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Abstract

:

Adolescence is a developmental epoch characterized by massive neural circuit remodeling; thus, the brain is particularly vulnerable to environmental influences during this period. Excessive high-fat diet (HFD) consumption, which is very common among adolescents, has long been recognized as a potent risk factor for multiple mood disorders, including depression and anxiety. However, the precise mechanisms underlying the influences of HFD consumption in adolescence on emotional health are far from clear. In the present study, C57BL/6 mice were fed a control diet (CD) or HFD for about 4 weeks from postnatal day (P) 28 to P60, spanning most of the adolescence period, and then subjected to behavioral assessments and histological examinations. HFD mice exhibited elevated levels of depression and anxiety, decreased hippocampal neurogenesis, and excessive microglial activation in the ventral hippocampus. Furthermore, in HFD-fed mice, microglia showed increased DCX+ inclusions, suggesting aberrant microglial engulfment of newborn neurons in HFD-fed adolescents. To our knowledge, this is the first observation suggesting that the negative effects of HFD consumption in adolescence on emotion and neuroplasticity may be attributed at least in part to aberrant microglial engulfment of nascent neurons, extending our understanding of the mechanism underlying HFD-related affective disorders in young people.
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1. Introduction


Depression and anxiety are highly debilitating and often comorbid mental disorders that are associated with tremendous personal suffering and impose a burden on society and the economy [1]. Roughly half of all cases of lifetime mental disorders begin in childhood and adolescence. Depression and anxiety are the most common mood disorders experienced by adolescents [2,3]. Given the high disability rate and healthcare burden imposed by the alarming prevalence of mental disorders worldwide [4], further elucidating the pathophysiological mechanisms underlying the onset and development of mood disorders in adolescents and identifying potential therapeutic targets are important public health priorities.



As the global economy has rapidly developed, the consumption of a palatable high-fat diet (HFD) by adolescents has become common worldwide. Data from clinical and epidemiological studies suggest a strong association between excessive energy intake and emotional disorders [5,6,7]. Recently, converging evidence from different animal studies has suggested that HFD consumption during early life leads to the development of anxious and depressive-like behavior [8,9]. The fact that the neurocircuitry involved in depression and anxiety, such as the limbic system, is still undergoing maturation during adolescence partially explains the adolescent susceptibility to the negative emotional effects of environmental factors, such as an HFD [10,11,12,13]. However, the precise mechanisms underlying the detrimental effects of HFD consumption in adolescence on emotional health are far from clear.



The neural mechanisms underlying depression and anxiety remain incompletely understood; however, atrophy of the hippocampus, a key brain region related to emotion, is one of the most frequently reported structural neuroimaging findings in persons with depression and other neuropsychiatric disorders, indicating a central role for hippocampal neuroplasticity in the etiology and pathophysiology of emotional impairment [14,15]. Deficits in hippocampal neuroplasticity, such as neurogenesis impairment, are generally regarded as a major cause of hippocampal atrophy and dysfunction [16,17]. Hippocampal neurogenesis, a process through which additional granule cells are produced from progenitors located in the subgranular zone (SGZ) and added to the dentate gyrus (DG) throughout life, is modulated by internal and external factors, including environmental cues such as dietary fat intake [18,19]. The generation and integration of nascent neurons into established hippocampal neural circuitry are thought to play an important role in affective functions [20,21]. In rodents, unpredictable chronic mild stress decreases neurogenesis in the hippocampus, paralleling an increase in depressive-like behavior [22]. Another study using transgenic mice with neural stem cell-specific deletion of a proapoptotic gene demonstrated that increasing hippocampal neurogenesis is sufficient to alleviate anxiety- and depression-related behaviors [19]. It has also been found that antidepressant medications and therapies increase neurogenesis in depressed patients [20]. It has been demonstrated that the density of granule cells is increased and the level of hippocampal neurogenesis is elevated in adolescent rodents compared to adult rodents [23]. Given the role of hippocampal neurogenesis in psychiatric disorders in adults and the increase in neurogenesis in the adolescent brain, it is plausible that disruptions in neurogenesis during adolescence might be implicated in the development of various neuropsychiatric disorders, including depression and anxiety, in young people.



Microglia, macrophage-like immune cells in the brain parenchyma, are highly motile cells that dynamically survey the conditions of the brain and play integral roles in maintaining biochemical homeostasis throughout life and orchestrating the brain response to various internal and external stimuli [24]. In addition to playing these typical immunological roles, microglia have been revealed to be active players in complex neurodevelopment [25], acting as universal sensors and versatile modulators of hippocampal neurogenesis that can initiate and orchestrate context-dependent processes to contribute to the formation of functional neuronal connections and maintain an optimal neural network [26]. While close regulation of activity is necessary for healthy neurodevelopment, excessive or prolonged activation of microglia, especially in the hippocampus, during critical developmental periods, including adolescence, can have deleterious effects on brain function and neurobehavioral function [21,27,28,29]. However, whether and how microglia are involved in hippocampal neurogenesis deficits and emotional disorders associated with HFD consumption in adolescence remains largely speculative.



