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Ultrasound Stimulation of Prefrontal Cortex Improves Lipopolysaccharide-Induced Depressive-Like Behaviors in Mice
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Increasing evidence indicates that inflammatory responses may influence brain neurochemical pathways, inducing depressive-like behaviors. Ultrasound stimulation (US) is a promising non-invasive treatment for neuropsychiatric diseases. We investigated whether US can suppress inflammation and improve depressive-like behaviors. Mice were intraperitoneally injected with lipopolysaccharide to induce depressive-like behaviors. Ultrasound wave was delivered into the prefrontal cortex (PFC) for 30 min. Depressive- and anxiety-like behaviors were evaluated through the forced swimming test (FST), tail suspension test (TST), and elevated plus maze (EPM). Biochemical analyses were performed to assess the expression of inflammatory cytokines in the PFC and serum. The results indicated that US of the PFC significantly improved depressive-like behaviors in the TST (p < 0.05) and FST (p < 0.05). Anxiety-like behaviors also improved in the EPM (p < 0.05). Furthermore, the lipopolysaccharide-mediated upregulation of IL-6, IL-1β, and TNF-α in the PFC was significantly reduced (p < 0.05) by US. In addition, no tissue damage was observed. Overall, US of PFC can effectively improve lipopolysaccharide-induced depressive-like behaviors, possibly through the downregulation of inflammatory cytokines in the PFC. US may be a safe and promising tool for improvement of depression.
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INTRODUCTION

Depression is a serious, heterogeneous, and recurrent severe mental illness and is the leading cause of disability and suicide worldwide (1, 2). Currently, there are more than 300 million people experiencing a depressive disorder worldwide (3) with more than 800,000 dying by suicide each year (4). The World Health Organization (WHO) predicts that depression will be the leading cause of disease burden by 2030 (5). In addition, depression is a symptom of several medical conditions, including pain (6), stroke (7), Alzheimer’s disease (8), and Parkinson’s disease (9). Therefore, effective tools to treat depression are urgently needed.

Studies have indicated that structural and functional abnormalities underlie depression (10, 11), particularly in the brain (12, 13). Specifically, histopathological evidence has shown that patients with major depressive disorder present with decreased cortical thickness, neuronal size, and glial density in the prefrontal cortex (PFC) (14) and hippocampus (15, 16). Drevets et al. found that patients with depression displayed reduced brain activity in the ventral PFC (17), and their depressive behavior was closely related to dendritic atrophy and synaptic remodeling in the PFC and hippocampus (18, 19).

In recent years, it has been reported that deep brain stimulation (DBS) targeting the PFC is effective for the treatment of anhedonia, anxiety, and cognition disorder in Wistar rats with treatment-resistant depression (20). Non-invasive transcranial magnetic stimulation (TMS) has been proved to reduce negative emotions and enhance pleasure by improving synaptic plasticity and neuronal metabolism in the PFC (21, 22). In clinical practice, TMS has been shown to have antidepressant effects by changing both global connectivity and local excitability (23). With its extraordinary spatial resolution, optogenetic stimulation of specific neurons in the PFC increases the synaptic number and function and reproduces the actions of antidepressant drugs (24). However, TMS, DBS, and optogenetic stimulation have low penetration depth or are invasive. Therefore, new non-invasive tools are needed that can afford high spatial resolution and deeply penetrate the brain.

Ultrasound is a promising non-invasive neuromodulation technology with the advantage of high spatial resolution and great penetration depth (25). Previous studies have found that low-intensity focused ultrasound (LIFUS) has an impact on the function of ion channels and the firing of neurons (26, 27). In addition, many studies have demonstrated that LIFUS has promising intervention results in animal models of Alzheimer’s disease (28, 29), Parkinson’s disease (30), epilepsy (31, 32), disturbance of consciousness (33–35) and stroke (36, 37). Zhang et al. found that the delivery of ultrasound to the rat prelimbic cortex upregulates hippocampal brain-derived neurotrophic factor (BDNF) and improves depressive-like behaviors (38). Another recent study reported that ultrasound stimulation (US) of the ventromedial PFC of rats subjected to chronic unpredictable stress increased sucrose preference and reduced immobility time in the forced swimming test (FST), and indicated that ultrasound could improve depressive-like behaviors by enhancing the signaling pathways downstream of BDNF in the PFC (39). The roles of the immune system and inflammation in depression have also earned considerable attention (40, 41), and its increased activation may serve as an effective therapeutic target. Specifically, recent studies have shown the potential of ultrasound-mediated neuromodulation to prevent or treat inflammatory diseases (42–44). Therefore, we investigated whether ultrasound targeting of the PFC could non-invasively modulate the immune system and inflammatory response to improve depressive-like behaviors in mice.



