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Abstract: Background: Psoriasis is a common chronic inflammatory skin disease that often causes 

depression. Early life experience affects brain development and relates to depression. Whether the 

effect of different MS protocols in early life on anxiety-like and depressive-like behaviors in female 

offspring with imiquimod (IMQ)-induced psoriasis is unknown. Methods: C57BL/6J mice were sub-

jected to no separation (NMS), brief MS (15 min/day, MS15) or long MS (180 min/day, MS180) from 

postpartum days (PPD) 1 to PPD21. Then, 5% imiquimod cream was applied for 8 days in adults. 

Behavioral tests, skin lesions and hippocampal protein expression were also assessed. Results: We 

found significant psoriasis-like skin lesions in female mice following IMQ application, and mice 

showed anxiety-like and depressive-like behaviors. Further, increased microglial activation and de-

creased expression of neuroplasticity were detected in mice following IMQ application. However, 

after MS15 in early life, mice showed decreased anxiety-like and depressive-like behaviors, indicat-

ing resilience. Further, inhibited hippocampal neuroinflammation and increased neuroplasticity 

were detected. Conclusions: Collectively, this study confirms that brief MS confers resilience to the 

behavior deficits in female offspring with IMQ-induced psoriasis and reverses the activation of neu-

roinflammation and the damage of neuroplasticity injury. 
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1. Introduction 

Psoriasis is a common chronic inflammatory skin disease. It often recurs and is diffi-

cult to cure. Patients with psoriasis are more prone to depression than patients with other 

skin diseases. The prevalence of depression in patients with psoriasis is estimated at 9% 

to 62% [1]. Depression can aggravate psoriasis’ recurrence and impair patients’ life qual-

ity, resulting in suicide and other serious consequences [2]. Therefore, the prevention of 

psoriasis-related depression is critical. 

The hallmark of psoriasis is the appearance of acanthosis, erythema and inflamma-

tory infiltrate. Psoriasis can be modeled in mice by daily topical application of Aldara 

cream containing 5% imiquimod (IMQ). IMQ is a classical TLR receptor agonist, which 

can activate immune cells through the TLR pathway, thus triggering a systemic immune 

response [3]. Recently, the IMQ-induced psoriasis model was found to cause depressive-

like and anxiety-like behaviors in male mice [4]. 

Neuroinflammation is involved in the pathological mechanisms of depression [5]. 

The hippocampus is one of the brain regions that play an important pathological role in 
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depression [6]. Microglia, as resident immune cells, are one of the most important inflam-

matory cells in the central nervous system (CNS). Active microglial cells in the hippocam-

pus can promote activation of a series of regional inflammatory responses, including Nod-

like receptor pyrin domain containing 3 (NLRP3), interleukin-1β (IL-1β) and interleukin-

18 (IL-18). In the animal model of depression, emerging evidence indicates neuroinflam-

mation can damage hippocampal neuroplasticity, including neuronal axon and dendritic 

tree retreat [7,8]. Collapsing response mediator protein 2 (CRMP2) has been recently con-

sidered a novel microtubule-associated protein, and it may have neuroprotective effects 

by modulating hippocampal neuroplasticity. The proteomic results in many rodent stud-

ies show CRMP2 is associated with stress-induced depression, with a significant decrease 

in hippocampal CRMP2 expression observed in rodents with depressive-like behaviors 

[9–11]. 

Early life experience has been proven to contribute to the development of depression 

[12,13]. Many studies in humans have indicated that exposure to separation, mistreatment 

and loss in early life increases the risk of psychiatric disorders such as depression, anxiety 

and drug abuse later in life [14–16]. Maternal separation (MS) is widely used in rodent 

animals to study the behavior changes and underlying neurobiological mechanisms in 

emotional disorders. In rodents, MS in early life has adverse effects on brain development, 

similar to its effects on humans. However, rodent research has shown that brief maternal 

separation in early life helps prevent the development of depression later in life [17,18]. 

Brief MS is believed to benefit the neural development of the offspring and enhance their 

stress resistance in adulthood [19,20]. Our previous studies have confirmed that offspring 

who experience maternal separation for 15 min daily in early life show resistance to 

chronic stress in adulthood; however, offspring who experience daily maternal separation 

for 180 min or more in early life show relative sensitivity to chronic stress in adulthood 

[17]. Another of our former studies also found that sex can affect behaviors in offspring 

[21]. Past research has mostly focused on the effects of MS on male offspring; few studies 

have focused on the effects on female offspring. It is important, then, to determine 

whether MS in early life affects behavior deficits in female offspring and, if so, its under-

lying mechanism. 

Therefore, in this study, we firstly investigated the effect of IMQ on depressive-like 

and anxiety-like behaviors in female offspring. Then, we hypothesized that different MS 

protocols in early life would affect vulnerability or resilience to psoriasis-related behav-

ioral phenotypes in female offspring. To test this, we developed a mouse model of differ-

ent MS protocols and then applied IMQ to the animals to investigate the behavioral phe-

notypes. To further explore the neurobiological mechanism underlying this phenomenon, 

we then investigated microglial activation and some biomarkers of neuroinflammation 

and neuroplasticity in the hippocampus. 

2. Methods and Animals 

2.1. Animals 

The adult female C57BL/6J mice (weighing 18–20 g) and pregnant C57BL/6J mice 

(weighing 26–30 g) used in the experiment were provided by the animal facility at Renmin 

Hospital of Wuhan University. All the animals were individually housed under standard 

conditions (room temperature 22 ± 1 °C, 55 ± 5% humidity, fed ad libitum) on a 12-h 

light/dark cycle (lights on from 6:00 a.m. to 6:00 p.m.) with free access to food and water. 

The experimental protocol was conducted in accordance with the Regulations of Experi-

mental Animal Administration issued by the State Committee of Science and Technology 

of the People’s Republic of China and with the approval of the Ethics Committee in 

Renmin Hospital of Wuhan University. 
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2.2. Experimental Design 

As shown in Figure 1, two experiments were conducted in this study. Experiment 1: 

The adult female mice who did not experience MS were randomly divided into two 

groups: the normal control (NC) group (n = 8) and the imiquimod model (IMQ) group (n 

= 8). Mice were depilated on the back skin 2 days before the treatment. Subsequently, 62.5 

mg of 5% Imiquimod cream (Mingxin Pharmaceutical Co. Ltd., Chengdu, China) was ap-

plied daily on the backs of the IMQ mice group, while Vaseline (Lanlianfeitian Petrochem-

ical Co., Ltd., Shijiazhuang, China) was applied on the mice of the NC group for 8 days 

consecutively. Experiment 2: Pregnant mice were randomly assigned to three groups: 

NMS group (no MS, NMS), MS15 group (15 min/day) and MS180 group (180 min/day). 

After delivery, offspring undertook different MS protocols during postpartum days (PPD) 

1 through 21. After weaning, the litters were sexed, and the female offspring of each group 

were selected (n = 10). Then, the female mice were housed at 5 mice per cage under the 

same environmental conditions as previously described under “Animals”. After the off-

spring became adults at PPD 41, imiquimod cream was applied to all three groups. The 

behavioral tests were performed after applying imiquimod cream. 