In the present study, we evaluated the effects of HFD consumption in adolescence on mood, hippocampal neurogenesis, microglial phenotype, and the potential roles of microglia in neuropsychiatric disorders related to HFD consumption in adolescence. Here, we found that HFD consumption in adolescence had a negative effect on affective behaviors and that hippocampal neurogenesis was associated with excessive microglial activation in the hippocampus. Furthermore, microglia in the ventral hippocampus showed significantly increased DCX+ inclusions in HFD-fed mice, suggesting increased microglial engulfment of newborn neurons after HFD consumption during adolescence. These results corroborate and extend previous findings, indicating that HFD-related mood disorders and hippocampal neurogenesis impairment in adolescents are attributed, at least partially, to excessive microglial phagocytosis of newborn cells.




2. Results


2.1. HFD Consumption in Adolescence Induces Depressive and Anxiety-like Behavior in Mice


To investigate the influence of HFD consumption in adolescence on emotional functions in mice, the sucrose preference test (SPT), open field test (OFT), elevated zero maze (EZM), and forced swim test (FST) were conducted after 2 weeks and 4 weeks of dietary treatment (behavioral test in Figure 1). As shown in Figure 2A–C, HFD consumption in adolescence (2 weeks and 4 weeks of HFD feeding) did not affect the total distance traveled in the OFT (Figure 2A,B) but significantly reduced the time in the central square (two-way analysis of variance (ANOVA), main effect of diet: F (1, 75) = 11.97, p = 0.0009, Figure 2C), indicating that HFD-fed mice exhibited increased anxiety-like behavior without impairment of athletic ability. Total liquid intake in the SPT was comparable between control diet (CD)- and HFD-fed (two-way ANOVA, main effect of diet: F (1, 74) = 0.0106, p = 0.9182, Figure 2D), while sucrose preference was significantly decreased in HFD-fed mice (two-way ANOVA, main effect of diet: F (1, 74) = 13.51, p = 0.0004, Figure 2E), indicating that anhedonia was induced after 2 weeks and 4 weeks of HFD feeding. In the FST, there was no significant difference between groups in the latency to immobility (Student’s t-test: p = 0.6051, Figure 2F) or immobility time (Student’s t-test: p = 0.7658, Figure 2G). In the EZM, HFD-fed mice showed significant increases in the amount of time spent in (Student’s t-test: p = 0.0287, Figure 2H,I) and the number of entries into (Student’s t-test: p = 0.0090, Figure 2J) the open arms, further suggesting that HFD consumption induced anxiety-like behavior in mice. Taken together, these data demonstrated that anxiety- and depression-like behavior was induced in HFD-fed adolescent mice.




2.2. HFD Consumption in Adolescence Decreases Hippocampal Neurogenesis, Especially in the Ventral Hippocampus


To investigate the effect of HFD consumption in adolescence on hippocampal neurogenesis, we quantified the number of cells positive for Ki67 (a proliferating cell marker) and the number of cells positive for doublecortin (DCX, a marker of newly generated neurons within the last 2–3 weeks) in the dorsal and ventral hippocampus separately (Figure 3A). Compared with CD-fed mice, HFD-fed mice exhibited a significant reduction in the number of Ki67+ cells in both the dorsal SGZ (dSGZ, Student’s t-test: p = 0.0247, Figure 3B) and ventral SGZ (vSGZ, Student’s t-test: p = 0.0264, Figure 3D) and a significant reduction in the number of DCX+ cells in the vSGZ (Student’s t-test: p = 0.0195, Figure 3E).



Next, we performed a morphological analysis of DCX+ cells in the dorsal and ventral hippocampus (for ventral hippocampus: Figure 4A). At least five cells from each animal were selected randomly and traced using ImageJ. As shown in Figure 4, for DCX+ cells, the total number of dendritic branches (Student’s t-test: p = 0.0004, Figure 4E), the total dendritic length (Student’s t-test: p = 0.0001, Figure 4F), and the number of dendritic intersections with concentric circles according to the Sholl analysis (Figure 4G) were decreased in the ventral hippocampus in HFD-fed mice, indicating atrophy of newborn neurons. No significant changes in these parameters were observed in the dorsal hippocampus (Figure 4B–D).



These data indicated that hippocampal neurogenesis was impaired after HFD consumption in adolescence and that newborn neurons in the ventral hippocampus were more susceptible than those in the dorsal hippocampus to HFD consumption in adolescence.