MATERIALS AND METHODS


Ethics Statement

The study protocol was approved by the Animal Experimental Ethics Committee of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. All animal experiments were conducted in accordance with the guidelines of Care and Use of Research Animals established by the Animal Research Committee at Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences (approval number: SIAT-IRB-150213-YGS-ZHR-A0094-2).



Animals and Experimental Design

Seven-week-old male C57BJ/6J mice (18–22 g in weight) were purchased from Beijing Vital River Laboratory Animal Technology (BioRiver, Beijing, China). All mice were kept in a room under a 12 h reversed light/dark cycle with stationary temperature (23°C–25°C), 50–60% relative humidity, and an adequate supply of water and food.

A preliminary study was conducted to assess the optimal dose of lipopolysaccharide (LPS) for induction of depressive-like behaviors. Mice were injected with 0.5, 0.83, or 1 mg/kg of LPS, or equivalent amounts of 0.9% saline. Behavioral phenotypes were assessed in the open field test (OFT) 24 h after LPS injection. The number of entries in the central zone was recorded.

After 3 days of adaptation, 1 mg/kg of lipopolysaccharide (LPS) (055:B5; Sigma-Aldrich, USA) or 0.9% saline solution was injected intraperitoneally to the experimental and the control group, respectively. Six hours after injection, mice were subjected to the OFT to exclude LPS-injected animals that did not develop sickness-like behaviors. Ultrasound intervention was then performed under isoflurane anesthesia. All behavioral tests were performed 24 h after LPS injection, and mice were then sacrificed to collect brain tissues and blood serum for biochemical testing. The experimental design is presented in Figure 1A.
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FIGURE 1. Overview of the experimental design and analyzed parameters. (A) Experimental process flowchart. (B) Schematics of the ultrasound stimulation setup. (C) Illustration of ultrasound stimulation parameters. (D) Acoustic pressure distribution of the lateral and axial direction without skull. LPS, lipopolysaccharide; i.p, intraperitoneal injection; OFT, open field test; FST, forced swimming test; TST, tail suspension test; EPM, elevated plus maze; PFC, prefrontal cortex; SD, stimulation duration; ISI, inter-stimulus interval; f, fundamental frequency; PRF, pulse repetition frequency; TBD, tone-burst duration.




Ultrasound Apparatus and Delivery

Six hours after the LPS injection, US, or sham treatment with the power amplifier turned off were delivered for 30 min to the PFC of anesthetized mice. And the location of US was bregma anteroposterior +2.46 mm, medial-lateral 0 mm, determined with stereotaxic apparatus.

The ultrasound setup is shown in Figure 1B. Ultrasound pulse signals were generated by a signal generator (DG4162, RIGOL, Beijing, China). Pulse signals were amplified through a power amplifier (LZY-22+, MiniCircuits, Brooklyn, United States), and then transmitted to an ultrasound transducer (1905055, ndtXducer, Northborough, MA, United States) with 0.5 MHz fundamental frequency. The ultrasound transducer was connected to the head of a mouse with a conical collimator filled with degassed water. As shown in the Figure 1C, US was delivered with 100 Hz pulse repetition frequency, 50% duty cycle, 60 s stimulation duration, and 5 ms tone-burst duration. The two-dimensional sound field distribution was measured using a calibrated needle-type hydrophone (2010, Precision Acoustics, Dorchester, UK). Acoustic field distribution is shown in Figure 1D. Peak negative acoustic pressure was 0.62 MPa, and the corresponding spatial peak pulse-average intensity (Isppa) was 10.09 W/cm2.