 

Figure 1. Experimental procedures. Experience 1: Female mice with no MS had imiquimod cream 

applied for 8 days consecutively. Experience 2: Female offspring were subjected to different PS pro-

tocols during lactation and then had imiquimod cream applied after adulthood. PPD, postpartum 

day; OFT, open field test; EPM, elevated plus maze; SPT, sucrose preference test; TST, tailed sus-

pension test. 

2.3. Maternal Separation (MS) 

According to the previous research [17], the MS procedure was performed for 15 

min/per day on the MS15 group (brief MS) and for 180 min/per day on the MS180 group 

(long MS) during PPD1 through 21. In contrast, the offspring in NMS group did not sep-

arate from their dams. When MS happened, the dams were first removed from the nest to 

a separate new cage, and the pups that remained in their original cage were placed in an 

incubator (maintained at a temperature of 30–32 °C). After separation, the dams were re-

turned to the home cage. All other dams and pups were left undisturbed until weaning 

on postpartum day 21. 

2.4. Sucrose Preference Test (SPT) 

The SPT were performed after imiquimod cream treatment. SPT is a common method 

to assess depressive-like behavior in animals, especially anhedonia, the core symptom of 

depression. The SPT was carried out according to previous studies [22,23]. After 24 h of 

fasting and water deprivation, two bottles were provided to each mouse simultaneously, 

one bottle of tap water and the other of 1% sucrose solution. The two bottles of water were 

weighed. The fluid consumption was monitored for 1 h. After the monitoring, the bottles 
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were removed and weighed. The sucrose preference ratio was calculated as the percent-

age of sucrose solution consumption out of the sum of tap water and sucrose solution 

consumption. 

2.5. Open Field Test (OFT) 

The OFT was performed after the SPT. The OFT is widely used to evaluate locomotor 

activity and depressive-/anxiety-like behavior in rodents. Decreased time in the center of 

the field means that the animal reveals anxiety-like and depressive-like behaviors [24]. 

The open field chamber was made of transparent plastic (50 cm × 50 cm). The chamber 

was divided into 9 square areas, and a 25 cm × 25 cm center square was defined as the 

center zone. Individual mice were gently placed in the central area of the cage, and the 

activities of the mice were recorded for 5 min with an overhead video-tracking system 

(Ethovision XT 11.5, Noldus, Amsterdam, The Netherlands). The floor and walls of the 

apparatus were thoroughly cleaned with 75% alcohol after each trial. 

2.6. Elevated Plus Maze (EPM) Test 

The EPM test was conducted after the OFT. The EPM test is widely used to detect 

anxiety-like behaviors. Animals always prefer closed arms; staying longer in closed arms 

means animals feel anxiety [25]. The EPM platform consisted of two open arms (35 cm × 

5 cm) perpendicular to two closed arms (35 cm × 5 cm) of the same size with a small central 

square (5 cm × 5 cm) between the arms. The maze was raised 50 cm above the floor. Each 

animal was placed at the center of the maze, facing toward the open arms. The total num-

ber of entries into the open arms and the time spent in the open arms during the 5 min 

period were recorded using a Noldus video camera. The apparatus was cleaned with 75% 

ethanol after each trial. 

2.7. Tail Suspension Test (TST) 

The TST was performed after the EPM. The TST is usually used to detect depressive-

like behaviors: when animals feel despair, they will stay immobile in the TST [26]. Mice 

were hung 40 cm above the floor by adhesive tape on the tip of the tail in a dark room. We 

recorded the total time that each mouse was immobile during 6 min. The tester was 

blinded to the group assignments of mice. 

2.8. Psoriasis Area and Severity Index Score 

A scoring system similar to the human Psoriasis Area and Severity Index ((PASI) was 

used to assess the disease severity of back skin daily. Scores were assigned according to 

the PASI scoring criteria: 0 = none; 1 = slight; 2 = moderate; 3 = severe; 4 = extremely severe. 

The scaling, erythema, skin thickness and cumulative score of each mouse were recorded 

and analyzed. A cumulative score was generated from the three mentioned parameters. 

The researcher was blinded to the group assignments of mice. 

2.9. Tissue Collection 

After the behavioral tests, half of the mice in the same group were randomly anes-

thetized with 1% pentobarbital (35 mg/kg). After decapitation, the brains were immedi-

ately removed and rapidly frozen on dry ice and stored at −80 °C; further, the hippocam-

pus was removed with microscissors for Western blot analyses. The other half were 

deeply anesthetized with 1% pentobarbital. After heart perfusion with saline, followed by 

40 mL 4% paraformaldehyde, brains were quickly removed and post-fixed in 4% para-

formaldehyde for 4–6 h and subsequently cryoprotected separately in 35% sucrose. The 

skin lesions on the backs of mice were also carefully removed for the subsequent hema-

toxylin and eosin (H&E) and immunohistochemical staining. 
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2.10. Western Blot Analysis 

The whole hippocampus of each mouse was mixed to detect Western blot. The total 

amounts of proteins were detected by the bicinchoninic acid (BCA) method (Beyotime, 

Shanghai, China). Proteins (20 μg) were separated by SDS-PAGE on 10% polyacrylamide 

gels and transferred electrophoretically to polyvinylidene fluoride (PVDF) membranes 

with the TGX Stain-FreeTM FastCastTM Acrylamide Kit (Bio-Rad). The membranes were 

blocked with 5% nonfat dry milk in TBS + 0.1% Tween-20 (TBST) for 1 h and incubated 

overnight at 4 °C with the following primary antibodies in Bond Primary Antibody Dilu-

ent: rabbit anti-NLRP3 (dilution 1:1000, ab263899, Abcam, Cambridge, UK), rabbit anti-

caspase-1 (dilution 1:1000, ab 179515, Abcam, Cambridge, UK), rabbit anti-IL-18 (dilution 

1:1000, ab191860, Abcam, Cambridge, UK), rabbit anti-IL-1β (dilution 1:1000, ab 234437, 

Abcam, Cambridge, UK), rabbit anti-CRMP2 (dilution 1:20,000, ab129082, Abcam, Cam-

bridge, UK), mouse anti-α-tubulin (dilution 1:5000, ab7291, Abcam, Cambridge, UK) and 

rabbit anti-GAPDH (dilution 1:1000, ab181602, Abcam, Cambridge, UK). After being 

washed thrice in TBST, the membranes were incubated with secondary antibodies (HRP-

labelled goat anti-rabbit IgG, 1:5000; goat anti-mouse IgG, 1:10,000, Abcam, Cambridge, 

UK) at room temperature for 1 h. The proteins were detected by the Bio-Rad ChemiDoc 

Touch Image System (Bio-Rad), and the results were standardized to the GAPDH band at 

37 kDa as an internal control with Bio-Rad software. 

2.11. Immunofluorescence 

For immunofluorescence staining, samples were dehydrated by graded ethanol, em-

bedded in paraffin and sliced into 5 μm thick sections. Iba1 is a marker of microglial acti-

vation, and the increased expression of IBA1 denotes increased microglial activation. Sec-

tions were incubated at 4 °C overnight with Iba1 antibody (Abcam, ab178847, Cambridge, 

UK). After being rinsed in PBS thrice (5 min/time), the sections had secondary antibodies 

goat-anti-rabbit IgG (Cy3) (Abcam; 1:200) applied to them at room temperature for 1 h. 