2.3. Impairment of Ventral Hippocampal Neurogenesis Is Significantly Related to Depression-like Behavior but Not to Anxiety-like Behavior


To investigate whether the emotional behavior alterations of HFD-fed mice could be explained by the alterations in hippocampal neurogenesis, we examined the association between indexes of hippocampal neurogenesis and behavioral traits (only significantly altered indexes were analyzed). As illustrated in Figure 5A–H, when both the CD-fed group and HFD-fed group were considered, the density of Ki67+ cells (Figure 5B) and DCX+ cells (Figure 5C) in the vSGZ as well as the dendritic length of DCX+ cells (Figure 5D) in the ventral dentate gyrus (vDG) were significantly correlated with sucrose preference in the SPT (for density of Ki67+ cells: r2 = 0.3466, p = 0.0440, Figure 5B; for density of DCX+ cells: r2 = 0.3863, p = 0.0134, Figure 5C; for dendritic length of DCX+ cells: r2 = 0.3125, p = 0.0303, Figure 5D) but not with the time spent in the central area in the OFT (Figure 5F–H). After Bonferroni correction, the density of DCX+ cells still showed a significantly positive association with sucrose preference in the SPT. The data, which was consistent with previous reports, showed a significant association between reduced hippocampal neurogenesis and depressive behavior (i.e., the lower the level of hippocampal neurogenesis is, the more significant the depressive-like behavior), suggesting that the depression-like behavior of HFD-fed mice was related to neurogenesis impairment in the ventral hippocampus. Furthermore, a correlation between the Ki67+ cell density in the vSGZ and sucrose preference in the SPT (r2 = 0.6859, p = 0.0417, Figure 5B) was found before Bonferroni correction when only HFD-fed mice were included. Although this correlation seemed not significant after Bonferroni correction, it could prompt the tendency that the decline of hippocampal neurogenesis might contribute to the raised levels of depressive-like behavior in HFD-fed mice.




2.4. HFD Consumption in Adolescence Alters Microglial Morphology in the Ventral Hippocampus


It is well established that there is a close association between microglial activity and neuronal plasticity in neurodevelopment and depression [30,31]. The characteristics of microglia in the molecular layer (MOL) and SGZ of the vDG, where neurogenesis impairment was the most pronounced in the above experiment, were evaluated by staining for the microglia-specific marker ionized calcium-binding adaptor molecule 1 (Iba1) and the phagocytic marker cluster of differentiation 68 (CD68, a widely used molecular marker for actively phagocytic microglia) (Figure 6A). Iba1 is expressed throughout the cytoplasm and thus outlines both the soma and processes of microglia [32]. Microglial morphology was visualized at a high resolution by fluorescence labeling followed by confocal microscopy. Consistent with previous reports, hippocampal microglia exhibited heterogeneity in a region-dependent manner [33]. Unlike those in CD-fed mice, microglia in HFD-fed mice were activated, as evidenced by significant increases in the cellular density in the vSGZ (Student’s t-test: p = 0.0124, Figure 6B), the soma area in the vSGZ (Student’s t-test: p = 0.0018, Figure 6C) and ventral MOL (vMOL, Student’s t-test: p = 0.0006, Figure 6H) and the territory area in the vSGZ (Student’s t-test: p = 0.0223, Figure 6D).



In addition, more microglia were positive for the lysosomal marker CD68 in HFD-fed mice than in CD-fed mice (in the vSGZ: Student’s t-test, p = 0.0008, Figure 6E). The expression of CD68 in microglia was enhanced in HFD-fed mice (in the vSGZ: for score 0: Student’s t-test, p = 0.0008, Figure 6F; in the vMOL: for score 3: Student’s t-test, p = 0.0864, Figure 6K), indicating excessive microglial activation in the vDG after HFD consumption in adolescence.




2.5. HFD-Fed Adolescent Mice Show Increased Microglial Engulfment of DCX+ Material in the Ventral Hippocampus


Newborn cells that are destined to become neurons and integrate into the neural network start to express the microtubule-associated protein DCX within several hours after genesis [34]. To determine whether excessive activation of microglia was involved in the atrophy of newborn neurons observed in HFD-fed mice, serial z-stack confocal images of DCX and Iba1 staining in the vDG were acquired (Figure 7A,B,D,E). Subsequently, we quantified the DCX+ material within the microglia in the vSGZ and vMOL by 3D surface volume rendering (Figure 7C,F). The percentage of DCX+ microglia was in both the vSGZ (Student’s t-test: p = 0.1895, Figure 8A) and vMOL (Student’s t-test: p = 0.1802, Figure 8D) comparable among groups. However, the percentage of the microglial volume occupied by DCX+ inclusions in the vSGZ was significantly increased in HFD-fed mice (Student’s t-test: p = 0.0109, Figure 8B). A similar trend was observed in the vMOL, but it did not reach significance (Student’s t-test: p = 0.0707, Figure 8E).



The association between microglial engulfment of DCX+ material and the density of DCX+ cells as well as the morphology of DCX+ cells was determined using linear regression analysis. As shown in Figure 8, significant correlations between DCX occupancy within microglia and the density of DCX+ cells in the vSGZ (r2 = 0.4088, p = 0.0186, Figure 8C) and between the DCX occupancy within microglia and the total dendritic length of DCX+ cells in the vDG (r2 = 0.4001, p = 0.0203, Figure 8F) were revealed when all mice were included, indicating that atrophy of newborn neurons was closely associated with increased engulfment of DCX+ material by excessively activated microglia.