Behavioral Testing


Open Field Test

Each mouse was placed in the middle of the bottom of an open field box with size 50 × 50 × 50 cm and was allowed to move freely. A camera was fixed above the box to record for 6 min. After each test, the box was wiped with 75% alcohol to avoid the interference of excrements with the movements of the following mouse. The last 5 min videos were analyzed with Panlab (Harvard Apparatus, Holliston, MA, United States) to assess locomotor activity and emotional state.



Forced Swimming Test

The FST was used to assess depressive-like behaviors. Each mouse was slowly placed in a cylindrical bucket of 39 cm in height and 12 cm in diameter. The bucket was filled with 15 cm of water at a temperature of 26 ± 1°C. Each mouse remained in the water for 6 min and recorded with a camera. Mouse was removed from the water after the test, and dried with bibulous paper. Immobility time was calculated during the last 5 min of the 6 min videos.



Tail Suspension Test

The TST was used to evaluate depressive-like behaviors. The interval between TST and FST was 1 h. The employed TST device was a three-dimensional box with a height of 72 cm, a width of 32.5 cm, and a depth of 31 cm. The 1 cm end of the tail was hooked with adhesive tape to the device, and movements were recorded for 6 min. Immobility time was calculated during the last 5 min of the 6 min videos. After each test, the inside of the box was wiped with 75% alcohol to avoid any interference between each mouse.



Elevated Plus Maze Test

The elevated plus maze (EPM) test was used to evaluate the anxiety-like behaviors of the mice and 1 h interval from the previous behavioral test. The open and closed arms were 30 cm in length and placed 50 cm from the ground. Each mouse was placed at the intersection of the open and the closed arms to allow for free movement. The camera was placed directly above the EPM and recorded for 6 min. EPM apparatus was cleaned with 75% alcohol after each test. The number of entries into and the time in the open arms was recorded during the last 5 min of the 6 min videos, and videos were analyzed with Panlab (Harvard Apparatus, Holliston, MA, United States).




Hematoxylin and Eosin Staining

To evaluate the biological safety of US, hematoxylin and eosin and Nissl staining were used to assess tissue damage. After US, the mice were anesthetized by intraperitoneal injection of chloral hydrate and were infused with saline solution and 4% paraformaldehyde. Brains were removed and placed in paraformaldehyde to be fixed overnight. The brains were then immersed in 30% sucrose at 4°C for 1–2 days. The fixed brain tissue was cut into 5 μm thick coronal slices with a microtome (CM1950; LEICA Biosystems, Wetzlar, Germany) and fixed on slides for hematoxylin and eosin staining. Briefly, each slice was stained in hematoxylin solution for 5 min, rinsed with running water for 15 min, placed into 1% hydrochloric and acetic acid for 1–3 s, and stained in eosin solution for 30 s. Each slice was further dehydrated with gradient ethanol and cleared with xylene. A panoramic scanner (Pannoramic MIDI, 3D HISTECH, Budapest, Hungary) was utilized to observe and acquire pictures of the processed sections.



Nissl Staining

The paraffin-fixed sections were backed at 65°C for 60 min and washed three times with distilled water for 15 min. Section staining was performed using 1% toluidine blue for 10 min at 50°C. Sections were then washed with double-distilled water, and successively dehydrated in 70, 85, 95, and 100% ethanol. Finally, sections were cleared with xylene, and a drop of neutral resin was added to fix the cover glasses. Slice sections were observed under a panoramic scanner.



Western Blot Analysis

The PFC was isolated and treated with radioimmunoprecipitation assay buffer (RIPA) (P0013B, Beyotime, China). A BCA Protein Assay Kit (P0010, Beyotime, China) was used to measure protein concentration. Equal amounts of protein were electrophoretic ally separated on a 4–20% sodium dodecyl sulfate polyacrylamide gel (P0468M, Beyotime, China). Gels were then transferred to polyvinylidene fluoride (PVDF) membranes (FFP24, Beyotime, China) with the Mini-PROTEAN Tetra System (Bio-Rad Laboratories, United States). Membranes were blocked with 5% skim milk for 1 h at room temperature and subsequently incubated overnight at 4°C with antibodies against β-actin (ab8227, 1:1,000, Abcam, United Kingdom), TNF-α (ab6671, 1:500, Abcam, United Kingdom), IL-6 (12912S, 1:1,000, Cell Signaling Technology, United States), and IL-1β (31202S, 1:1,000, Cell Signaling Technology, United States). The next day, membranes were washed three times with TBST and incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibodies (ab6721, 1:2,000, Abcam, United Kingdom). Proteins were detected with the BeyoECL reagent (P0018FS, Beyotime, China) through imaging system (Amercham Imager 600, Thermo Fisher Scientific, United States) after washing the membranes three times with TBST. Protein blots were analyzed with ImageJ (ImageJ, Rasband, WS, United States).