Then, they were rinsed thrice (5 min/time) in 100 mM PBS. After mounting with Antifade 

Mounting Medium with DAPI (VECTOR, H-1200), pictures were obtained with the auto-

matic fluorescence microscope (Olymplus, Tokyo, Japan). The IOD of Iba1 was measured 

by Image J, version 8.0 (National Institutes of Health, Bethesda, MD, USA). 

2.12. Histopathological Examination and Immunohistochemical Staining 

For histological staining, 5 μm thick tissue sections were cut from the skin paraffin 

sections and stained with H&E to observe pathological changes in the mice's skin lesions. 

The histopathological changes were observed and photographed under a microscope 

(Olympus, Tokyo, Japan). The epidermal thickness was measured by Image Pro Plus soft-

ware, version 8.0 (Media Cybernetics, Rockville, MD, USA). For immunohistochemical 

staining, the tissue sections (5 μm) were stained with rabbit anti-NLRP3 (dilution 1:200, 

ab263899, Abcam, Cambridge, UK). The expression at the positive spots was evaluated by 

microscopy (Olympus,Tokyo, Japan). The positive expression was measured by Image J 

software, version 8.0 (Rawak Software Inc, Stuttgart, Germany). 

2.13. Statistical Analysis 

The results are presented as the means ± standard errors of the means (SEM). SPSS 

software, version 22 (IBM Corp., Armonk, NY, USA) and GraphPad Prism software ver-

sion 8.0 for Windows (GraphPad Software, Inc., San Diego, CA, USA) were used for the 

analysis. The Kolmogorov–Smirnov normality test and the variance homogeneity test 

were used to ensure that the normality and variance heterogeneity assumptions were met. 

Statistical comparisons were made using a t-test or one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test. Statistical significance was considered if the 

p-value was < 0.05. 
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3. Results 

3.1. The Skin Lesions of Psoriasis-Like Female Mice 

Firstly, we detected the changes in hypertrophic scales, erythema, thickness and in-

flammation infiltration in the skin lesions of female mice induced by imiquimod after 9 

days. As shown in Figure 2, the PASI scores of the IMQ group were significantly increased 

compared to the NC group (p < 0.0001) on day 9, indicating that the psoriasis-like skin 

lesion model was successfully induced. Then, we carried out pathological H&E staining, 

finding that epidermal thickness in the IMQ group was significantly increased (p < 0.0001) 

compared to the NC group. We also carried out immunohistochemical testing, with 

NLRP3 being found to be increasingly expressed in the back skin lesions of the IMQ group 

compared to the NC group (p < 0.0001), but there existed no differences among the NMS, 

MS15 and MS180 groups. 

 

Figure 2. (A) The trend of PASI score in mice with skin lesions, which includes erythema score, 

scales score, thickness score, and cumulative score. Cumulative score = (Erythema score + Scales 

score + Thickness score). (B) Histopathological alterations in skin lesions following H&E staining 

(200), scale bar = 50 m. (C) Mice epidermal thickness in each group. ### p < 0.001 vs. the NC; *** p < 

0.001 vs. the NMS; n = 10. (D) The immunohistochemical changes of NLRP3 in skin lesions (×200), 

scale bar = 50 µm. 

3.2. Anxiety and Depressive-Like Behaviors in Psoriasis-Like Female Mice 

After IMQ modeling, we investigated the depressive- and anxiety-like behaviors in 

female mice using the OFT, EPM, SPT and TST. As shown in Figure 3A,B, the frequency 

of entering the center and time spent in the center were significantly decreased in the IMQ 

group compared to the NC group (the frequency of entering the center: t = 2.791, p < 0.0001; 

time spent in the center: t = 3.279, p < 0.0001). As shown in Figure 3C,D, compared with 

the NC group, the IMQ group showed significant decreases in the frequency of entering 

the open arms and time spent in the open arms (the frequency of entering the open arms: 
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t = 2.747, p < 0.05; time spent in the open arms: t = 4.027, p < 0.001). As shown in Figure 

3E,F, mice in the IMQ group showed a lower sucrose preference ratio (t = 6.533, p < 0.0001) 

and more immobility time in the TST compared with the NC group (t = 8.016, p < 0.0001). 

 

Figure 3. Behavioral deficits in IMQ induced psoriasis-like female mice without experiencing MS. 

(A) The frequencies of entering the center; (B) time in the center in the OFT. (C) The frequencies of 

entering the center; (D) time in the open arms in the EPM. (E) The sucrose preference ratio in the 

SPT. (F) Immobility time in the TST. Each value represents the mean ± SEM. n = 8 animals per group. 

Two groups (NC, IMQ) were analyzed using t-test (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 

0.0001). 

3.3. Neuroinflammation Changes in Psoriasis-Like Female Mice 

We investigated several neuroinflammation biomarkers in the hippocampus to ex-

plore the possible mechanisms of behavior deficits in psoriasis-like mice. As shown in 

Figure 4A–D, compared to the NC group, the protein expression of NLRP3, caspase-1, IL-

18 and IL-1β in the IMQ group were significantly higher (NLRP3: t = 2.745, p < 0.05; 

caspase-1: t = 3.614, p < 0.05; IL-18: t = 4.263, p < 0.01; IL-1β: t = 4.008, p < 0.01). 

As shown in Figure 5A,B, the immunofluorescence results for iba1 demonstrated that 

the activation of iba1 in the IMQ group was significantly higher than that in the NC group 

(t = 3.221, p < 0.05). 

3.4. Neuroplasticity Changes in Psoriasis-Like Female Mice 

Then, we detected the expression of several typical biomarkers of neuroplasticity. As 

shown in Figure 4E,F, compared with the NC group, the protein expression of CRMP2 

and α-tubulin was significantly lower in the IMQ group (CRMP2: t = 4.054, p < 0.01; α-

tubulin: t = 3.172, p < 0.05). 
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Figure 4. Hippocampal protein levels of neuroinflammation and neuroplasticity biomarkers in 

mice. Western blot analysis of (A) NLRP3, (B) caspase-1, (C) IL-18, (D) IL-1β, (E) CRMP2, and (F) α-

tubulin protein expression. (G) Densitometry analyses of the bands. Each value represents the mean 

± SEM. n = 4 animals per group. Two groups (NC, IMQ) were analyzed using t-test (* p < 0.05, ** p < 

0.01). 

 

Figure 5. Iba1 immunoreactivity of microglia in the hippocampus of female mice. (A) Representative 

images of labeling for Iba1. (B) The integral optical density (IOD) of Iba1+ cells in hippocampus 

(×200), scale bar = 50 µm. Each value represents the mean ± SEM. n = 4 animals per group. Two 

groups (NC, IMQ) were analyzed using t-test (* p < 0.05). 

