only male mouse 
results from inflammation-related experimental data 
that can be comparable to behavioral results. If addi-
tional experiments are carried out with the female 
CPMS group, we can improve our understanding 
of gender differences of MDD pathophysiology that 
occurred by cumulative stresses in early life. In addi-
tion, more detailed changes in the structure and con-
nectivity should be investigated in the brains of the 
CPMS mouse model in future studies.

In summary, through the generation of a mouse model 
for young adult depression, we identified that cumula-
tive mild stress during brain development incurred long-
lasting anxiety- and depression-like behavior with the 
upregulated inflammatory response in young adulthood 
(Fig.  7). Furthermore, we demonstrated that IL-17 may 
be one of the factors associated with long-lasting behav-
ioral symptoms. We anticipated that our finding may be 
a diagnosis or therapeutic target for depression in young 
adulthood.

Materials and methods
Experimental animals
Male and female C57BL/6N mice were purchased from 
Dae Han Bio-Link Co., Ltd (Eumseong, Korea) and were 
bred according to the schedule after undergoing an adap-
tation period. The mice were housed under a 12:12  h 
light–dark cycle with 22 ± 2 ℃ temperature and 40–60% 
humidity and were given free access to food and water 
except under stress conditions. All animal procedures 
were approved by the Institutional Animal Care and Use 
Committee of the Lee Gil Ya Cancer and Diabetes Insti-
tute, Gachon University (IACUC No. LCDI-2016-0100).

Cumulative mild stress procedure
The mice underwent cumulative mild stress during the 
critical periods of brain development from fetuses to 
adolescence (Additional file  1: Fig. S1). The cumulative 
mild stress included mild prenatal stress (P), mild mater-
nal separation (M), and mild social defeat (S). In short, 
pregnant mice were exposed to unpredictable mild stress 
(Table 1) according to a modified protocol [55]. After lit-
ters were born, the postnatal day 2 (P2) offspring were 
separated from their mother for 3 h per day for 14 days 
by placing them in an individual space maintained under 
normal conditions. The mild maternal separation stress 
protocol was also modified from a previously reported 
protocol [56]. When the mice were 4  weeks old, they 
were exposed to mild social defeat stress for 10  days 
according to the modified schedules of the previous para-
digm [57, 58] shown in Additional file 1: Fig. S1.
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Drug administration
Venlafaxine (Sigma Aldrich, St. Louis, MO, USA), a 
serotonin-norepinephrine reuptake inhibitor (SNRI) 
anti-depressant, was dissolved in normal saline [40]. 
Anti-IL-17 (Bioxcell, Lebanon, NH, USA) and IgG 

(Bioxcell) was dissolved in purified dilution buffer [59]. 
The mice were treated with venlafaxine (10 mg/kg, once 
a day for 3  weeks, i.p) or Anti-IL-17 (100  μg/mouse, 
once every 3 days for 2 weeks, i.p). The same volume of 
saline or IgG was administrated to mice in the vehicle 
group, respectively.

Microglia activation

IL-17 ↑

pSTAT3 ↑

RORγT ↑

TGF-β ↑

IL-6 ↑

Naive T cell

Th17 cell ↑

Anxiety- and Depression- like behavior ↑

IL-17 production

Cumulative mild stress 
during the brain development

Abnormal inflammatory response

Young adult depressive mice
              (CPMS model)

Dam (Litters)

Fig. 7 Summary picture. Cumulative mild stress during brain development (from fetus to adolescence) induced long‑lasting depressive symptoms 
in young adulthood. Naïve T cell was differentiated to Th17 cells under the increase of differentiation factors such as IL‑6 and TGF‑β with the 
hyperactive form of STAT3. According to the increase of Th17 cell population, the high level of IL‑17 was produced and promoted the activation 
of microglia. As a result, the abnormal inflammatory response induced by IL‑17 affects more long‑lasting anxiety‑ and depression‑like behavior in 
young adulthood

Table 1 Chronic unpredictable mild stress schedule

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

9 am

10 am Restraint stress (1 h) Forced swim (5 min) Restraint stress (1 h) Cage tilt 30° (6 h) Food restriction (6 h)

11 am 10 am–11 am 10 am–11 am 10 am–4 pm 10 am–4 pm

12 am

1 pm

2 pm

3 pm

4 pm

5 pm Paired housing 
(overnight)

Continuous lightning 
(overnight)

Foreign object in 
cage (overnight)

Soiled cage (over‑
night)

Paired housing 
(overnight)

Continuous 
lightning 
(overnight)

Cage 
tilt 30° 
(over‑
night)
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Elevated plus maze test
The elevated plus maze (EPM) consisted of two closed 
arms (20  cm × 5  cm × 50  cm) and two open arms 
(20 cm × 5 cm × 50 cm). Mice were placed in the center 
zone and allowed to freely explore the maze for 5 min. 
The duration time in all arms was recorded using a 
video tracking system.

Forced swimming test
The forced swimming test (FST) was conducted on two 
consecutive days as previously described with minor 
modifications [60, 61]. On the first day, the mice were 
placed in individual cylinders (12  cm diameter and 
31 cm height) filled with water (23 ± 1 °C) for 8 min for 
training. Thereafter, the mice were dried and returned 
to their home cage. After 24  h in the same condition, 
total immobility time was recorded using a video cam-
era and was manually measured during the final 6 min.

