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According to the microglial hypothesis of schizophrenia, the hyperactivation of microglia and the release of proinflammatory cytokines lead to neuronal loss, which is highly related to the onset of schizophrenia. Recent studies have demonstrated that fractalkine (CX3CL1) and its receptor CX3CR1 modulate the function of microglia. Thus, the present study aimed to determine whether microglial CX3CR1 plays a role in schizophrenia-related behaviors. A classical animal model of schizophrenia, social isolation (from postnatal days 21–56), was used to induce schizophrenia-related behaviors in C57BL/6J and CX3CR1−/− mice, and the expression of the microglial CX3CR1 protein was examined in several brain areas of the C57BL/6J mice by Western blot analysis. The results revealed that social isolation caused deficits in the prepulse inhibition (PPI) in the C57BL/6J mice but not in the CX3CR1−/− mice and increased locomotor activity in both the C57BL/6J mice and the CX3CR1−/− mice. Moreover, the CX3CR1 protein level was increased in the medial prefrontal cortex, nucleus accumbens, and hippocampus of the isolated C57BL/6J mice. These findings suggested that the function of microglia regulated by CX3CR1 might participate in schizophrenia-related behaviors.
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INTRODUCTION

Schizophrenia is a complex and severe mental illness that has been predicted to be the second leading factor contributing to the global burden of disease by 2030 together with depression and addiction (Gordon and Dzirasa, 2016). There are three main features of schizophrenia: positive symptoms, negative symptoms, and cognitive deficits. The positive symptoms consist of hallucination and delusion, and the negative symptoms consist of social avoidance and depression (Agnieszka, 2018). Also, cognitive deficits are one of the core features (Lepage et al., 2014). Although the underlying mechanism of schizophrenia remains unclear, evidence has shown that neuroinflammation and immunogenetics might participate in the development of this disease (Keller et al., 2012). In 2009, Monji proposed the microglia hypothesis of schizophrenia in which microglia play an essential role in the development of schizophrenia (Monji et al., 2009). As a core immune component in the central nervous system (CNS), microglia monitor synapses, detect harmful agents and remove dead cells by suppressing or promoting neuroinflammation (Mizuno, 2015). Usually, microglia have a beneficial healing effect towards the damage in the brain, by keeping the balance of suppressing or promoting neuroinflammation. However, when the damage lasts for a very long period under certain conditions, the production of too many cytokines and the long-term effects of inflammation modulated by microglia may be toxic (Schlegelmilch et al., 2011), which could increase the risk of mental illnesses such as schizophrenia (Monji et al., 2009). For example, Doorduin et al. (2009) found a significantly higher binding potential of 11C-(R)-PK11195 (a peripheral benzodiazepine receptor ligand that can be used for the imaging of microglia cell) in the hippocampus of patients with schizophrenia, which indicated microglia and neuroinflammation might play an important role in schizophrenic patients during psychosis. Moreover, studies have shown that most patients with schizophrenia suffer from an imbalance in their immune function. For example, it was reported that there was a cytokine imbalance in people with schizophrenia, as in vivo IL-1RA, soluble IL-2 receptor, and IL-6 were found to be increased (Potvin et al., 2008; Keller et al., 2012). Similarly, Goldsmith et al. (2016) found in a meta-analysis study that levels of IL-6, TNF-α, sIL-2R, and IL-1RA were significantly increased in acutely ill patients with schizophrenia, Boerrigter et al. (2017) found that the anti-inflammatory IL-2 mRNA was decreased and pro-inflammatory cytokines IL-6, TNF-α were increased in the peripheral blood of people with schizophrenia. Consistent results have been found in animal studies. Juckel et al. (2011) reported less branched microglia in the hippocampus and corpus striatum of the offspring induced by the injection of PolyI:C into pregnant rats, which indicated a phagocytic state of microglia in schizophrenia-like animal model. These results have revealed that microglia might participate in the development of schizophrenia.

Thus, researchers have started to focus on a critical target that modulates the function of microglia, the chemokine adhered to the surface of microglia (Ślusarczyk et al., 2015). Among all the chemokines, CX3CR1 and its ligand CX3CL1 directly modulate the function of microglia (Wolf et al., 2013). CX3CL1 localizes in the brain parenchyma to selected neurons, while CX3CR1 exists mostly on the surface of microglia in the CNS (Wolf et al., 2013). CX3CL1 mRNA was found to be highly expressed in the olfactory bulb, cerebral cortex, hippocampus, caudate-putamen, and nucleus accumbens (Nishiyori et al., 1998; Ragozzino, 2002). There are two forms of CX3CL1: the soluble form and the membrane-bound form. The membrane-bound form of CX3CL1 can recognize damaged cells, and the soluble form can attract microglia to damaged cells by binding to CX3CR1 expressed on microglia. Recently, several studies have examined the modulation of CX3CR1 on microglia in patients with schizophrenia. Ishizuka et al. (2017) found that the Ala55Thr mutant downregulates CX3CL1–CX3CR1 signaling, which might be the cause of schizophrenia and autism spectrum disorders. Bergon et al. (2015) also found in a meta-analysis that CX3CR1 expression is dysregulated in the blood and brain of patients with schizophrenia. However, Zhang et al. (2020) found that there was no difference in the CX3CR1 mRNA expression in the anterior cingulate cortex between patients with schizophrenia and controls. There was even increased expression of CX3CR1 mRNA in the anterior cingulate cortex in schizophrenic patients without suicide compared with those who died by suicide (Zhang et al., 2020). These controversial results suggest that further studies are needed to reveal how CX3CR1 and microglia participate in the development of schizophrenia.