Together, these findings illustrate that HFD consumption in adolescence drives newborn neuron atrophy through excessive microglial engulfment of DCX+ material.





3. Discussion


Recent evidence from epidemiological, clinical, and animal studies indicates that HFD consumption is associated with a high incidence of depression and anxiety [6,7,35,36,37,38]. Considering the increasing healthcare burden imposed by adolescent depression/anxiety [39,40] and the prevalence of HFD consumption among adolescents, it is imperative to explore the relationship between HFD consumption in adolescence and emotional disorders as well as the underlying neurobiological mechanism in animal models. The present study showed that HFD-fed adolescent mice exhibited elevated levels of depression and anxiety, impaired hippocampal neurogenesis, and excessive microglial activation in the ventral hippocampus. Notably, we found that the negative effects of HFD consumption in adolescence on emotion and neuroplasticity may be attributed at least in part to aberrant microglial engulfment of newborn neurons.



The hippocampus, a critical region in emotion regulation, is widely assumed to be particularly sensitive to HFD consumption [8,41,42], which may induce adverse changes in neuroplasticity [43,44,45,46,47,48]. Hippocampal neurogenesis, which describes the generation of new neurons that subsequently integrate into neural circuits in the DG, is a fundamental process associated with brain plasticity [49]. Decreased hippocampal neurogenesis has been identified as a common feature of some mood disorders [50,51]. Recent studies have also demonstrated that the efficacy of antidepressant and anti-anxiety drugs such as fluoxetine is dependent on successful neurogenesis in the ventral hippocampus [20,52], suggesting that neurogenesis in this brain region may be a key target of psychological risk factors. Studies by our group and others suggest that the ventral hippocampus plays a prominent role in emotional adjustment [53,54]. The results of our previous morphological analysis indicated that more prominent alterations occur in the ventral hippocampus after long-term HFD consumption and that these alterations are accompanied by abnormal emotional behavior in adult mice [54]. Similarly, Hui et al. found that the ventral hippocampus is a critical region involved in chronic stress-induced depression [55]. The level of hippocampal neurogenesis during adolescence is up to four times higher than that during adulthood, making alterations to neurogenesis during adolescence particularly consequential [23,56]. Consistent with previous reports linking hippocampal neurogenesis deficits with emotional perturbations induced by HFD consumption in adolescence [8,57], we found that the HFD-fed adolescent mice developed emotional abnormalities and exhibited reduced neurogenesis mainly in the ventral hippocampus. Furthermore, our data showed that the dendritic complexity of newborn neurons was decreased in the ventral hippocampi of HFD-fed mice, indicating that HFD consumption in adolescence interferes with the morphological maturation of new neurons and subsequently perturbs their integration into neuronal networks. Therefore, it is reasonable to speculate that impaired hippocampal neurogenesis, specifically in the ventral hippocampus, might play a critical role in mood disorders induced by HFD consumption in adolescence.



To verify this hypothesis, we analyzed the correlations between relevant indicators and significant changes in behavior and neurogenesis and found that only the proliferation and newborn neurons in the ventral hippocampus were significantly associated with emotional indicators, providing further evidence that impaired ventral hippocampal neurogenesis might be responsible for emotional dysfunction induced by HFD consumption in adolescence. Furthermore, depression-related behavior, but not anxiety-related behavior, was significantly associated with neurogenesis when all experimental subjects were included, suggesting that hippocampal neurogenesis impairment makes a greater contribution to HFD-related depression than HFD-related anxiety in adolescents. Interestingly, when only HFD-fed mice were considered, a correlation was found between the density of Ki67+ cells in the vSGZ and sucrose preference in the SPT before Bonferroni correction, suggesting the tendency that once cell proliferation falls below a certain level, the degree of depression might increase with the decline in cell proliferation.



Despite emerging reports showing that hippocampal neurogenesis is impaired after HFD consumption [8,57,58], the underlying neurobiological mechanisms remain to be identified. In recent years, the phenotype of neuroimmune-associated microglia in the hippocampus has been found to be altered after HFD consumption [59,60,61,62,63], suggesting that microglia appear to be involved in hippocampal neurogenesis deficits induced by HFD consumption [8,64]. After four months of HFD consumption, 5-month-old mice show increased levels of depression and anxiety and decreased hippocampal neurogenesis, as indicated by decreased cell proliferation and neuronal differentiation in the SGZ [8]. These phenomena are accompanied by neuroinflammatory, depicted by a reactive phenotype in microglia cells in the hippocampus [8]. In another study on the impact of early HFD consumption (postnatal day (P) 21–60) on the mouse hippocampus, neurogenic capability (density of ki67+ cells and DCX+ cells) was remarkably reduced in the SGZ, where microglial were activated, as evidenced by an increased number of microglia and an enlarged soma size [64].