3.5. Brief MS Promoted Resilience to Behavior Deficits in Psoriasis-Like Female Offspring 

In the second experiment, we explored the effects of different types of maternal sep-

aration on female offspring with a psoriasis-like disease. In the OFT, significant differ-

ences were found among the three groups in the frequency of entering the center (F (2, 27) 

= 5.582, p = 0.0094, Figure 6A) and the time spent in the center (F (2, 27) = 16.43, p < 0.0001, 

Figure 6B). In the following post hoc analysis, the frequency of entering the center was 

found to be significantly higher in the MS15 group than that in the NMS group and MS180 

group (Both p < 0.05), but there was no difference between the NMS group and MS180 

group (p = 0.9870). The time spent in the center for the MS15 group was greater than that 

for the NMS group and MS180 group (MS15 + CRS and NMS + CRS, p < 0.001, MS15 + CRS 

and MS180 group, p < 0.0001), but no significant difference was observed between the 

MS180 and NMS groups (p = 0.6532). 
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Figure 6. Brief PS during lactation conferred stress resilience to behavioral deficits in IMQ-induced 

psoriasis-like female mice. (A) The frequencies of entering the center; (B) time in the center in the 

OFT. (C) The frequencies of entering the center; (D) time in open arms in the EPM. (E) The sucrose 

preference ratio in the SPT. (F) Immobility time in the TST. Each value represents the mean ± SEM. 

n = 10 animals per group. Three groups were analyzed using ANOVA followed by a post hoc anal-

ysis (ns p > 0.05, * p < 0.05, *** p < 0.001 and **** p < 0.0001). 

In the EPM test, significant differences were found among the three groups in the 

frequency of entering the open arms (F (2, 27) = 14.52, p < 0.0001, Figure 6C) and the time 

spent in the open arms (F (2, 27) = 6.325, p = 0.0056, Figure 6D). In the following post hoc 

analysis, the frequency of entering the open arms was found to be significantly higher in 

the MS15 group than in the NMS group and MS180 group (MS15 + CRS and NMS + CRS, 

p = 0.0001, MS15 + CRS and MS180 group, p < 0.0001), but no significant difference was 

observed between the MS180 and NMS group (p = 0.8311). The time spent in the open 

arms for the MS15 group was significantly higher than that for the NMS group and MS180 

group (MS15 + CRS and NMS + CRS, p < 0.05, MS15 + CRS and MS180 group, p < 0.05), but 

no significant difference was observed between the MS180 and NMS group (p = 0.9784). 

In the SPT, significant differences were found among the three groups in the fre-

quency of entering the open arms (F (2, 27) = 23.08, p < 0.0001, Figure 6E). In the following 

post hoc analysis, the sucrose preference ratio of the MS15 group was found to be lower 

compared to that of the NMS group and MS180 group (MS15 + CRS and NMS + CRS, p < 

0.0001, MS15 + CRS and MS180 group, p < 0.0001), while no difference was found between 

the NMS group and MS180 group (p = 0.9543). 

In the TST, significant differences were found among the three groups in the immo-

bility time (F (2, 27) = 80.89, p < 0.0001, Figure 6F). In the following post hoc analysis, the 

immobility time of the MS15 group was lower compared to the NMS group and MS180 

group (MS15 + CRS and NMS + CRS, p < 0.0001, MS15 + CRS and MS180 group, p < 0.0001), 

while no difference was found between the NMS group and MS180 group (p = 0.1411). 
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3.6. MS15 Protocol Inhibited Activation of Neuroinflammation in the Hippocampus of Female 

Mice Resilience to Behavior Deficits 

We then explored whether different types of maternal separation affected the activa-

tion of several inflammatory cytokines in the hippocampus of psoriasis-like female off-

spring. As shown in Figure 7A–D, significant differences were found in the protein ex-

pression of NLRP3, caspase-1, IL-18 and IL-1β among the three groups (NLRP3: F (2, 12) 

= 6.306, p = 0.0134; caspase-1: F (2, 12) = 4.777, p = 0.0298; IL-18: F (2, 12) = 5.136, p = 0.0245; 

IL-1β: F (2, 12) = 4.127, p = 0.0433). 

 

Figure 7. Hippocampal protein levels of neuroinflammation and neuroplasticity biomarkers in 

IMQ-induced psoriasis-like female mice with different MS protocols. Western blot analysis of (A) 

NLRP3, (B) caspase-1, (C) IL-18, (D) IL-1β, (E) CRMP2, and (F) α-tubulin protein expression. (G) 

Densitometry analyses of the bands. NMS, MS15 and MS180 groups were concluded. Each value 

represents the mean ± SEM. n = 5 animals per group. All 3 groups were analyzed using ANOVA 

followed by a post hoc analysis (ns p > 0.05, * p < 0.05). 

Then, in post hoc analysis, the protein expression of NLRP3 in the MS15 group was 

found to be lower than that in the NMS group and MS180 group (Both p < 0.05), but no 

difference was found between the NMS group and MS180 group (p = 0.9943). The protein 

expression of caspase-1 in the MS15 group was lower than in the MS180 group (p < 0.05), 

but no difference was found between the NMS group and MS15 group (p = 0.0547), and 

no difference was found between the NMS group and MS180 group either (p = 0.9925). 

Further, compared with the NMS group, the protein expression of IL-18 and IL-1β was 

significantly lower in the MS15 group (Both p < 0.05), but no difference was found between 

the MS15 group and MS180 group, and no differences were found between the NMS 

group and MS180 group either. 

As shown in Figure 8A–B, significant differences were found in the IOD of Iba1 + 

cells among the three groups (F (2, 12) = 5.175, p = 0.0240). Then, in the post hoc analysis, 

the IOD of iba1 + cells was found to be lower in the MS15 group compared to the MS180 

group (p < 0.05), but there was no difference between the NMS group and MS15 group, 

nor between the NMS group and MS180 group. 
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Figure 8. Iba1 immunoreactivity of microglia in hippocampus of IMQ-induced psoriasis-like female 

mice with different MS protocols. (A) Representative images of labeling for Iba1. (B) The integral 

optical density (IOD) of Iba1+ cells in hippocampus (×200), scale bar = 50 µm. NMS, MS15 and MS180 

groups were concluded. Each value represents the mean ± SEM. n = 5 animals per group. All 3 

groups were analyzed using ANOVA followed by a post hoc analysis (ns p > 0.05, * p < 0.05). 

3.7. MS15 Protocol Inhibited Hippocampal Neuroplastic Injury in Female Mice Resilience to 

Behavior Deficits 

We further explored the effect of different types of maternal separation on the hip-

pocampal neuroplasticity of psoriasis-like female offspring. As shown in Figure 7E–F, sig-

nificant differences were found in the protein expression of CRMP2 and α-tubulin among 

the three groups (CRMP2: F (2, 12) = 6.257, p = 0.0138; α-tubulin: F (2, 12) = 4.668, p = 

0.0317). 

Then, in post hoc analysis, the protein expression levels of CRMP2 and α-tubulin 

were both higher in the MS15 group compared to the MS180 group (both p < 0.05), but 

there was no difference between the NMS group and MS15 group, nor between the NMS 

group and MS180 group. 

4. Discussion 

This study firstly explored the effect of IMQ on behavioral phenotypes in female 

adult mice who did not experience maternal separation in early life. Then, it investigated 

the effect of different types of maternal separation on depressive- and anxiety-like behav-

iors in female offspring with IMQ-induced psoriasis, as well as the underlying mechanism 

with regard to neuroinflammation and neuroplasticity. We firstly found that the IMQ-

induced psoriasis-related female mice showed depressive- and anxiety-like behaviors, 

which were associated with microglial activation, the up-regulation of NLRP3, Caspase-

1, IL-18, and IL-1β, and the down-regulation of CRMP2 and α-tubulin. Then, we found 

that the MS15 procedure promoted resilience to behavioral deficits in female mice with 

psoriasis: microglial activation and the NLRP3 pathway were inhibited, and CRMP2 and 

α-tubulin were increased in the MS15 mice. 