Enzyme-Linked Immunosorbent Assay

Blood was collected at 24 h and left at room temperature until it stratified. Samples were then centrifuged at 4°C and 3,000 rpm for 4 min to extract the serum. To determine the serum levels of IL-6, IL-1β, and TNF-α, an enzyme-linked immunosorbent assay (ELISA) was performed with the MILLIPEX MAP Mouse High Sensitivity T Cell Panel (MHSTCMAG-70K, Merck, Kenilworth, NJ, United States) according to the manufacture’s protocol. To determine absorbance, the spectrophotometric value of the microplate reader was set to 450 nm, and concentration was calculated according to the standard curve.



Immunofluorescence

Brain sections were incubated with 0.01 M PBS in 0.5% Triton X-100 (Sigma-Aldrich) and 5% bovine serum albumin (FA016, Genview), and then blocked overnight with c-Fos primary antibodies (ab208942, 1:1,000, Abcam, United Kingdom), followed by fluorescent-conjugated secondary antibodies (A0460, 1:500; Beyotime, China) for 2 h. Sections were stained at room temperature with 4,6-diamidino-2-phenylindole dihydrochloride (S2110, Solarbio Life Science & Technology, China). Images of the PFC were acquired with a panoramic scanner and analyzed with ImageJ.



Statistical Methods

All the data were presented as mean ± standard error of the mean (SEM). SPSS v26.0 (IBM Corp., Armonk, NY, United States) was utilized for all statistical analyses. GraphPad Prism v7.0 was employed for all graphic presentations (GraphPad, La Jolla, CA, United States). To test whether inflammatory factors in the PFC could interfere with US-mediated effects on behavior, correlation analyses were conducted with OriginLab (OriginaLab, Northampton, MA, United States). The Shapiro-Wilk test was used to analyze the distribution of the data. The student’s t-test and one-way analysis of variance (ANOVA) were used to analyze the differences in normally distributed data. The Kruskal–Wallis test was employed for the analysis of non-normally distributed data. P-values (p) < 0.05 were considered statistically significant.




RESULTS


Administration of 1 mg/kg Lipopolysaccharide Induced Pronounced Depressive-Like Behaviors

To determine the LPS dose used in the present study, we first performed a dose screening of LPS through open field test (OFT) (These are the doses that are commonly used in studies). As shown in Figure 2B, compared with the control group (32 ± 4.291, n = 9), mice injected with 0.5 mg/kg (15.89 ± 3.486, n = 9, p < 0.01), 0.83 mg/kg (9.889 ± 1.457, n = 9, p < 0.0001) and 1 mg/kg (6.667 ± 1.054, n = 9, p < 0.0001) of LPS displayed a reduction in the number entered the central zone. However, the depressive-like behaviors caused by 1 mg/kg LPS was more obvious (Figure 2). Therefore, a dose of 1 mg/kg was selected as the optimal dose for depressive-like behaviors induction in this study.
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FIGURE 2. The determination of LPS experimental dose. (A) Motion trail of mice injected with saline and different dose of LPS. (B) Compared with mice injected saline, the number of entries in the central zone of LPS-injected mice was decreased, indicating depressive-like behaviors (n = 9 in each group). The depressive-like behaviors of mice injected with 1 mg/kg LPS was more obvious. LPS, lipopolysaccharide. **p < 0.01; ****p < 0.0001.