Microglia, known as “brain gardeners,” have been found to influence neuronal proliferation, differentiation, and maturation [65,66,67]. Microglial morphology is closely linked to microglial functions [68,69], and changes in microglial phenotype are related to the impairment of hippocampal neurogenesis under pathological conditions [70]. In the healthy brain, microglia have a ramified morphology with a small soma and fine processes [68]. However, any pathological disturbance of brain homeostasis can evoke rapid and profound changes in microglial cell shape and function, defined as microglial activation [68,71,72]. Our data showed that microglial density, soma area, territory area, and CD68 expression in the ventral hippocampus were significantly increased in HFD-fed adolescent mice. Consistent with our results, it was found that in adult animals, the number and total process length of microglia in the hippocampal DG region are increased after HFD feeding for one month [73] and that microglia in these animals are distinct from traditional amoeba-like activated microglia [68]. Because microglial processes continually contact newborn neurons and play a functionally dynamic role in hippocampal neurogenesis, increases in microglial density, soma area, territory area, and CD68 expression in HFD-fed adolescent mice might indicate that the basal activity of microglia and their connections with adjacent cells are increased after HFD consumption in adolescence.



Ample evidence indicates that microglia play a multifaceted role in regulating neurogenesis, in turn influencing behavior [70,74]. In the hippocampus, neural progenitors in the SGZ give rise to mature neurons, but only a small subset of these cells integrate into the neural circuitry [32]. Sierra et al. found that the majority of newborn cells undergo apoptosis and are quickly cleared by microglia [32]. Under physiological conditions, this apoptosis-coupled phagocytosis of microglia is beneficial, preventing the spillage of detrimental cellular contents that can damage surrounding tissues from secondary necrotic cells and shaping hippocampal neurogenesis [32,75]. Microglia also eliminate redundant nascent neurons and aberrant newborn progenitor cells, thereby regulating the number of newborn cells that are incorporated into the functional circuits in animal models of status epilepticus [26]. However, aberrant microglia have been demonstrated to have deleterious effects on neurogenesis, especially in the hippocampus [27,76]. Alterations in microglia may contribute to a reduction in hippocampal neurogenesis and concomitant deficits in memory during neuroinflammation or aging or under other pathological conditions through the abnormal secretion of different factors (e.g., cytokines, trophic factors, etc.) [27]. In addition, microglia have been observed to promote abnormal hippocampal neurogenesis and an increase in the number of immature neuronal projections after seizures in epilepsy models [76].



In the present study, the DCX+ inclusions in microglia in the ventral hippocampus were increased in HFD-fed mice. Combined with our observations of the change in the expression of CD68 (a lysosomal marker indicative of phagocytic activity of microglia), this finding may indicate increased microglial engulfment of immature neurons. Regarding the effect of microglial phagocytosis on newborn neurons, the percentage between Iba1 (a microglial marker) and DCX colocalization was negatively correlated with the density and morphological complexity of DCX+ cells, further demonstrating a contributing role for excessive microglial phagocytosis of newborn neurons in the impairment of hippocampal neurogenesis after HFD consumption in adolescence. Decreases in the number and dendritic complexity of immature neurons induced by enhanced engulfment of microglia in HFD-fed mice may affect neuronal function and connectivity with other cells and, subsequently, the formation and functional dynamics of neuronal circuits and brain networks, confirming and expanding the existing understanding of the role of microglia in neurogenesis deficits, which lead to neuropsychological disorders. Nonetheless, our experiments only assessed the role of microglial phagocytosis in disrupting neurogenesis after early consumption of an HFD. Future studies on the effects of various microglial functions, such as secretion, are necessary to explore the underlying immune-related molecular mechanisms comprehensively. Meanwhile, studies to block microglial activation are imperative to determine a causative role for microglia in impaired hippocampal neurogenesis and affective dysregulation after HFD exposure in adolescence.



In summary, our findings show that HFD consumption in adolescence induces anxiety- and depression-like behavior and decreases hippocampal neurogenesis (especially in the ventral hippocampus) in mice. Furthermore, we propose for the first time that the adverse influence of HFD consumption in adolescence on behavior and hippocampal neurogenesis appears to be due to excessive phagocytosis of activated microglia. Given the lack of effective treatments for adolescent depression and anxiety and the high prevalence of HFD consumption in the adolescent population, the findings of the present study are important because they show that early consumption of an HFD leads to psychological disorder-related pathogenesis via excessive activation of hippocampal microglia and provide valuable experimental evidence for the development of glial-targeted therapies for emotional disorders.