CX3CR1−/− mice are a good model to determine whether microglia participate in the development of immune-related diseases. There have been many studies using CX3CR1−/− mice in the field of stress, depression, and other immune-related physical diseases. For example, Winkler et al. (2017) used CX3CR1−/− mice on C57BL/6 background in a stress-related study of microglia and found these mice to be resistant to a typical model of stress, including significantly decreased immobility and increased time of struggling in forced swimming and tail suspension tests. Hellwig et al. (2016) found that CX3CR1 deficient mice showed resistance to depressive-like behaviors and changes in microglia morphology in a particular chronic despair model, compared to wild-type mice. Rimmerman et al. (2016) reported that wild-type mice displayed reduced sucrose preference, impaired novel object recognition memory, and reduced neurogenesis in a chronic unpredictable stress model, while CX3CR1−/− mice were completely resistant to these effects. Schubert et al. (2018) used CX3CR1−/− mice in a study of immunomodulatory mechanisms of post-traumatic stress disorder and found that these mice showed decreased anxiety-like behaviors. Additionally, Yu et al. (2018) used CX3CR1−/− mice and found that the CX3CL1–CX3CR1 axis together with the NF-κB signaling pathway participates in the development of fructose-induced kidney injury. However, until now, there has been a lack of research work to observe schizophrenia-like behaviors, such as prepulse inhibition (PPI), in CX3CR1−/− mice.

Many models, such as maternal interference, early life interference, and social isolation, have been used to observe the schizophrenia-like behaviors of rats (Juckel et al., 2011; Wang et al., 2015). PPI is a typical cognitive function, and impaired PPI function is recognized as one of the most important features of patients with schizophrenia. Thus, impaired PPI is a key characteristic of a good animal model of schizophrenia (Braff et al., 2008; Tapias-Espinosa et al., 2018). In 1993, Geyer et al. (1993) reported that isolation-reared animals showed significantly decreased PPI. Our previous studies also proved that social isolation can efficiently induce deficits in the PPI (Han et al., 2011a; Li et al., 2016, 2019; Sun et al., 2017) and reversal learning (Han et al., 2011b). Hence, social isolation is an appropriate strategy to induce schizophrenia-like behavior.

Thus, in this study, we aimed to test whether CX3CR1 plays a role in the social isolation-induced schizophrenia-like behaviors. First, we investigated the effects of social isolation on the PPI and locomotor activity of C57BL/6J mice, and then, the expression of CX3CR1 in the mPFC, NAc, and HIP was measured. Second, the CX3CR1−/− mice on a C57BL/6J background were used to further demonstrate the impact of impaired modulation of CX3CR1 on microglia in this process. This study might provide further support for the microglial hypothesis of schizophrenia and reveal a new target for future studies.



METHODS


Experiment 1


Animals

Twenty-four specific-pathogen-free (SPF) male C57BL/6J mice were obtained from Vital River Laboratory Animal Technology Company Limited (Beijing, China). All mice were housed at 22 ± 2°C and a humidity of 40–60% in standard cages under a 12 h light/dark cycle (lights on between 7:00 and 19:00); and the cage measured 295 mm long * 190 mm wide * 125 mm high. Water and food were available ad libitum. The use of animals and the experimental procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Peking University.



Social Isolation

At PND 21, all the mice were divided into two different rearing conditions (social rearing, SR, vs. isolated rearing, IR). All the mice were divided randomly to prevent litter effects. There were 10 mice in the social-rearing (SR) group, while the other 14 mice were in the isolated-rearing (IR) group. For the SR group, there were four mice in one cage, while for the IR group, there was only one mouse per cage. The two groups were reared separately for 5 weeks (PND 21–56). During this period, the mice in the IR group could only interact with others in visual, auditory, and olfactory ways but had no physical interactions. After 5 weeks, there was a handling process for 3 days. During this period, each mouse was put on the hand of the experimenter for 5 min per day. Then, behavioral tests were performed.