Sucrose preference test
One week before the sucrose preference test (SPT), 
mice were adapted to provided two bottles of water 
for 5 days. The mice fasted for 16 h before the SPT and 
were free to access two bottles of water during the fast-
ing period. On the day of the test, the mice were trans-
ferred to a single cage for volume determination [62]. 
Two bottles, one containing 2% sucrose and the other 
containing water, were measured before testing and the 
consumed volume was checked after 2  h. Anhedonia 
was calculated as a ratio of the weight of sucrose solu-
tion intake to the weight of total solution consumption 
according to the following formula:

Collection of blood and brain tissue from mice
The mice were anesthetized with a mixture of Zoletil 
(16.7 mg/kg) and Rompun (15.5 mg/kg). The blood was 
collected from the abdominal inferior vena cava and 
was centrifuged at 3000  rpm for 10  min at 4  °C. The 
supernatant was transferred into a new tube and pro-
tease inhibitor was added (Calbiochem, San Diego, CA, 
USA). For immunofluorescence, the brain was perfused 
with saline containing heparin and fixed in 4% para-
formaldehyde at 4  °C. After 24  h, the brain was dehy-
drated in 30% sucrose solution for 72  h at 4  °C. For 
western blot analysis, the hippocampus (Hip), amyg-
dala (Amy), and prefrontal cortex (PFC) were dissected 

Anhedonia =
Sucrose intake

Sucrose intake +Water intake
(%).

from non-perfused brain, snap-frozen in liquid nitro-
gen, and stored at − 80 °C for later use.

Immunofluorescence
Frozen blocks of brain tissues were coronally cut into 
25  μm-thick slices using a cryostat (Cryotome, Thermo 
Electron Corporation, Waltham, MA, USA), and these 
were stored in cryoprotectant solution at 4  °C. After 
washing in PBST (normal saline containing 0.2% Triton 
X-100), the brain slices were blocked in PBST contain-
ing 0.5% BSA and 3% normal goat serum and were incu-
bated with anti-Iba1 antibody (Table 2). The next day, the 
slices were incubated with an Alexa Fluor 555 conjugated 
goat anti-rabbit IgG antibody (Invitrogen, CA, USA). The 
brain slices were then washed and mounted onto slides 
using Antifade Mounting Medium with DAPI (Vector 
Laboratories, Burlingame, CA, USA). Specimens were 
examined under a Nikon TS2-S-SM microscope (Nikon 
Microscopy, Tokyo, Japan) equipped with a Nikon 
DS-Qi2 camera. Serial images of 100 × magnification 
(Hip, Amy, and PFC) were captured from 4 sections per 
animal. Iba1 stained brain slides of each group were com-
pared and analyzed by region of interest (ROI) intensity 
ratio (%) using NIS-Elements software (4.40.00 64-bit). 
Once the ROIs were defined, the red channel showing 
Alexa Fluro 555 was used to measure both the fluores-
cence intensity and percentage area of a red signal within 
each ROI per section (n = 3 per animal).

Western blot analysis
Brain tissues were lysed with Syn-PER Synaptic Protein 
Extraction Reagent (Thermo Scientific, Waltham, MA, 
USA) containing protease inhibitor and the cocktail of 
phosphatase inhibitors (Sigma Aldrich). After quantifica-
tion using the Bradford assay (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA), cytosolic samples were loaded onto 
an 8–15% SDS-PAGE and then transferred onto a PVDF 
membrane (Merck, Kenilworth, NJ, USA). The mem-
brane was blocked with 3% BSA or 6% skim milk at RT 
for 1 h, incubated overnight with the appropriate primary 
antibody (Table  2), and then incubated with the corre-
sponding secondary antibody at RT for 1 h after washing. 
Protein bands were detected using Immobilon Western 
Chemiluminescent HRP Substrate (Millipore, Burling-
ton, MA, USA) and BLUE X-ray film (AGFA, Mortsel, 
Belgium). The density of the bands was quantified using 
ImageJ software v1.4.3.67 (NIH, USA).

Flow cytometry
Following the perfusion, isolated brains were dissoci-
ated and chopped into small pieces, and then they were 
filtered through a 70 μm cell strainer and centrifuged at 
1300 rpm for 5 min. The cell suspension was mixed with 
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30% Percoll/HBSS medium, overlaid on 70% Percoll/
HBSS medium and then centrifuged at 2000  rpm for 
30 min without using the brake. After the cells between 
the 30/70% Percoll gradients were recovered, they were 
washed once. The cells in media were stimulated with 
activation Cocktail (BioLegend, San Diego, CA, USA) for 
4  h at the recommended concentrations. The cells were 
blocked with a purified anti-mouse CD16/32 (BioLeg-
end) antibody and stained extracellularly with a PerCP/
Cyanine5.5-conjugated anti-mouse CD45 antibody (Bio-
Legend) and FITC-conjugated anti-mouse CD4 antibody 
(BioLegend). To intracellularly stain the cells, they were 
fixed and permeabilized using a Fixation/Permeabiliza-
tion Solution Kit (BD Bioscience, San Jose, CA, USA) and 
stained with an Alexa Fluor 647-conjugated anti-mouse 
IL-17A antibody (BioLegend). Data were acquired using 
an LSRII flow cytometer (BD Biosciences) and analyzed 
with FlowJo software version 8.7 (FlowJo, LCC, Ashland, 
OR, USA).

Statistical analysis
All data are presented as mean ± standard error of the 
mean (SEM). Statistical analysis was performed using 
GraphPad Prism 8.4.2 (679) software (GraphPad Soft-
ware Inc., San Diego, CA, USA). Two group comparison 
(e.g. western blot, immunofluorescence intensity, FACS, 
and ELISA) was analyzed by unpaired t test and multi-
ple group comparisons were analyzed by One-way (e.g. 
behavior test, western blot) or Two-way ANOVA (e.g. 

measurement of body weight) followed by Bonferroni’s 
post hoc test. p < 0.05 was considered statistically signifi-
cant for all analyses.
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