We firstly explored behavioral responsiveness in mice using the OFT, EPM, SPT and 

TST. In this study, after IMQ application, the mice showed significant decreases in the 

time spent in the center/open arms and the frequency of entering the center/open arms in 

the OFT and EPM, decreased sucrose preference in the SPT and increased immobility in 

the TST with psoriasis-like skin lesions on their backs. These indicated that the female 
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mice with psoriasis-like skin lesions showed significant anxiety-like and depressive-like 

behaviors, which was consistent with a recent study’s findings [4]. 

Inflammation has been proven to play an important role in the pathology of depres-

sion. NLRP3 is an intracellular multi-protein complex that links the perception of danger 

to the proteolytic activation of pro-inflammatory cytokines. When NLRP3 is activated, it 

activates Caspase-1 and promotes the conversion of pro-IL-1β into bioactive IL-1β, which 

causes an inflammatory response. IL-18 is a member of the cytokine interleukin family, 

which is widely expressed in activated microglia, astrocytes and neuronal cells. Microglia 

are key immune cells in the brain. In response to stress, microglia change into the activated 

phenotype, which stimulates the activation of NLRP3 and the secretion of downstream 

inflammatory factors, including IL-18 and IL-1β [27]. In our study, we firstly detected the 

expression of neuroinflammation in the hippocampus of mice without maternal separa-

tion and found significantly increased expression levels of NLRP3, Caspase-1, IL-1β, and 

IL-18, and the upregulation of microglia activation, indicating hippocampal neuroinflam-

mation was increased in mice with psoriasis-like skin lesions. Previous studies have also 

revealed that the activation of NLRP3 plays an important role in different animal models 

with anxiety-like and depressive-like behaviors [28,29]. Furthermore, the inhibitors of 

NLRP3 have often been exhibited to prevent depressive-like behaviors in animals [30,31]. 

Much research has reported significant activation of microglia in depressive animal mod-

els induced by LPS injection [30,32]; further, in stress-induced non-inflammatory depres-

sion models, the activation of microglia has also been found to play an important role [33], 

which is consistent with our findings. 

The activation of neuroinflammation and the release of some inflammatory factors 

promote damage to neuroplasticity. α-tubulin is one of the main components of the mi-

crotube system, and CRMP2 interacts directly with α-tubulin to modulate its function 

[34,35]. CRMP2 can affect neuroplasticity through its interaction with α-tubulin [36]. 

CRMP2 is also related to the mechanism of the repair and regeneration of adult brain 

neurons [37]. Many previous studies found that in mice with depressive-like behaviors 

induced by chronic stress, the expression of CRMP2 was significantly decreased, and the 

neuroplasticity in the hippocampus showed significant injury [10,38]; however, the neu-

roplasticity in the hippocampus was enhanced after some measures that can improve or 

prevent depressive-like behaviors were taken [39–41]. In this study, we found that there 

was a significant down-regulation of CRMP2 and α-tubulin in the hippocampus of psori-

asis-like mice without maternal separation, which represented damage to the neuroplas-

ticity in the hippocampus. 

Maternal separation is a widely used paradigm to study the effect of early-life expe-

rience on brain development and resilience to psychopathology in rodents. In this study, 

after we found behavioral deficits in psoriasis female mice, we further explored the effects 

of different MS procedures on the behavior responsiveness in psoriasis mice. Notably, the 

psoriasis mice under the MS15 procedure showed resilience to behavioral deficits. Specif-

ically, compared with NMS, MS15 led to increased time in the center and an increased 

frequency of entering the center in the OFT and EPM, increased sucrose preference in the 

SPT and decreased immobility time in the TST, which indicated the phenomenon of resil-

ience. However, the psoriasis mice under the MS180 procedure showed significant behav-

ioral deficits compared with those without maternal separation. In recent years, the effect 

of resilience on the prevention of depression has attracted increasing attention [42]. Our 

previous study showed that mice with brief MS revealed resistance to the emergence of 

anxiety-like and depressive-like behaviors caused by chronic stress re-exposure later in 

life, which is consistent with the present results [17]. In the present study, MS180 did not 

aggravate depressive-like behaviors in mice following IMQ, which means that maternal 

separation only increased the sensitivity of mice to stress but not the severity of depres-

sive-like behaviors. 

Interestingly, the relationship between stress exposure and the stress response is sub-

tle. Moderate stress exposure can promote positive coping responses and produce stress 
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resistance. In this study, when pups experienced prolonged daily maternal deprivation 

after birth, they showed higher sensitivity to subsequent stressors in adulthood. However, 

if stress exposure in early life is less severe, it can have the effect of promoting recovery, a 

process known as stress inoculation. Studies have shown that pups exposed to moderate 

life stress after birth displayed lower plasma levels of corticotropin-releasing hormone 

and an attenuated stress-induced increase in plasma corticosterone than undisturbed 

pups and pups exposed to prolonged maternal separation [43]. Additionally, the expres-

sion of plasma glucocorticoids has been proven to facilitate NLRP3 induction and inflam-

masome formation and thus promote activation of the inflammatory response and the 

release of pro-inflammatory cytokines such as IL-1β [44]. 

Notably, in our study, there were no significant differences in the activation of 

NLRP3 in skin lesions in mice which underwent different MS procedures. However, after 

brief MS in early life, mice with psoriasis-like skin lesions showed decreased activation of 

microglia and decreased expression of the NLRP3/Caspase-1/IL-1β pathway in the hippo-

campus, which suggests that even though brief MS did not inhibit the activation of skin 

inflammation, brief MS may have prevented depressive-like behaviors by inhibiting mi-

croglial activation in adulthood. Our previous study found that male mice with long ma-

ternal separation and mice which did not experience maternal separation all had increased 

sensitivity to chronic stress and inflammatory activation in adulthood, while mice with 

brief maternal separation showed resilience to chronic stress, results which are consistent 

with this study. Other studies have shown that brief maternal separation can damage the 

development and maturation of microglial cells, which may be the potential mechanism 

that the maternal separation procedure affects, leading to the activation of neuroinflam-

mation in adulthood [45,46]. Meanwhile, corticosterone levels and oxidative stress activa-

tion have been found to be significantly higher in rodents after long maternal separation 

[47]. In another study, neuronal development and maturation in the hippocampus were 

impaired in female offspring with long maternal separation, leading to deficits in learning 

and memory, whereas neuronal development was normal in offspring with brief maternal 

separation [48]. A clinical study also showed that children who were separated from their 

mothers for a long period of time had an increased burden of inflammation and a higher 

risk of psychiatric disease [49]. 