Behavioral Tests


Open Field Test for Locomotor Activity in the Animals

At PND 60, an open field test was performed to test the spontaneous locomotion of all the mice. This test was performed in an open, uniformly illuminated square box of 40 cm × 40 cm. The mice were allowed to walk freely for 15 min in the arena. The total distance the mice traveled was recorded by a LabState laboratory animal behavioral analysis system (AniLab ver 4.3, AniLab Scientific Instruments Company Limited).



The Acoustic Startle Response Test and PPI Test

At PND 62, acoustic startle and PPI tests were undertaken with an SR-LAB startle response system apparatus (San Diego Instruments, San Diego, CA, USA). Five of the 10 chambers of the apparatus were used to perform the experiment. Inside each chamber, there is a transparent plexiglass cylinder (interior diameter: 3.5 inches; length: 8 inches) used to keep the mouse still. The size of the cylinder was appropriately adjusted to prevent excessive restraint of the mouse, which could cause further stress. The startle response was quantified by a piezoelectric transducer beneath the cylinder, and the information on each move was displayed on a computer. During the whole session, there was a background noise of 66 dB. After an acclimation period of 5 min, 30 trials were conducted for each mouse. There were three kinds of trials: (1) one 40 ms startle pulse with a 120 dB noise; (2) one 20 ms prepulse with 74 dB and one startle pulse with 120 dB; and (3) one 20 ms prepulse with 82 dB and one startle pulse with 120 dB. All three kinds of trials were presented ten times with random sequences, and the interval between every two trials was also random, ranging from 10 to 30 s with an average of 20 s. The cylinder was cleaned with 75% ethanol between each session. The PPI percent was calculated as follows: %PPI = (1 − startle amplitude in the prepulse trial/startle amplitude in the pulse alone trial) × 100%.

The behavioral tests were designed and performed by two investigators, and the one ran the tests were blind to the experimental conditions. At 24 h after all the behavioral tests, all 24 mice were decapitated without anesthesia. The mPFC, NAc, and HIP tissues were carefully dissected and frozen for Western blot analysis.


Western Blot

The tissues of six mice in the IR group and six mice in the SR group were selected randomly for Western blot. All the tissues were lysed in RIPA buffer containing protease inhibitor cocktail (Roche, USA). After denaturation at 100°C for 10 min in 5* loading buffer (Solarbio, Beijing), total protein (15 μg) was loaded and separated on a 12% gel (Bio-Rad, Hercules, CA, USA) and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Kankakee, IL, USA) using Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA, USA). For both CX3CR1 and GAPDH, the membranes were blocked at room temperature for 1 h in 5% fat-free milk in TBST buffer (150 mM NaCl, 50 mM Tris-HCl, 0.5% Tween-20, pH = 7.6), after which the membranes were incubated at 4°C overnight with the primary antibody. The primary antibody used for CX3CR1 was rabbit polyclonal anti-CX3CR1 (ab8021, 1:1,500, Abcam), and the one for GAPDH was mouse monoclonal anti-GAPDH (ab8245, 1:2,000, Abcam), and they were both diluted in 5% fat-free milk in TBST buffer. When the incubation ended, the membranes were washed with TBST three times to remove the primary antibody, each of which lasted 15 min. Then, the membranes were incubated with the secondary antibody at room temperature for 1 h. The secondary antibody used were anti-rabbit antibody (1:5,000, Zhongshanjinqiao, China) and anti-mouse antibody (1:5,000, Zhongshanjinqiao, China), which were diluted in 5% fat-free milk in TBST buffer. After incubation, the membranes were again washed with TBST three times. Then, the bands were visualized by ECL Western Blotting Substrate (Solarbio, Beijing), and the images were processed and acquired using ChemiDoc™ XRS + System (Bio-Rad, Hercules, CA, USA). The intensity of the bands was quantified using ImageJ software, and GAPDH was used as a loading control.


Experiment 2


Animals

A total of 12 male CX3CR1GFP/GFP mice in the genetic background of C57BL/6J were obtained from Dr. Bo Peng (The University of Hong Kong, Hong Kong, China), which were firstly imported from The Jackson Laboratory. There were six mice in the SR group, while the other six mice were in the IR group. All the mice were divided randomly to prevent litter effects. The rearing conditions were the same as those described in Experiment 1.



Social Isolation

At PND 21, the CX3CR1−/− mice were divided into two groups and received the same rearing conditions as in Experiment 1.



Behavioral Tests

The two groups of CX3CR1−/− mice both underwent the two behavioral tests as described in Experiment 1.


Statistical Analysis

All analyses were performed using GraphPad Prism6 software (USA), and data are expressed as the mean ± standard error of the mean. The student’s t-test was used in the open field test and Western blots. Two-way ANOVA was used in the PPI test. The data which were three-fold standard deviation (SD) above or below the average were regarded as outliers and were dealt with. What’s more, two data from the 74 and 82 dB conditions of one control mouse were about 2.8-fold SD below the average in the PPI test. Considering the open field data of the same animal were also outliers, we dealt with these two data as outliers. The significance level was defined as p < 0.05.