Ultrasound Stimulation Activated c-Fos in the Prefrontal Cortex

To assess the effects of US on brain activity, we measured the expression of c-Fos in the PFC of healthy mice. Immunofluorescence staining showed that US increased the excitability of PFC neurons (Figures 3A,B, and the expression of c-Fos in US-treated mice (204.00 ± 25.57, n = 6) was markedly increased compared to sham-treated animals (73.50 ± 9.40, n = 4; p < 0.01, Figure 3C), which indicated that US was effective in activating PFC neurons.
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FIGURE 3. US treatment increases the expression of c-Fos in the PFC of healthy mice. Representative images of c-Fos in the PFC after sham US (A) and US (B) for 30 min (nuclei: blue; c-Fos: red). (C) The amount of c-Fos protein in the US-treated group (n = 6) is significantly greater than that in the sham group (n = 4). US, ultrasound stimulation; PFC, prefrontal cortex; LPS, lipopolysaccharide. **p < 0.01.




Mice Developed Sickness-Like Behaviors 6 h After Lipopolysaccharide Injection

Mice clearly exhibited sickness-like behaviors 6 h post-LPS injection, including reductions in locomotion and social interaction (45). The OFT was used to determine the sickness-like behaviors, and this was also an indication of the successful animal model. Compared with control mice (2380 ± 121.1 cm, n = 12), the total distance traveled within 5 min in OFT was significantly reduced in mice injected with LPS (prior to US treatment) (LPS + sham: 890.80 ± 100.70 cm, n = 12, p < 0.0001, LPS + US: 971.20 ± 99.31 cm, n = 13, p < 0.0001, Figure 4B), indicating the sickness-like state of the mice.


[image: image]

FIGURE 4. Effect of LPS and US on the behavior of healthy and depressed mice. (A) Schematic diagram of the OFT. (B) The total distance traveled in 5 min is significantly decreased in LPS-treated mice compared with mice injected saline. Schematic diagrams of the FST (C) and TST (E). After US treatment, immobility time in the FST (D) and TST (F) is significantly reduced 24 h after LPS injection. LPS, lipopolysaccharide; US, ultrasound stimulation; PFC, prefrontal cortex; OFT, open field test; FST, forced swimming test; TST, tail suspension test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




Ultrasound Stimulation Mitigated Lipopolysaccharide-Induced Depressive-Like and Anxiety-Like Behaviors

Intraperitoneal administration of LPS-induced behavioral alteration simulates the symptoms of depression. To verify whether US exerted antidepressant-like effect, we investigated the effect of US on immobility time in mice subjected to LPS with forced swimming test (FST) and tail suspension test (TST) and excluded the mice with improper manipulation. As shown in Figures 4D,F, LPS significantly increased the immobility time of mice in FST (Saline + sham: 103.20 ± 10.65 s, n = 11; LPS + sham: 152.40 ± 9.31 s, n = 12; p < 0.01) and TST (Saline + sham: 124.40 ± 5.81 s, n = 12; LPS + sham: 165.80 ± 7.24 s, n = 10; p < 0.001), which indicated that induction of depressive-like behaviors in mice. Nevertheless, the application of US significantly decreased the immobility time in the FST in comparison with LPS group (LPS + sham: 111.00 ± 11.70 s, n = 12; LPS + US: 152.40 ± 9.31 s, n = 12; p < 0.05), and the same in TST (LPS + sham: 165.80 ± 7.24 s, n = 10; LPS + US: 141.50 ± 6.39 s, n = 13; p < 0.05).

Comorbidity rates in anxiety and depression disorders are common (46), which suggests a partly overlapping etiology. Studies have shown that intraperitoneal injection of LPS induced anxiety-like behaviors (47, 48). Therefore, we also evaluated the effect of US on anxiety-like behaviors. As shown in Supplementary Figure 1, the reduction of entries in the open arms induced by LPS in the sham group (1.13 ± 0.35, n = 8) was significantly increased by US (2.75 ± 0.28, n = 12; p < 0.05), time in the open arms was improved after US treatment. In addition, after US, the total distance (Supplementary Figure 2A) and entries in the center zone (Supplementary Figure 2B) in OFT of normal mice showed no statistical difference when compared with sham group, and the immobility time in FST (Supplementary Figure 2C) also showed no difference.