Enhanced neuroplasticity has been proven to prevent and improve depressive-like 

behaviors in rodents. The activation of inflammation has been found to accelerate damage 

to neuroplasticity [50]. However, anti-depressive drugs have been proven to improve neu-

roplasticity, reversing depressive-like behaviors [51]. Our previous study found that neu-

roplasticity was involved in resilience in LPS-induced acute depressive-like behaviors in 

dams [52]. Further, early life experience has been found to play an important role in the 

development of neuroplasticity [53,54]. Long maternal separation was found to accelerate 

damage to hippocampal neuroplasticity in mice, promoting the development of depres-

sion, while brief maternal separation improved neuroplasticity in mice, promoting re-

sistance to depressive-like and anxiety-like behaviors induced by chronic stress [17]. Then, 

in this study, we found that brief maternal separation inhibited neuroplasticity injury in 

female adult mice following IMQ application, and brief maternal separation inhibited mi-

croglial activation. We propose that brief maternal separation may restore neuroplasticity 

by inhibiting the activation of microglia. This provides a possible neurobiological mecha-

nism for resilience to depression. 

The realization of brain function depends on changes in neural activity, which is 

based on synaptic plasticity. Microglia have been found to regulate synaptic plasticity. 

Recent studies have confirmed the interaction between neurons and microglia, which can 

promote synapse remodeling in the hippocampus [55]. Meanwhile, the activation of mi-

croglia can promote damage to α-tubulin, leading to the occurrence of mental diseases 

[56]. Activated microglia have been found to cause tau-induced synaptic loss and memory 

deficits [57]. NLRP3 has been found to cause deficits in synaptic plasticity in animal mod-

els of Alzheimer’s disease [58]. Peripheral monocytes have been found to cause changes 
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in cortical neurons and synapses through NLRP3-dependent IL-1β, and reducing the pe-

ripheral active NLRP3 inflammasome can reverse the defects in neurons and synapses in 

the brain [59]. The protective effect of CRMP2 on neuroplasticity may contribute to re-

sistance to neuroinflammation [60]. However, more research is needed to investigate the 

underlying mechanism. 

5. Conclusions 

In our study, mice with brief MS in early life showed resilience to psoriasis-related 

anxiety and depressive-like behaviors in female mice, with neuroinflammation activation 

and neuroplasticity injury in the hippocampus inhibited. In both humans and mammals, 

maternal separation may affect the development of neuroplasticity, neuroinflammation 

and other mechanisms and change the process of neural development, thus changing the 

body’s resistance to stress in adulthood. Our study provides further evidence for the ben-

eficial effect of brief MS and the potential mechanism underlying this, which may be a 

new strategy for the prevention of depression. 

Author Contributions: G.W. participated in the design of the experiments. L.Z. carried out the ex-

periment and drafted the manuscript. Z.W. and Y.L. carried out the behavioral tests and performed 

the statistical analysis. L.X. and H.W. advised on the experimental design and helped to draft the 

manuscript. All authors have read and agreed to the published version of the manuscript. 

Funding: This study was supported by the National Natural Science Foundation of China (No. 

81571325, 81871072 and 82071523) and the Medical Science Advancement Program of Wuhan Uni-

versity (NO. TFLC2018001). The design of this study was supported by the key research and devel-

opment program of Hubei Province (2020BCA064). 

Institutional Review Board Statement: This work was carried out based on the Regulations of Ex-

perimental Animal Administration issued by the State Committee of Science and Technology of the 

People’s Republic of China, with the approval of the Ethics Committee in Renmin Hospital of Wu-

han University. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data will be made available on request. 

Conflicts of Interest: The authors declared no conflict of interest. 

References 

1. Bell, K.A.; Balogh, E.A.; Feldman, S.R. An update on the impact of depression on the treatment of psoriasis. Expert Opin. Pharm. 
2021, 22, 695–703. 

2. Stewart, T.J.; Tong, W.; Whitfeld, M.J. The associations between psychological stress and psoriasis: A systematic review. Int. J. 
Derm. 2018, 57, 1275–1282. 

3. Rabeony, H.; Pohin, M.; Vasseur, P.; Petit-Paris, I.; Jégou, J.F.; Favot, L.; Frouin, E.; Boutet, M.A.; Blanchard, F.; Togbe, D.; et al. 
IMQ-induced skin inflammation in mice is dependent on IL-1R1 and MyD88 signaling but independent of the NLRP3 inflam-
masome. Eur. J. Immunol. 2015, 45, 2847–2857. 

4. Guo, J.; Liu, Y.; Guo, X.; Meng, Y.; Qi, C.; Zhao, J.; Di, T.; Zhang, L.; Guo, X.; Wang, Y.; et al. Depressive-like behaviors in mice 
with Imiquimod-induced psoriasis. Int. Immunopharmacol. 2020, 89 Pt B, 107057. 

5. Troubat, R.; Barone, P.; Leman, S.; Desmidt, T.; Cressant, A.; Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.; et 
al. Neuroinflammation and depression: A review. Eur. J. Neurosci. 2021, 53, 151–171. 

6. Liu, W.; Ge, T.; Leng, Y.; Pan, Z.; Fan, J.; Yang, W.; Cui, R. The Role of Neural Plasticity in Depression: From Hippocampus to 
Prefrontal Cortex. Neural. Plast. 2017, 6871089. 

7. Di Filippo, M.; Sarchielli, P.; Picconi, B.; Calabresi, P. Neuroinflammation and synaptic plasticity: Theoretical basis for a novel, 
immune-centred, therapeutic approach to neurological disorders. Trends Pharm. Sci. 2008, 29, 402–412. 

8. Zheng, Z.H.; Tu, J.L.; Li, X.H.; Hua, Q.; Liu, W.Z.; Liu, Y.; Pan, B.X.; Hu, P.; Zhang, W.H. Neuroinflammation induces anxiety- 
and depressive-like behavior by modulating neuronal plasticity in the basolateral amygdala. Brain Behav. Immun. 2021, 91, 505–
518. 

9. Xiang, D.; Xiao, J.; Sun, S.; Fu, L.; Yao, L.; Wang, G.; Liu, Z. Differential Regulation of DNA Methylation at the CRMP2 Promoter 
Region. Between the Hippocampus and Prefrontal Cortex in a CUMS Depression Model. Front. Psychiatry 2020, 11, 141. 

10. Li, W.; Liu, X.; Qiao, H. Downregulation of hippocampal SIRT6 activates AKT/CRMP2 signaling and ameliorates chronic stress-
induced depression-like behavior in mice. Acta Pharm. Sin. 2020, 41, 1557–1567. 

11. Wei, Y.; Wang, G.; Chen, J.; Xiao, L.; Wu, Z.; He, J.; Zhang, N. Maternal deprivation induces cytoskeletal alterations and depres-
sive-like behavior in adult male rats by regulating the AKT/GSK3β/CRMP2 signaling pathway. Physiol. Behav. 2021, 242, 113625. 



Brain Sci. 2022, 12, 1250 15 of 16 
 

12. Robakis, T.K.; Watson-Lin, K.; Wroolie, T.E.; Myoraku, A.; Nasca, C.; Bigio, B.; McEwen, B.; Rasgon, N.L. Early life adversity 
blunts responses to pioglitazone in depressed, overweight adults. Eur. Psychiatry 2019, 55, 4–9. 

13. Shen, S.; Chen, Z.; Qin, X.; Zhang, M.; Dai, Q. Remote and adjacent psychological predictors of early-adulthood resilience: Role 
of early-life trauma, extraversion, life-events, depression, and social-support. PLoS ONE 2021, 16, e0251859. 