RESULTS


Social Isolation-Induced Increased Locomotor Activity in the Wild-Type Mice

As shown in Figure 1A, in the open field test, the total distance traveled by the IR group was significantly longer than that traveled by the SR group (t(19) = 3.331, p = 0.0035; If the outliers were included in the analysis, t(22) = 1.815, p = 0.0831). Social isolation caused significantly increased spontaneous locomotion in the wild-type mice.
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FIGURE 1. Effects of isolation rearing on the behaviors of the wild-type mice, including the total distance traveled (A) in the open field test, the prepulse inhibition (PPI)% (B) in the acoustic startle response and the PPI test, and the pulse-alone amplitudes, (C) in the acoustic startle response and the PPI test. The results are expressed as the mean ± SEM [n = 10 for the social-rearing (SR) group and n = 14 for the isolated-rearing (IR) group, *p < 0.05, **p < 0.01, nsp > 0.05, student’s t-test and two-way ANOVA].





Social Isolation Resulted in Impairments in the PPI in the Wild-Type Mice

As shown in Figure 1B, there was a significant effect of rearing condition between the SR group and IR group (F(1,22) = 4.932, p = 0.0370; If the outliers were included in the analysis, F(1,22) = 0.6050, p = 0.4450) and a significant effect of the startle condition between 74 and 82 dB (F(1,22) = 66.06, p = 0.0001; If the outliers were included in the analysis, F(1,22) = 59.97, p = 0.0001). There was no significant interaction between the rearing condition and the startle condition (F(1,22) = 1.215, p = 0.2822; If the outliers were included in the analysis, F(1,22) = 0.4099, p = 0.5287). As shown in Figure 1C, there was no difference in the pulse-alone trials between the SR group and IR group (t(22) = 1.071, p = 0.2958). This result showed that social isolation impaired PPI.



Social Isolation Increased the CX3CR1 Expression in the mPFC, NAc, and HIP

Western blot analysis revealed a specific band (≈50 kDa) of CX3CR1. As shown in Figure 2, there was a significantly higher expression of CX3CR1 in the mPFC (A) of the IR group than in the SR group (t(10) = 3.932, p < 0.01), and there was a similar trend in the NAc (B) (t(10) = 2.347, p = 0.0409) and HIP (C) (t(10) = 4.862, p < 0.01).
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FIGURE 2. Effects of isolation rearing on the CX3CR1 expression in the wild-type mice. Different regions were tested, including the mPFC (A), NAc (B), and HIP (C). The results are expressed as the mean ± SEM (n = 6 for the SR group and n = 6 for the IR group. *p < 0.05, **p < 0.01, ***p < 0.001, student’s t-test).





Social Isolation-Induced Increased Locomotor Activity in the CX3CR1−/− Mice

As shown in Figure 3A, in the open field test, the IR group of CX3CR1−/− mice also traveled longer than the SR group (t(9) = 2.594, p = 0.0290). Social isolation could induce increased spontaneous locomotion in the CX3CR1−/− mice.
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FIGURE 3. Effects of isolation rearing on the behavior of the CX3CR1−/− mice, including the total distance traveled (A) in the open field test, the PPI%, (B) in the acoustic startle response and the PPI test, and the pulse-alone amplitudes, (C) in the acoustic startle response and the PPI test. The results are expressed as the mean ± SEM (n = 6 for the SR group and n = 6 for the IR group, *p < 0.05, nsp > 0.05, student’s t-test and two-way ANOVA).





Social Isolation Did Not Affect the PPI of the CX3CR1−/− Mice

As shown in Figure 3B, there was a significant difference between the startle conditions (F(1,9) = 99.71, p < 0.01), but there was no significant difference between the different rearing conditions of the CX3CR1−/− mice (F(1,9) = 0.008469, p = 0.9287), and there was no significant interaction effect (F(1,9) = 0.8609, p = 0.3777). As shown in Figure 3C, there was no difference in the pulse-alone trials between the SR group and IR group (t(9) = 0.8122, p = 0.4376). Social isolation did not cause significant deficits in the PPI of the CX3CR1−/− mice compared to the wild-type mice.




DISCUSSION

The current study found that social isolation can induce schizophrenia-like behaviors in mice, similar to the results in rats. After isolated rearing, the C57BL/6J mice showed impaired PPI function and increased locomotor activity, similar to rats. Also, increased CX3CR1 protein levels in the mPFC, NAC, and HIP of the isolated C57BL/6J mice were observed. For the CX3CR1−/− mice, social isolation-induced similarly increased locomotor activity but did not affect the PPI.