4. Materials and Methods


4.1. Animals and Diets


Three-week-old male C57BL/6 mice were purchased from Hangzhou Ziyuan Laboratory Animal Science and Technology Co., Ltd. (Hangzhou, China, SCXK (ZHE) 2019-0004). All animals were housed in cages in groups (five to six animals per cage) in a temperature (22 ± 1 °C)- and humidity (55 ± 5%)-controlled room. They were maintained on a 12-h light/dark cycle (lights on at 7:00 a.m.) and provided ad libitum access to food and water. After one week of acclimatization, the mice were randomly assigned to either the HFD [energy density: 5.0 kcal/g; carbohydrate: 20.6%, fat: 60% (from a lard and soybean oil mixture containing a lard/soybean oil ratio of about 10:1), protein: 19.4%; diet TP23300] or CD (energy density: 3.5 kcal/g; carbohydrate: 70.6%, fat: 10%, protein: 19.4%; diet TP23303) group. The pellets fed to both groups were provided by Trophic Animal Feed High-Tech Co., Ltd. (Nantong, China). The adolescence period for mice ranges from weaning (about 3 weeks old) to adulthood (about 8 weeks old) [77,78,79]. In the present study, 4-week-old mice were fed for about 4 weeks, i.e., dietary exposure mostly throughout adolescence. One week before the behavioral test, the mice were habituated to handing by the experimenter. The behavioral experiments were performed on animals who were exposed to dietary treatment for 2 weeks (6 weeks old, the onset of puberty [80]; the SPT and OFT) or 4 weeks (8 weeks old, the end of adolescence; all behavioral tests) while they continued to consume their respective diet. Then, the animals were sacrificed after behavioral testing (Figure 1). All animal procedures were performed with approval by and in accordance with the University Committee for Laboratory Animals of Southeast University, China.




4.2. Behavioral Analysis


After dietary treatment for 2 weeks or 4 weeks, all mice underwent behavioral tests in the following order: the SPT, OFT, EZM, and FST. Considering the additional impact of each test on the animals, only the SPT and OFT were performed after 2 weeks of dietary treatment.



4.2.1. SPT


Anhedonia (a core feature of clinical depression) was assessed by the SPT [54]. After habituation to two identical bottles containing water for 24 h, singly-housed mice were given two bottles: one containing water and the other containing 1% sucrose solution. During the test, the two bottles were switched every 12 h to reduce the effects of position preference. Twenty-four hours later, the bottles were weighed to determine the consumption of each fluid, and sucrose preference was calculated.




4.2.2. FST


The FST was also performed to evaluate depressive-like behavior. The mice were placed in a transparent cylinder (diameter 13 cm; height 18.5 cm) filled with 24 ± 1 °C water to a depth of approximately 13 cm for 6 min and recorded using a video camera. The immobility time, defined as the duration for which a mouse stopped swimming and floated, making only those movements necessary to keep its head above water, was measured for the last 4 min.




4.2.3. OFT


The OFT was used to assess depressive and anxiety-like behavior and locomotor activity. The test was performed in a 50 × 50 × 50 cm white opaque arena. After being gently placed in one corner of the arena, the mice were allowed to explore the arena for 5 min. Their behavior was automatically recorded with a video camera that was fixed above the arena and coupled with video-tracking software (visutrack 3.0, Xinruan Information Technology Company, Shanghai, China). We measured locomotor activity (expressed as the total distance traveled) and emotional behavior (expressed as the time spent in and the number of entries into the central area). The apparatus was cleaned with 70% ethanol and water after each session to remove odor cues.




4.2.4. EZM


In the EZM test, the mice were placed at a randomly chosen boundary between an open and a closed zone facing the closed zone. An overhead camera linked to a computer with Shanghai Xinruan software (visutrack 3.0, Xinruan Information Technology Company, Shanghai, China) was used to track the position of each mouse for 5 min. The time spent in the closed zones of the mazes and the distance traveled were calculated. At the end of each session, the apparatus was cleaned with 70% ethanol and then water to remove odor cues.





4.3. Tissue Collection


The day after the FST, the animals were deeply anesthetized with pentobarbital (100 mg/kg, i.p.) between 09:00 and 12:00. As described in a previous report by our group [54], the mice were perfused transcardially with 20 mL of 0.1 M phosphate-buffered saline (PBS) followed by 20 mL of 4% paraformaldehyde (PFA) in 0.1 M PBS for immunohistochemistry. Then, the brains were quickly extracted and placed in 4% PFA for 6–8 h at 4 °C before being transferred to a 30% sucrose cryopreservation solution. When the brains sank, they were embedded in an optimal cutting temperature (OCT) compound and stored at −80 °C. Coronal sections of the dorsal (−0.9~−2.4 mm) and ventral (−2.4~−4.2 mm) hippocampus (40 µm thick) were prepared [81] for immunohistochemical staining.