Ultrasound Stimulation Improved Lipopolysaccharide-Induced Depressive-Like Behaviors by Reducing Inflammatory Factors in the Prefrontal Cortex

As shown in Figure 5, the levels of inflammatory cytokines in the PFC significantly increased after LPS administration. However, US significantly decreased the LPS-induced upregulation of IL-6 (LPS + sham: 0.43 ± 0.05; LPS + US: 0.27 ± 0.03, n = 6 in each group; p < 0.05, Figure 5B), IL-1β (LPS + sham: 0.64 ± 0.04; LPS + US: 0.48 ± 0.03, n = 6 in each group; p < 0.05, Figure 5D), and TNF-α (LPS + sham: 0.59 ± 0.03; LPS + US: 0.50 ± 0.02, n = 6 in each group; p < 0.05, Figure 5F) induced by LPS. In addition, the expression of inflammation cytokines in peripheral blood serum by ELISA test showed that US did not statistically reduce the LPS induced increase in IL-6 (LPS + sham: 34.91 ± 4.05 pg/mL; LPS + US: 28.28 ± 1.46 pg/mL, n = 6 in each group, Supplementary Figure 4A), IL-1β (LPS + sham: 34.73 ± 6.44 pg/mL; LPS + US: 30.58 ± 2.40 pg/mL, n = 6 in each group, Supplementary Figure 4B) and TNF-α (LPS + sham: 2.59 ± 0.54 pg/mL; LPS + US: 2.67 ± 0.46 pg/mL, n = 6 in each group, Supplementary Figure 4C) in peripheral blood serum. Meanwhile, we conducted an experiment to stimulate the PFC of normal mice with US, all the procedures were same as the previous experiment design, but all the mice were normal without LPS or saline injection (n = 4 in each group). We found that IL-6 (Supplementary Figure 3D), IL-1β (Supplementary Figure 3E) and TNF-α (Supplementary Figure 3F) in the PFC of mice in US group shown no significant change when compared with sham group after US.
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FIGURE 5. Effect of US on inflammatory factors in the PFC. (A,C,E) Representative Western blots of inflammatory factors in the PFC (each line represents a single animal). LPS injection increases the levels of inflammatory factors in the PFC, and US treatment decreases the expression of IL-6 (B), IL-1β (D), and TNF-α (F) in the PFC (n = 6 in each group). US, ultrasound stimulation; PFC, prefrontal cortex; LPS, lipopolysaccharide. *p < 0.05; **p < 0.01; ***p < 0.001.


Furthermore, as shown in Figure 6, there was a significant correlation between the expression of IL-6 (r = 0.776, p = 0.014, n = 3, Figure 6A), TNF-α (r = 0.719, p = 0.029, n = 3, Figure 6B), and IL-1β (r = 0.838, p = 0.005, n = 3, Figure 6C) in the PFC and immobility time in the TST. In addition, a positive correlation was found between the expression of IL-6 (r = 0.738, p = 0.023, n = 3, Figure 6D), TNF-α (r = 0.717, p = 0.030, n = 3, Figure 6E), and IL-1β (r = 0.658, p = 0.042, n = 3, Figure 6F) in the PFC and immobility time in the FST. Thus, LPS-induced inflammation in the PFC is associated with the depressive-like phenotypes, and the improvement in LPS-induced depressive-like behaviors was due to US mediated inhibition of inflammatory cytokines in the PFC.
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FIGURE 6. Correlations between inflammatory factors in the PFC (the results from western blot) and behavioral performance. (A) There is a positive correlation between the expression of IL-6 in the PFC and immobility time in the TST. The expression of TNF-α (B) and IL-1β (C) is positively correlated with immobility time in the TST. (D) There is a significant correlation between the expression of IL-6 in the PFC and immobility time in the FST. The expression of TNF-α (E) and IL-1β (F) is positively correlated with immobility time in the FST (n = 3 in each group). PFC, prefrontal cortex; US, ultrasound stimulation; LPS, lipopolysaccharide; FST, forced swimming test; TST, tail suspension test.




Biological Safety of Ultrasound Stimulation

To evaluate the biological safety of ultrasound used in our study, H&E staining and Nissl staining were used to analyze the tissue damage of brain area with US 30 min. As shown in Figure 7, hematoxylin and eosin staining indicated that US did not cause any damage or hemorrhage in the PFC (n = 3 in each group). Moreover, Nissl staining showed that the morphology and density of PFC neurons did not change after US treatment.
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FIGURE 7. Histological analyses of PFC brain sections for the evaluation of tissue damage in sham and US-treated mice (without LPS injection). (A) Schematic diagram of brain sections. Representative images of hematoxylin and eosin staining in sham (B) and US-treated (C) mice. Representative images of Nissl staining in sham (D) and US-treated (E) mice (n = 3 in each group). PFC, prefrontal cortex; US, ultrasound stimulation; LPS, lipopolysaccharide.