In our previous studies, isolation rearing was reported to induce increased locomotor activity and disrupted PPI function in rats (Han et al., 2011a; Li et al., 2016, 2019; Sun et al., 2017). Similar results were shown in experiment 1, where isolated rearing of the wild-type mice resulted in behaviors similar to those in rats. These results are consistent with previous studies using the model of social isolation of rodents (Abramov et al., 2004; Fone and Porkess, 2008; Huang et al., 2017). These findings proved that social isolation is a stable way to induce schizophrenia-like behavior in both rats and mice.

To investigate the effects of CX3CR1 on the schizophrenia-like behaviors induced by social isolation, we assessed the CX3CR1 protein levels within several regions, including the mPFC, NAc, and HIP, which are well-established sites for schizophrenia-like behavior. The results showed that the CX3CR1 protein was upregulated in all three areas of the wild-type mice. To the best of our knowledge, this is the first study to determine the effects of CX3CR1 in an animal model of PPI-related schizophrenia-like behaviors, and we could not compare the results with related animal studies. However, our results seem to be inconsistent with those of two other clinical studies. Bergon et al. (2015) found abnormal CX3CR1 mRNA expression in the blood and brain of patients with schizophrenia, while Zhang et al. (2020) reported that there was no significant difference between patients with schizophrenia and controls concerning the mRNA level of CX3CR1 in the anterior cingulate cortex. The most likely reasons for these complex and inconsistent results could be as follows. First, the evaluation might occur at a different stage of schizophrenia. As shown in Wynne’s study, there indeed was a dynamic change in CX3CR1 surface expression after activation. CX3CR1 expression may decrease first as a response to a stimulus, such as the injection of lipopolysaccharide. However, the reduction disappeared, and CX3CR1 expression returned to the former level in 24 h. Later, this reduction was even reversed, and CX3CR1 expression was found to be significantly increased after 24 h (Wynne et al., 2010). This finding suggested that the expression of CX3CR1 may differ in different stages of schizophrenia. Second, the expression of chemokines might not only be affected by transcriptional regulation but also translational regulation and translocation (Wynne et al., 2010). This phenomenon may explain the opposite results of the CX3CR1 mRNA levels and CX3CR1 expression (Ishizuka et al., 2017). In further studies, we will simultaneously test CX3CR1 mRNA, CX3CR1 protein, and the functional change of microglia to explore the covariation of these three factors. It has been reported that TGFβ might be a key factor that elevates the expression of CX3CR1 after its immediate downregulation and thus could be a new target in the future (Chen et al., 2003; Wynne et al., 2010). Determining the exact changes in both CX3CR1 and microglia may help us better understand the modulation of CX3CR1 on microglia and dynamic neuron-glia crosstalk.

By using CX3CR1−/− mice, we found a similar influence of social isolation on these knock-out mice, where they presented similar increased locomotor activity. However, in contrast to the results in the wild-type mice, there was no significant impairment of the PPI function in the IR group compared to the SR group. Since it was revealed that the basic function of the acoustic response was not affected in CX3CR1−/− mice (Schubert et al., 2018), this difference in isolation rearing-induced PPI deficit between the wild-type and CX3CR1−/− mice could not be a result of the basic acoustic response deficit. The CX3CR1−/− mice were reported to suffer from transiently reduced microglial densities in their first two postnatal weeks (Paolicelli et al., 2011), and this lack of microglia during early age caused microglial dysfunction, which might be related to the resistance to social isolation-induced impairments in the PPI.

Moreover, our results found that the locomotor activity was found to be increased in both genotypes while the PPI deficit was found to be CX3CR1-dependent. It suggested that the schizophrenia-like cognitive deficits such as PPI deficit seemed to be directly related to the function of microglia. This was similar to Rimmerman et al.’s (2016) conclusion that emotional and cognitive stress resilience might be a result of CX3CR1-dependent basal alterations in hippocampal transcription, for the result that the exposure of chronic unexpected stress could alter neuronal gene transcripts (e.g., Arc, Npas4) in both wild-type and CX3CR1−/− mice, while the transcripts downstream of hippocampal estrogen receptor signaling were altered only in CX3CR1−/− mice. While Ieraci et al. (2016) found in a chronic social isolation model of mice that the hyperactivity was correlated with the cortical BDNF-7 levels and metabotropic glutamate receptor mGluR1 in the PFC, Eßlinger et al. (2016) found that PPI deficits were preceded by a strong M1-type microglia polarization pattern in the whole brain during puberty in the model of prenatal Poly(I:C) injection. This might explain the difference between the CX3CR1-independent hyperactivity and CX3CR1-dependent PPI deficit. Further studies are required on the particular signaling pathway related to PPI deficit, CX3CR1, and microglia. Our study first used an animal model of schizophrenia to demonstrate that CX3CR1 might be a necessary factor in the development of schizophrenia-like behaviors, and the blockade of CX3CR1 might be useful in treating schizophrenia.