14. Fletcher, J.M. Childhood mistreatment and adolescent and young adult depression. Soc. Sci. Med. 2009, 68, 799–806. 
15. Peng, A.; Qiu, X.; Ji, S.; Hu, D.; Dong, B.; Song, T.; Huang, C.; Chen, L. The impact of childhood parental loss on risk for depres-

sion and anxiety in adulthood: A community-based study in Southwest China. J. Affect. Disord. 2022, 298 Pt A, 104–109. 
16. McKay, M.T.; Cannon, M.; Chambers, D.; Conroy, R.M.; Coughlan, H.; Dodd, P.; Healy, C.; O’Donnell, L.; Clarke, M.C. Child-

hood trauma and adult mental disorder: A systematic review and meta-analysis of longitudinal cohort studies. Acta Psychiatry 
Scand. 2021, 143, 189–205. 

17. Zhou, L.; Wu, Z.; Wang, G.; Xiao, L.; Wang, H.; Sun, L.; Xie, Y. Long-term maternal separation potentiates depressive-like be-
haviours and neuroinflammation in adult male C57/BL6J mice. Pharm. Biochem. Behav. 2020, 196, 172953. 

18. Calpe-López, C.; Martínez-Caballero, M.A.; García-Pardo, M.P.; Aguilar, M.A. Brief Maternal Separation Inoculates Against the 
Effects of Social Stress on Depression-Like Behavior and Cocaine Reward in Mice. Front. Pharm. 2022, 13, 825522. 

19. Vetulani, J. Early maternal separation: A rodent model of depression and a prevailing human condition. Pharm. Rep. 2013, 65, 
1451–1461. 

20. Plotsky, P.M.; Thrivikraman, K.V.; Nemeroff, C.B.; Caldji, C.; Sharma, S.; Meaney, M.J. Long-term consequences of neonatal 
rearing on central corticotropin-releasing factor systems in adult male rat offspring. Neuropsychopharmacology 2005, 30, 2192–
2204. 

21. Wei, Y.; Wang, G.; Wang, H.; He, J.; Zhang, N.; Wu, Z.; Xiao, L.; Yang, C. Sex-dependent impact of different degrees of maternal 
separation experience on OFT behavioral performances after adult chronic unpredictable mild stress exposure in rats. Physiol. 
Behav. 2018, 194, 153–161. 

22. Zhang, Y.; Su, W.J.; Chen, Y.; Wu, T.Y.; Gong, H.; Shen, X.L.; Wang, Y.X.; Sun, X.J.; Jiang, C.L. Effects of hydrogen-rich water on 
depressive-like behavior in mice. Sci. Rep. 2016, 6, 23742. 

23. Zhang, Y.; Liu, L.; Liu, Y.Z.; Shen, X.L.; Wu, T.Y.; Zhang, T.; Wang, W.; Wang, Y.X.; Jiang, C.L. NLRP3 Inflammasome Mediates 
Chronic Mild Stress-Induced Depression in Mice via Neuroinflammation. Int. J. Neuropsychopharmacol. 2015, 18, pyv006. 

24. Kraeuter, A.K.; Guest, P.C.; Sarnyai, Z. The Open Field Test. for Measuring Locomotor Activity and Anxiety-Like Behavior. 
Methods Mol. Biol. 2019, 1916, 99–103. 

25. Kraeuter, A.K.; Guest, P.C.; Sarnyai, Z. The Elevated Plus Maze Test. for Measuring Anxiety-Like Behavior in Rodents. Methods 
Mol. Biol. 2019, 1916, 69–74. 

26. Cryan, J.F.; Mombereau, C.; Vassout, A. The tail suspension test as a model for assessing antidepressant activity: Review of 
pharmacological and genetic studies in mice. Neurosci. Biobehav. Rev. 2005, 29, 571–625. 

27. Stein, D.J.; Vasconcelos, M.F.; Albrechet-Souza, L.; Ceresér, K.; de Almeida, R. Microglial Over-Activation by Social Defeat Stress 
Contributes to Anxiety-and Depressive-Like Behaviors. Front. Behav. Neurosci. 2017, 11, 207. 

28. Xu, Y.; Sheng, H.; Bao, Q.; Wang, Y.; Lu, J.; Ni, X. NLRP3 inflammasome activation mediates estrogen deficiency-induced de-
pression- and anxiety-like behavior and hippocampal inflammation in mice. Brain Behav. Immun. 2016, 56, 175–186. 

29. Zhang, Y.; Huang, R.; Cheng, M.; Wang, L.; Chao, J.; Li, J.; Zheng, P.; Xie, P.; Zhang, Z.; Yao, H. Gut microbiota from NLRP3-
deficient mice ameliorates depressive-like behaviors by regulating astrocyte dysfunction via circHIPK2. Microbiome 2019, 7, 116. 

30. Arioz, B.I.; Tastan, B.; Tarakcioglu, E.; Tufekci, K.U.; Olcum, M.; Ersoy, N.; Bagriyanik, A.; Genc, K.; Genc, S. Melatonin Attenu-
ates LPS-Induced Acute Depressive-Like Behaviors and Microglial NLRP3 Inflammasome Activation Through the SIRT1/Nrf2 
Pathway. Front. Immunol. 2019, 10, 1511. 

31. Xie, J.; Bi, B.; Qin, Y.; Dong, W.; Zhong, J.; Li, M.; Cheng, Y.; Xu, J.; Wang, H. Inhibition of phosphodiesterase-4 suppresses 
HMGB1/RAGE signaling pathway and NLRP3 inflammasome activation in mice exposed to chronic unpredictable mild stress. 
Brain Behav. Immun. 2021, 92, 67–77. 

32. Bassett, B.; Subramaniyam, S.; Fan, Y.; Varney, S.; Pan, H.; Carneiro, A.; Chung, C.Y. Minocycline alleviates depression-like 
symptoms by rescuing decrease in neurogenesis in dorsal hippocampus via blocking microglia activation/phagocytosis. Brain 
Behav. Immun. 2021, 91, 519–530. 

33. Wohleb, E.S.; Terwilliger, R.; Duman, C.H.; Duman, R.S. Microglia-Mediated Neuronal Remodeling and Depressive-like Behav-
ior. Biol. Psychiatry 2018, 83, 38–49. 

34. Zheng, Y.; Sethi, R.; Mangala, L.S.; Taylor, C.; Goldsmith, J.; Wang, M.; Masuda, K.; Carrami, E.M.; Mannion, D.; Miranda, F.; et 
al. Tuning microtubule dynamics to enhance cancer therapy by modulating FER-mediated CRMP2 phosphorylation. Nat. Com-
mun. 2018, 9, 476. 

35. Wilson, S.M.; Moutal, A.; Melemedjian, O.K.; Wang, Y.; Ju, W.; François-Moutal, L.; Khanna, M.; Khanna, R. The functionalized 
amino acid (S)-Lacosamide subverts CRMP2-mediated tubulin polymerization to prevent constitutive and activity-dependent 
increase in neurite outgrowth. Front. Cell Neurosci. 2014, 8, 196. 

36. Wu, Z.; Wang, G.; Wang, H.; Xiao, L.; Wei, Y.; Yang, C. Fluoxetine exposure for more than 2 days decreases the neuronal plas-
ticity mediated by CRMP2 in differentiated PC12 cells. Brain Res. Bull. 2020, 158, 99–107. 