DISCUSSION

In this study, we found that US of the PFC could improve LPS-induced depressive-like and anxiety-like behaviors in mice. Compared to the sham group, US treated mice had significantly decreased levels of inflammatory cytokines in the PFC, and histological evidence showed no damage of brain tissue. Overall, these results suggested that US of the PFC may be a valid method to mitigate inflammation-induced depression.

LPS, the major component of the outer membrane of Gram-negative bacteria, is also known as a bacterial endotoxin (45). Intraperitoneal injection of LPS is a widely accepted model to mimic the depressive symptoms that occur during acute infections. Such a method has been used to screen candidate anti-depressive medications and investigate the pathophysiology of depression (49). Acute activation of the peripheral innate immune system in mice could induce depressive-like behaviors through the administration of the cytokine inducer LPS (50, 51). Inflammatory factors produced by LPS peripheral injection signal the brain to evoke central inflammation (45). The activation of powerful microglia and astrocytes in the brain and the production of pro-inflammatory cytokines accelerate neuroinflammatory responses (52), which in turn induce depressive behaviors. It has been demonstrated that systemic low-dose administration of LPS evokes time-dependent behavior alterations and manifested sickness-like and depressive-like behaviors at 6 h and 24 h post-LPS injection (53, 54). In this study, we found that intraperitoneal injection of LPS at different doses reduced the number of entries in the central zone of the OFT apparatus 24 h after LPS injection, indicating that LPS successfully induced a depressive-like state. Our findings also demonstrated that phenotypic severity is dose-dependent, as depressive-like behaviors was more obvious at a higher LPS dose, which was thus selected for our experimental induction. After US of the PFC, immobility time in the FST and TST decreased, suggesting that ultrasound significantly improves LPS-induced depressive-like behaviors. Moreover, in the EPM test, the number of US treated mice entering into and the time in the open arms increased, indicating that US of the PFC can alleviate LPS-induced anxiety-like behaviors. In addition, we also conducted an experiment to observe the effect of US of the PFC on the behavior of normal mice (without LPS or saline injection) and the expression of inflammation cytokines in PFC. However, in the OFT, there was no statistical difference in total distance traveled or number of entries in the center zone between the sham and US-treated groups (Supplementary Figures 2A,B); in addition, in the FST, immobility time remained unaltered after US treatment (Supplementary Figure 2C). Similarly, US of PFC did not affect the expression of IL-6 (Supplementary Figure 3D), IL-Iβ (Supplementary Figure 3E) and TNF-α (Supplementary Figure 3F) in PFC in normal mice. Taking together, these results suggest that US may be successfully employed for the treatment of depression.

A previous study has reported that, in a rat model subjected to 48 h restraint stress, transcranial US of the left prelimbic cortex significantly improved exploratory behavior and anhedonia. Furthermore, BDNF was markedly increased in the hippocampus (38). Another study reported that 4-week US of the PFC significantly increased sucrose intake and decreased forced swimming time in rats subjected to chronic unpredictable stress (39). Zhang et al. established a chronic unpredictable stress (CUS) model of depression in rats (39). CUS is a widely used animal model for stress induction to simulate stress encountered in life events (55, 56). Their study found that the potential mechanism of US to improve the depressive-like behaviors of CUS rats was the enhancement of BDNF/ERK/mTORC1 signaling pathway (39). However, many reports have shown that patients with depression have higher levels of inflammatory immune activation (57, 58). And the immune system signals to the brain through inflammatory cytokines and interactions between inflammation and the brain seem to promote the progression of depression (57, 59, 60). Anti-inflammatory treatments have been shown to improve depressive-like symptoms in humans and animals (61, 62). Specifically, TMS and electroconvulsive therapy have been reported to elicit antidepressant effects by attenuating the levels of inflammatory factors and downregulating immune activation (63–65). Therefore, this study considered the effect of inflammation on depression, and investigated the role of US in depressive behaviors induced by lipopolysaccharide (LPS). Our results indicated that LPS injected mice showed a significant increase in depressive-like behaviors (Figure 4) and inflammatory cytokines expression (Figure 5) in the PFC. However, 30 min of US in the PFC successfully reversed depressive-like phenotypes (Figure 4) and inflammatory activation (Figure 5). According to the results of correlation between expression of inflammation factors and depressive-like behaviors (Figure 6), we further hypothesized potential mechanisms underlying this behavioral effect could be related to the reduction of inflammation activation in the PFC. Our results provide new insights for the treatment of depression with US from the aspect of inflammatory response, and offer new evidence for the treatment of depression by ultrasound.