In conclusion, the present study found that social isolation can induce increased locomotor activity both in the C57BL/6J mice and the CX3CR1−/− mice, and impairments in the PPI in the C57BL/6J mice but not in the CX3CR1−/− mice. Moreover, CX3CR1 was upregulated in the mPFC, NAc, and HIP of the isolated C57BL/6J mice. These findings first demonstrated that CX3CR1 plays a role in the schizophrenia-like behaviors induced by social isolation, providing new directions for studies of microglial function in the development of schizophrenia and treatment strategies for schizophrenia.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee (IACUC) of Peking University.



AUTHOR CONTRIBUTIONS

FS and WW designed the study. HZ, JW, and YZ performed the research and obtained the data. HZ and JW interpreted and analyzed the data. HZ, WW, and FS drafted, revised, and wrote the article. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (Grant numbers 31470988 and 31771217) and the Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences.



REFERENCES

Abramov, U., Raud, S., Koks, S., Innos, J., Kurrikoff, K., Matsui, T., et al. (2004). Targeted mutation of CCK2 receptor gene antagonises behavioural changes induced by social isolation in female, but not in male mice. Behav. Brain Res. 155, 1–11. doi: 10.1016/j.bbr.2004.03.027

Agnieszka, N. (2018). Assessment of cognitive functions in animal models of schizophrenia. Pharmacol. Rep. 70, 639–649. doi: 10.1016/j.pharep.2018.01.009

Bergon, A., Belzeaux, R., Comte, M., Pelletier, F., Hervé, M., Gardiner, E. J., et al. (2015). CX3CR1 is dysregulated in blood and brain from schizophrenia patients. Schizophr. Res. 168, 434–443. doi: 10.1016/j.schres.2015.08.010

Boerrigter, D., Weickert, T. W., Lenroot, R., O’Donnell, M., Galletly, C., Liu, D., et al. (2017). Using blood cytokine measures to define high inflammatory biotype of schizophrenia and schizoaffective disorder. J. Neuroinflammation 14:188. doi: 10.1186/s12974-017-0962-y

Braff, D. L., Greenwood, T. A., Swerdlow, N. R., Light, G. A., Schork, N. J., and Investigators of the Consortium on the Genetics of Schizophrenia. (2008). Advances in endophenotyping schizophrenia. World Psychiatry 7, 11–18. doi: 10.1002/j.2051-5545.2008.tb00140.x

Chen, S., Luo, D., Streit, W. J., and Harrison, J. K. (2003). TGF-β1 up regulates CX3CR1 expression and inhibits ractalkin stimulated signaling in rat microglia. J. Neuroimmunol. 133, 46–55. doi: 10.1016/s0165-5728(02)00354-5

Doorduin, J., de Vries, E. F. J., Willemsen, A. T. M., de Groot, J. C., Dierckx, R. A., and Klein, H. C. (2009). Neuroinflammation in schizophrenia-related psychosis: a PET study. J. Nuclear Med. 50, 1801–1807. doi: 10.2967/jnumed.109.066647

Eßlinger, M., Wachholz, S., Manitz, M.-P., Plümper, J., Sommer, R., Juckel, G., et al. (2016). Schizophrenia associated sensory gating deficits develop after adolescent microglia activation. Brain Behav. Immun. 58, 99–106. doi: 10.1016/j.bbi.2016.05.018

Fone, K. C., and Porkess, M. V. (2008). Behavioural and neurochemical effects of post-weaning social isolation in rodents-relevance to developmental neuropsychiatric disorders. Neurosci. Biobehav. Rev. 32, 1087–1102. doi: 10.1016/j.neubiorev.2008.03.003

Geyer, M. A., Wilkinson, L. S., Humby, T., and Robbins, T. W. (1993). Isolation rearing of rats produces a deficit in prepulse inhibition of acoustic startle similar to that in schizophrenia. Biol. Psychiatry 34, 361–372. doi: 10.1016/0006-3223(93)90180-l

Goldsmith, D. R., Rapaport, M. H., and Miller, B. J. (2016). A meta-analysis of blood cytokine network alterations in psychiatric patients: comparisons between schizophrenia, bipolar disorder and depression. Mol. Psychiatry 21, 1696–1709. doi: 10.1038/mp.2016.3

Gordon, J. A., and Dzirasa, K. (2016). Animal models of psychiatric disorders. Neuroscience 321, 1–2. doi: 10.1016/j.neuroscience.2016.02.004

Han, X., Wang, W., Shao, F., and Li, N. (2011a). Isolation rearing alters social behaviors and monoamine neurotransmission in the medial prefrontal cortex and nucleus accumbens of adult rats. Brain Res. 1385, 175–181. doi: 10.1016/j.brainres.2011.02.035

Han, X., Wang, W., Xue, X., Shao, F., and Li, N. (2011b). Brief social isolation in early adolescence affects reversal learning and forebrain BDNF expression in adult rats. Brain Res. Bull. 86, 173–178. doi: 10.1016/j.brainresbull.2011.07.008