4.4. Immunohistochemistry


Two to three bilateral brain sections (320 μm intervals) from each animal were evaluated to study neurogenesis or microglial characteristics. Both the ventral and dorsal hippocampus were evaluated unless specified otherwise. Free-floating sections were rinsed three times for 10 min in 0.1 M PBS and blocked with blocking solution before being incubated with primary antibodies overnight at 4 °C. The following day, the sections were washed six times for 10 min in 0.1 M PBS before being incubated for 2 h at room temperature with secondary antibodies diluted in blocking serum in a wet chamber away from light. The following antibodies were used: rabbit anti-Ki67 (for proliferating cells, 1:500, ab16667, Abcam, Cambridge, UK), guinea pig anti-DCX (for newly generated neurons, 1:1000, AB2253, Millipore, Temecula, CA, USA), rabbit anti-Iba1 (for microglia, 1:1000, 019-19741, Wako, Osaka, Japan), rat anti-CD68 (for phagocytic microglia, 1:1500, MCA1957, Bio-Rad, Oxford, UK), goat anti-Iba1 (for microglia, 1:600, 011-27991, Wako), Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000, ab150077, Abcam), Alexa Fluor 568-conjugated goat anti-guinea pig IgG (1:1000, ab175714, Abcam), Alexa Fluor 594-conjugated donkey anti-rat IgG (1:1000, ab150156, Abcam), and Alexa Fluor 488-conjugated donkey anti-goat IgG (1:1000, ab150129, Abcam). All slides were counterstained with 4′6-diamidino-2-phenylindole (DAPI, 1:600, C1027, Beyotime, Shanghai, China) in PBS for 15 min to visualize the cell nuclei. For negative control sections, primary or secondary antibodies were omitted.




4.5. Quantitative Analysis of Immunohistochemical Data


Images were taken using the sequential acquisition of separate wavelength channels by confocal laser scanning microscopy (FV1000, FV3000, Olympus, Tokyo, Japan) under 40× and 60× objectives. The laser intensity of each channel was kept constant through the image acquisition period. All confocal stacks were acquired at a resolution of 1024 × 1024 pixels with a z-step of 1 μm. Samples were analyzed by an observer blinded to the experimental design using ImageJ software 1.52a (US National Institutes of Health, Bethesda, MD, USA) or Imaris software 9.8.0 (Bitplane, Oxford, UK).



For the analysis of the number of Ki67+ and DCX+ cells, only cells with cell bodies in the SGZ, defined as a layer of cells with a height of 20 μm (expanding 5 μm into the hilus and 15 μm into the granular cell layer) [32], were manually counted using the cell counter function of ImageJ. The morphological features of the DCX+ cells in the DG were also analyzed using ImageJ software. At least five individual cells in each animal from all experimental groups were randomly selected and reconstructed by tracing using the plugin NeuronJ. The total dendritic length, the total number of dendritic branches, and the number of dendritic intersections with concentric circles at radial intervals of 10 µm in Sholl analysis were analyzed to assess the complexity of the newborn neurons.



For the quantitative evaluation of microglia, only Iba1+ cells with a clearly visible cell body were analyzed. The microglial density, average territory area of microglia (defined as the area outlined by the outermost points of the dendritic processes of an Iba1+ cell), average microglial soma area, percentage of CD68+ microglia (defined as the proportion of CD68+Iba1+ cells among all Iba1+ cells) and percentage of CD68+ microglia in the ventral hippocampus with a microglial phagocytosis function score of 0 to 3 were analyzed as previously reported by our group and other laboratories [54,82,83]. A score of 0 indicated no/scarce CD68 staining, 1 signified punctate CD68 staining, 2 indicated CD68 staining covering one-third to two-thirds of the total area, and 3 signified a CD68 staining area greater than two-thirds of the total area.



For quantitative evaluation of microglial phagocytosis of newborn neurons, the percentage of DCX+Iba1+ cells among Iba1+ cells and the percentage of the microglial volume occupied by DCX+ inclusions in the SGZ and MOL of ventral hippocampus in CD- and HFD-fed adolescent mice were measured in 40-μm z-stacked confocal images (60× oil objective) by Imaris software.