Higher levels of TNF-α and IL-6 have been found in the blood of patients with depression (66). This peripheral inflammation, via interactions with the central immune system, can trigger inflammatory responses in the brain (67). This has been demonstrated in postmortem brain tissue of patients with depression (68). Consistent with previous studies, we also observed that LPS markedly increased the expression of TNF-α, IL-Iβ, and IL-6 in the PFC and peripheral serum, inducing depressive-like and anxiety-like behaviors. US treatment significantly decreased the expression of TNF-α, IL-Iβ, and IL-6 in the PFC, and decreased serum levels of IL-6 and IL-1β, but there were no statistical differences between the sham and US groups (Supplementary Figure 2). This may indicate that the decrease in cytokine activity in the PFC may not be sufficient to result in an equivalent change in the blood serum. The reason for this could be that, in our study, US treated mice were sacrificed within a relatively short period, which might have prevented the initiation of any change in the serum levels of cytokines. Prolonged observations will be needed in further studies.

The present study has some limitations. Firstly, we established a mouse model of acute depressive-like behaviors through a single intraperitoneal injection of LPS, which may not be able to completely replicate the inflammatory activation of clinically depressed patients. Therefore, chronic inflammation in depression induced by multiple intraperitoneal injection of LPS with smaller doses should be applied in the antidepressant effects of ultrasound in subsequent studies. Secondly, the acoustic parameters used in this study are based on the work of Chang et al. (69). They demonstrated that 15 min of US at fundamental frequency of 1 MHz, pulse repetition frequency of 100 Hz, burst length of 5 ms and duty cycle of 50% attenuated the proinflammatory responses in LPS injected microglia cells. Even though we extended the stimulation to 30 min, it is possible that longer US therapy could achieve better efficacy, as 4 weeks US in the research of Zhang et al. (39). However, our depressive-like animal model was induced by a single injection of LPS, a single 30-min US may also have positive effects on model animals used in this study. Moreover, it has been shown that 15 min of US can effectively inhibit LPS-induced neuroinflammation in microglia (69), even shorter duration (10 min) of US can modulate the sensorimotor circle to promote improved neurobehavioral outcome in middle cerebral artery occlusion mice (70). In addition, the acoustic parameters used in this study are different from those of Zhang et al. (39) due to different model, which suggests that acoustic parameters should be selected for different animal models. In the following studies, we will further explore the relationship between the acoustic parameters and therapeutic effect for depression. Thirdly, while the PFC is the most common targeted brain area by brain stimulation technologies for the treatment of depression, many other deep brain regions are affected by depression, such as the hippocampus and nucleus accumbens, with a close connection between various regions. Therefore, high-resolution, deep-penetrating ultrasound should be employed in subsequent studies by using other ultrasound transducers with different focal lengths and spots to analyze such areas. Finally, we have not addressed the underlying mechanisms through which US positively affects depressive phenotypes. However, our previous study has indicated that acoustic radiation force may be involved (71). In addition to IL-6, IL-1β and TNF-α, microglia and astrocytes and their downstream molecular pathways of deep mechanism of US to alleviate inflammation need to be explored in the future.

In this study, we reported that US of the PFC can improve depressive-like behaviors in an LPS-induced murine models of depression through the reduction of brain inflammation factors. Further, we demonstrated that US is a safe procedure that does not produce damage and hemorrhage. Therefore, US is a promising tool for treatment of neuropsychological diseases. The effect of US on inflammation is worthy of further investigation to elucidate the exact mechanisms through ultrasound exerts positive effects on depression.
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