37. Fang, W.; Gao, G.; Zhao, H.; Xia, Y.; Guo, X.; Li, N.; Li, Y.; Yang, Y.; Chen, L.; Wang, Q.; Li, L. Role of the Akt/GSK-3β/CRMP-2 
pathway in axon degeneration of dopaminergic neurons resulting from MPP+ toxicity. Brain Res. 2015, 1602, 9–19. 

38. Liu, N.; Wang, Y.; An, A.Y.; Banker, C.; Qian, Y.H.; O’Donnell, J.M. Single housing-induced effects on cognitive impairment and 
depression-like behavior in male and female mice involve neuroplasticity-related signaling. Eur. J. Neurosci. 2020, 52, 2694–2704. 

39. Sun, L.; Wang, G.; Wu, Z.; Xie, Y.; Zhou, L.; Xiao, L.; Wang, H.Swimming exercise reduces the vulnerability to stress and con-
tributes to the AKT/GSK3β/CRMP2 pathway and microtubule dynamics mediated protective effects on neuroplasticity in male 
C57BL/6 mice. Pharm. Biochem. Behav. 2021, 211, 173285. 

40. Xu, X.; Xiao, X.; Yan, Y.; Zhang, T. Activation of liver X receptors prevents emotional and cognitive dysfunction by suppressing 
microglial M1-polarization and restoring synaptic plasticity in the hippocampus of mice. Brain Behav. Immun. 2021, 94, 111–124. 

41. Xie, Y.; Wu, Z.; Sun, L.; Zhou, L.; Xiao, L.; Wang, H.; Wang, G. Swimming exercise reverses chronic unpredictable mild stress-
induced depression-like behaviors and alleviates neuroinflammation and collapsing response mediator protein-2-mediated 
neuroplasticity injury in adult male mice. Neuroreport 2022, 33, 272–282. 



Brain Sci. 2022, 12, 1250 16 of 16 
 

42. O’Hara, M.W.; McCabe, J.E. Postpartum depression: Current status and future directions. Annu. Rev. Clin. Psychol. 2013, 9, 379–
407. 

43. Zajdel, J.; Zager, A.; Blomqvist, A.; Engblom, D.; Shionoya, K. Acute maternal separation potentiates the gene expression and 
corticosterone response induced by inflammation. Brain Behav. Immun. 2019, 77, 141–149. 

44. Busillo, J.M.; Azzam, K.M.; Cidlowski, J.A. Glucocorticoids sensitize the innate immune system through regulation of the 
NLRP3 inflammasome. J. Biol. Chem. 2011, 286, 38703–38713. 

45. Delpech, J.C.; Wei, L.; Hao, J.; Yu, X.; Madore, C.; Butovsky, O.; Kaffman, A. Early life stress perturbs the maturation of microglia 
in the developing hippocampus. Brain Behav. Immun. 2016, 57, 79–93. 

46. Walker, F.R.; Nilsson, M.; Jones, K. Acute and chronic stress-induced disturbances of microglial plasticity, phenotype and func-
tion. Curr. Drug Targets 2013, 14, 1262–1276. 

47. Malcon, L.; Wearick-Silva, L.E.; Zaparte, A.; Orso, R.; Luft, C.; Tractenberg, S.G.; Donadio, M.; de Oliveira, J.R.; Grassi-Oliveira, 
R. Maternal separation induces long-term oxidative stress alterations and increases anxiety-like behavior of male Balb/cJ mice. 
Exp. Brain Res. 2020, 238, 2097–2107. 

48. Reshetnikov, V.V.; Kovner, A.V.; Lepeshko, A.A.; Pavlov, K.S.; Grinkevich, L.N.; Bondar, N.P. Stress early in life leads to cogni-
tive impairments, reduced numbers of CA3 neurons and altered maternal behavior in adult female mice. Genes Brain Behav. 
2020, 19, e12541. 

49. Liu, W.; Zhang, A.; He, H.; Zhao, X.; Tao, F.; Sun, Y.nflammatory burden in adolescents with prolonged parent-child separation. 
Brain Behav. Immun. 2021, 98, 257–262. 

50. Brierley, S.M.; Linden, D.R. Neuroplasticity and dysfunction after gastrointestinal inflammation. Nat. Rev. Gastroenterol. Hepa-
tol. 2014, 11, 611–627. 

51. Levy, M.; Boulle, F.; Emerit, M.B.; Poilbout, C.; Steinbusch, H.; Van den Hove, D.; Kenis, G.; Lanfumey, L. 5-HTT independent 
effects of fluoxetine on neuroplasticity. Sci. Rep. 2019, 9, 6311. 

52. Wu, Z.; Wang, G.; Xiao, L.; Wei, Y.; Wang, H.; Zhou, L.; Sun, L. Resilience in the LPS-induced acute depressive-like behaviors: 
Increase of CRMP2 neuroprotection and microtubule dynamics in hippocampus. Brain Res. Bull. 2020, 162, 261–270. 

53. Bale, T.L.; Baram, T.Z.; Brown, A.S.; Goldstein, J.M.; Insel, T.R.; McCarthy, M.M.; Nemeroff, C.B.; Reyes, T.M.; Simerly, R.B.; 
Susser, E.S.; et al. Early life programming and neurodevelopmental disorders. Biol. Psychiatry 2010, 68, 314–319. 

54. Rincón-Cortés, M.; Sullivan, R.M. Early life trauma and attachment: Immediate and enduring effects on neurobehavioral and 
stress axis development. Front. Endocrinol. 2014, 5, 33. 

55. Nguyen, P.T.; Dorman, L.C.; Pan, S.; Vainchtein, I.D.; Han, R.T.; Nakao-Inoue, H.; Taloma, S.E.; Barron, J.J.; et al. Microglial 
Remodeling of the Extracellular Matrix Promotes Synapse Plasticity. Cell 2020, 182, 388–403.e15. 

56. Singhal, G.; Baune, B.T. Microglia: An Interface between the Loss of Neuroplasticity and Depression. Front. Cell Neurosci. 2017, 
11, 270. 

57. Largo-Barrientos, P.; Apóstolo, N.; Creemers, E.; Callaerts-Vegh, Z.; Swerts, J.; Davies, C.; McInnes, J.; Wierda, K.; De Strooper, 
B.; Spires-Jones, T.; et al. Lowering Synaptogyrin-3 expression rescues Tau-induced memory defects and synaptic loss in the 
presence of microglial activation. Neuron 2021, 109, 767–777.e5. 

58. Lonnemann, N.; Hosseini, S.; Marchetti, C.; Skouras, D.B.; Stefanoni, D.; D’Alessandro, A.; Dinarello, C.A.; Korte, M. The NLRP3 
inflammasome inhibitor OLT1177 rescues cognitive impairment in a mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. 
USA 2020, 117, 32145–32154. 

59. Chen, K.; Hu, Q.; Xie, Z.; Yang, G. Monocyte NLRP3-IL-1β Hyperactivation Mediates Neuronal and Synaptic Dysfunction in 
Perioperative Neurocognitive Disorder. Adv. Sci. 2022, 9, 2104106. 

60. Nagai, J.; Owada, K.; Kitamura, Y.; Goshima, Y.; Ohshima, T. Inhibition of CRMP2 phosphorylation repairs CNS by regulating 
neurotrophic and inhibitory responses. Exp. Neurol. 2016, 277, 283–295. 