4.6. Statistical Analysis


The data were plotted and analyzed statistically using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). All quantitative results are expressed as the mean ± standard error (SE). The significance of the difference between groups was evaluated using two-way ANOVA or two-tailed unpaired Student’s t-test as appropriate. Asterisks were used to indicate significance as follows: * p < 0.05, ** p < 0.01, *** p < 0.001. Values > 0.05 were considered not significant (ns).
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Figure 1. Experimental design showing the age of the animals, duration of dietary treatment, and timing of behavioral testing and tissue collection. 
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Figure 2. Effect of HFD consumption in adolescence on affective behavior in mice. (A) Movement paths (after 4 weeks of CD or HFD feeding), (B) total distance traveled, and (C) time spent in the center area in the OFT test for CD-fed and HFD-fed mice. (D) Total liquid intake and (E) sucrose preference ratio in the SPT. (F) Latency to immobility and (G) immobility time in the FST. (H) Heatmap, (I) duration spent in the open arms, and (J) the number of entries into the open arms in the EZM. The data are expressed as the mean ± standard error of the mean (SEM) (n = 17–23 mice per group). The data were analyzed using two-way ANOVA. When the HFD group was compared with the CD group, Student’s t-test was used. ns, not significant; * p < 0.05; ** p < 0.01. 
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Figure 3. Effect of HFD consumption in adolescence on DCX and Ki67 expression in the mouse hippocampus. (A) Fluorescence staining of DCX+ and Ki67+ cells in the dorsal and ventral hippocampus of CD- and HFD-fed mice. Green, red and blue fluorescence represent Ki67, DCX, and DAPI, respectively. The numbers of Ki67+ and DCX+ cells in the dSGZ (B,C) and vSGZ (D,E) were counted. The data are expressed as the mean ± SEM (n = 8 mice per group). When the HFD group was compared with the CD group, the data were analyzed using Student’s t-test. ns, not significant; * p < 0.05. 
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Figure 4. Effect of HFD consumption in adolescence on the morphology of DCX+ cells in the mouse hippocampus. (A) Fluorescence staining and traces of DCX+ cells in the ventral hippocampus of CD- and HFD-fed mice. Red and blue fluorescence represent DCX and DAPI, respectively. The total dendritic length, total number of dendritic branches, and number of intersections (Sholl analysis) of DCX+ cells in the dorsal dentate gyrus (dDG) (B–D) and vDG (E–G) were determined. The data are expressed as the mean ± SEM (n = 6 mice per group). When HFD group was compared with the CD group, the data were analyzed using Student’s t-test. ns, not significant; * p < 0.05; *** p < 0.001. 
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Figure 5. Linear regression analysis of hippocampal neurogenesis and depression-like and anxiety-like behavior. (A,B) Correlation between the density of Ki67+ cells in the dSGZ/vSGZ and sucrose preference in the SPT. (C) Correlation between the density of DCX+ cells in the vSGZ and sucrose preference in the SPT. (D) Correlation between the dendrite length of DCX+ cells in the vDG and sucrose preference in the SPT. (E,F) Correlation between the density of Ki67+ cells in the dSGZ/vSGZ and the time spent in the central area in the OFT. (G) Correlation between the density of DCX+ cells in the vSGZ and time spent in the central area in the OFT. (H) Correlation between the dendrite length of DCX+ cells in the vDG and the time spent in the central area in the OFT. Mice from both the CD group (represented as gray triangles) and HFD group (represented as orange triangles) are included (n = 6–8 mice per group). The solid black lines, gray dotted lines, and orange dotted lines indicate linear regression for mice fed a CD or HFD, mice fed a CD, and mice fed an HFD, respectively. * means statistical significance after Bonferroni correction. 
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Figure 6. Effect of HFD consumption in adolescence on microglia in the mouse ventral hippocampus. (A) Fluorescence staining of Iba1+ and CD68+ cells in the ventral hippocampus of CD and HFD mice. Red, green, and blue fluorescence represent Iba1, CD68, and DAPI, respectively. The microglial density, average microglial soma area, average microglial territory area, percentage of CD68+ microglia, and percentage of CD68+ microglia with a score of 0 to 3 in the SGZ (B–F) and MOL (G–K) of the ventral hippocampus. The data are expressed as the mean ± SEM (n = 6 mice per group). When the HFD group was compared with the CD group, the data were analyzed using Student’s t-test. ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 7. Effect of HFD consumption in adolescence on microglial phagocytosis of newborn neurons in the mouse ventral hippocampus. (A,D) High-resolution confocal images of Iba1+ and DCX+ cells in the ventral hippocampus of CD- and HFD-fed mice. Red, green, and blue fluorescence represent DCX, Iba1, and DAPI, respectively. (B,E) An orthogonal view of a confocal image showing the expression of DCX (red) within microglia (green). (C,F) Three-dimensional reconstruction and surface renderings were prepared using Imaris software (green and red surface renderings represent microglia and DCX staining inside). The white arrowheads indicate phagocytic cups of microglia. 
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Figure 8. Quantification of the changes in microglial phagocytosis of newborn neurons in the mouse ventral hippocampus induced by HFD consumption in adolescence. (A,D) The percentage of DCX+Iba1+ cells among Iba1+ cells in the vSGZ and vMOL in CD- and HFD-fed mice. (B,E) Quantification of the percentage of the microglial volume occupied by DCX+ inclusions in the vSGZ and vMOL in CD- and HFD-fed mice. (C) Linear regression analysis of the microglial area occupied by DCX+ inclusions and the density of DCX+ cells in the vSGZ. (F) Linear regression analysis of the microglial area occupied by DCX+ inclusions and the total dendritic length of DCX+ cells in the vDG. Linear regressions are indicated by gray dotted lines (for CD-fed mice), orange dotted lines (for HFD-fed mice), and solid black lines (both CD and HFD-fed mice). The data are expressed as the mean ± SEM (n = 6–7 mice per group). When the HFD group was compared with the CD group, the data were analyzed using Student’s t-test. ns, not significant; * p < 0.05. 
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