Hellwig, S., Brioschi, S., Dieni, S., Frings, L., Masuch, A., Blank, T., et al. (2016). Altered microglia morphology and higher resilience to stress-induced depression-like behavior in CX3CR1-deficient mice. Brain Behav. Immun. 55, 126–137. doi: 10.1016/j.bbi.2015.11.008

Huang, Q., Zhou, Y., and Liu, L. Y. (2017). Effect of post-weaning isolation on anxiety- and depressive-like behaviors of C57BL/6J mice. Exp. Brain Res. 235, 2893–2899. doi: 10.1007/s00221-017-5021-5

Ieraci, A., Mallei, A., and Popoli, M. (2016). Social isolation stress induces anxious-depressive-like behavior and alterations of neuroplasticity-related genes in adult male mice. Neural Plast. 2016:6212983. doi: 10.1155/2016/6212983

Ishizuka, K., Fujita, Y., Kawabata, T., Kimura, H., Iwayama, Y., Inada, T., et al. (2017). Rare genetic variants in CX3CR1 and their contribution to the increased risk of schizophrenia and autism spectrum disorders. Transl. Psychiatry 7:e1184. doi: 10.1038/tp.2017.173

Juckel, G., Manitz, M. P., Brune, M., Friebe, A., Heneka, M. T., and Wolf, R. J. (2011). Microglial activation in a neuroinflammational animal model of schizophrenia—a pilot study. Schizophr. Res. 131, 96–100. doi: 10.1016/j.schres.2011.06.018

Keller, W. R., Kum, L. M., Wehring, H. J., Koola, M. M., and Kelly, D. L. (2012). A review of anti-inflammatory agents for symptoms of schizophrenia. J. Psychopharmacol. 27, 337–342. doi: 10.1177/0269881112467089

Lepage, M., Bodnar, M., and Bowie, C. R. (2014). Neurocognition: clinical and functional outcomes in schizophrenia. Can. J. Psychiatry 59, 5–12. doi: 10.1177/070674371405900103

Li, M., Du, W., Shao, F., and Wang, W. (2016). Cognitive dysfunction and epigenetic alterations of the BDNF gene are induced by social isolation during early adolescence. Behav. Brain Res. 313, 177–183. doi: 10.1016/j.bbr.2016.07.025

Li, M., Wang, W., Sun, L., Du, W., Zhou, H., and Shao, F. (2019). Chronic clozapine treatment improves the alterations of prepulse inhibition and BDNF mRNA expression in the medial prefrontal cortex that are induced by adolescent social isolation. Behav. Pharmacol. 30, 311–319. doi: 10.1097/fbp.0000000000000419

Mizuno, T. (2015). Neuron-microglia interactions in neuroinflammation. Clin. Exp. Neuroimmunol. 6, 225–231. doi: 10.1111/cen3.12228

Monji, A., Kato, T., and Kanba, S. (2009). Cytokines and schizophrenia: microglia hypothesis of schizophrenia. Psychiatry Clin. Neurosci. 63, 257–265. doi: 10.1111/j.1440-1819.2009.01945.x

Nishiyori, A., Minami, M., Ohtani, Y., Takami, S., and Satoh, M. (1998). Localization of fractalkine and CX3CR1 mRNAs in rat brain: does fractalkine play a role in signaling from neuron to microglia? FEBS Lett. 429, 167–172. doi: 10.1016/s0014-5793(98)00583-3

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458. doi: 10.1126/science.1202529

Potvin, S., Stip, E., Sepehry, A. A., Gendron, A., Bah, R., and Kouassi, E. (2008). Inflammatory cytokine alterations in schizophrenia: a systematic quantitative review. Biol. Psychiatry 63, 801–808. doi: 10.1016/j.biopsych.2007.09.024

Ragozzino, D. (2002). CXC chemokine receptors in the central nervous system: role in cerebellar neuromodulation and development. J. Neurovirol. 8, 559–572. doi: 10.1080/13550280290100932

Rimmerman, N., Schottlender, N., Reshef, R., Dan-Goor, N., and Yirmiya, R. (2016). The hippocampal transcriptomic signature of stress resilience in mice with microglial fractalkine receptor (CX3CR1) deficiency. Brain Behav. Immun. 61, 184–196. doi: 10.1016/j.bbi.2016.11.023

Schlegelmilch, T., Henke, K., and Peri, F. (2011). Microglia in the developing brain: from immunity to behaviour. Curr. Opin. Neurobiol. 21, 5–10. doi: 10.1016/j.conb.2010.08.004

Schubert, I., Ahlbrand, R., Winter, A., Vollmer, L., Lewkowich, I., and Sah, R. (2018). Enhanced fear and altered neuronal activation in forebrain limbic regions of CX3CR1-deficient mice. Brain Behav. Immun. 68, 34–43. doi: 10.1016/j.bbi.2017.09.013

Ślusarczyk, J., Trojan, E., Głombik, K., Budziszewska, B., Kubera, M., Lasoń, W., et al. (2015). Prenatal stress is a vulnerability factor for altered morphology and biological activity of microglia cells. Front. Cell. Neurosci. 9:82. doi: 10.3389/fncel.2015.00082

Sun, L., Min, L., Zhou, H., Li, M., Shao, F., and Wang, W. (2017). Adolescent social isolation affects schizophrenia-like behavior and astrocyte biomarkers in the PFC of adult rats. Behav. Brain Res. 333, 258–266. doi: 10.1016/j.bbr.2017.07.011

Tapias-Espinosa, C., Riò-Álamos, C., Sampedro-Viana, D., Gerbolés, C., Oliveras, I., Sánchez-González, A., et al. (2018). Increased exploratory activity in rats with deficient sensorimotor gating: a study of schizophrenia-relevant symptoms with genetically heterogeneous NIH-HS and Roman rat strains. Behav. Processes 151, 96–103. doi: 10.1016/j.beproc.2018.03.019

Wang, Q., Shao, F., and Wang, W. (2015). Maternal separation produces alterations of forebrain brain-derived neurotrophic factor expression in differently aged rats. Front. Mol. Neurosci. 8:49. doi: 10.3389/fnmol.2015.00049

Winkler, Z., Kuti, D., Ferenczi, S., Gulyás, K., Polyák, Á., and Kovács, K. J. (2017). Impaired microglia fractalkine signaling affects stress reaction and coping style in mice. Behav. Brain Res. 334, 119–128. doi: 10.1016/j.bbr.2017.07.023

Wolf, Y., Yona, S., Kim, K. W., and Jung, S. (2013). Microglia, seen from the CX3CR1 angle. Front. Cell. Neurosci. 7:26. doi: 10.3389/fncel.2013.00026

Wynne, A. M., Henry, C. J., Huang, Y., Cleland, A., and Godbout, J. P. (2010). Protracted downregulation of CX3CR1 on microglia of aged mice after lipopolysaccharide challenge. Brain Behav. Immun. 24, 1190–1201. doi: 10.1016/j.bbi.2010.05.011

Yu, Y. W., Li, M. X., Zhang, Z. Y., and Yu, H. (2018). The deficiency of CX3CL1/CX3CR1 system ameliorates high fructose diet-induced kidney injury by regulating NF-kappaB pathways in CX3CR1-knock out mice. Int. J. Mol. Med. 41, 3577–3585. doi: 10.3892/ijmm.2018.3573

Zhang, L., Verwer, R. W. H., Lucassen, P. J., Huitinga, I., and Swaab, D. F. (2020). Prefrontal cortex alterations in glia gene expression in schizophrenia with and without suicide. J. Psychiatr. Res. 121, 31–38. doi: 10.1016/j.jpsychires.2019.11.002

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhou, Wang, Zhang, Shao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnint-14-551676-g002.gif
SR IR

MPFC-CX3CRT | mo o e e e s e e e s . s

mMPFC-GAPDH | (iSGD GED au SID (I GID GID GIb Gub aup e

NAC-CX3CR1 | S s s s s e S S S o —

Nac-GAPDH | il S aus GuD QB s GuS @D GIF @b G5 G0

HIP-CX3CR1 | " s s e e e e e s e S

HID-GAPDH | S S S S S S S S S S s e

A mPFC B NAc c HP

g1 : 5 L

8 2

s g

e 3

—_ @10 = feAte —
$os gos
& 00 . 200
& &






OPS/images/fnint-14-551676-g003.gif
ns

1000

o

g
<

- SR

IR

$ 8

(wo) asuesiq

&





OPS/xhtml/Nav.xhtml


Contents





		Cover



		The Role of Microglial CX3CR1 in Schizophrenia-Related Behaviors Induced by Social Isolation



		Introduction



		Methods



		Experiment 1



		Experiment 2











		Results



		Social Isolation-Induced Increased Locomotor Activity In The Wild-Type Mice



		Social Isolation Resulted In Impairments In The Ppi In The Wild-Type Mice



		Social Isolation Increased The Cx3cr1 Expression In The Mpfc, Nac, And Hip



		Social Isolation-Induced Increased Locomotor Activity In The Cx3cr1−/− Mice











		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding

















OPS/images/crossmark.jpg





OPS/images/fnint-14-551676-g001.gif
ns

O opndwe opsers xew

———

S S 3

g 8 g

2 8 &
(w2) 2aueisiq

5000-





OPS/images/cover.jpg
’ frontiers

In Integrative Neuroscience

The Role of Microglial CX3CR1 in
Schizophrenia-Related Behaviors
Induced by Social Isolation









OPS/images/logo.jpg
,frontiers . )
in Integrative Neuroscience





