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Introduction: Anorexia nervosa (AN) is a severe psychiatric disorder characterized by a pathological fear of gaining weight, excessive physical exercise, and emotional instability. Since the amygdala is a key region for emotion processing and BDNF has been shown to play a critical role in this process, we hypothesized that alteration in the amygdalar BDNF system might underline vulnerability traits typical of AN patients.

Methods: To this end, adolescent female rats have been exposed to the Activity-Based Anorexia (ABA) protocol, characterized by the combination of caloric restriction and intense physical exercise.

Results: The induction of the anorexic phenotype caused hyperactivity and body weight loss in ABA animals. These changes were paralleled by amygdalar hyperactivation, as measured by the up-regulation of cfos mRNA levels. In the acute phase of the pathology, we observed reduced Bdnf exon IX, exon IV, and exon VI gene expression, while mBDNF protein levels were enhanced, an increase that was, instead, uncoupled from its downstream signaling as the phosphorylation of TrkB, Akt, and S6 in ABA rats were reduced. Despite the body weight recovery observed 7 days later, the BDNF-mediated signaling was still downregulated at this time point.

Discussion: Our findings indicate that the BDNF system is downregulated in the amygdala of adolescent female rats under these experimental conditions, which mimic the anorexic phenotype in humans, pointing to such dysregulation as a potential contributor to the altered emotional processing observed in AN patients. In addition, since the modulation of BDNF levels is observed in other psychiatric conditions, the persistent AN-induced changes of the BDNF system in the amygdala might contribute to explaining the onset of comorbid psychiatric disorders that persist in patients even beyond recovery from AN.
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INTRODUCTION

Anorexia nervosa (AN) is a severe psychiatric disease, which apart from the most known symptoms as restricted diet, strenuous exercise regimens, and severe emaciation (DSM-V), it is considered to be an ego syntonic disease, highlighting the impact of emotional domains in the pathophysiology of AN (O’hara et al., 2015). Many individuals consciously deny the seriousness of their undernourished state, indeed AN still shows the highest mortality and relapse rate among psychiatric disorders (Arcelus et al., 2011). A core component of the disease is indeed represented by altered emotional processing, that strongly influences the strict control of food intake in AN patients who show anxious and obsessional traits (Lavender et al., 2015; Kucharska et al., 2019). In particular, deficits in the flexible use of emotion regulation strategies and in emotional reactivity to disorder relevant stimuli, such as food and body images, are hallmarks of AN (Zhu et al., 2012). Moreover, maladaptive emotional processing has been found in longitudinal studies to predict the severity of AN symptoms (Racine and Wildes, 2015; Oldershaw et al., 2018). Despite the clear symptomatology, an in-depth investigation of the neurobiological underpinnings of emotion regulation impairments in AN is still lacking.

Imaging studies with functional magnetic resonance in individuals with AN revealed reduced functional connectivity in the fronto-amigdalar circuit, thus suggesting that structural and functional dysregulation of these brain areas are likely to underpin deficits in emotional regulation in AN (Steward et al., 2022) in line with other psychiatric disorders, such as depression, anxiety and post-traumatic stress disorders (Satterthwaite et al., 2016). Akin to this abnormal connectivity, disrupted maturation and altered activation of key regions required to successfully employ adaptive strategies in emotion processing, such as the amygdala (Amy; Steward et al., 2018), might drive a maladaptive shift in emotion regulation also in AN. Interestingly, Amy is reduced in volume and hyperactivated in AN patients (Burkert et al., 2019) and this hyperactivation is associated with body-image fearful emotional thoughts (Gaudio and Quattrocchi, 2012; Pruis et al., 2012; Simon et al., 2019). In particular, adolescent anorexic patients displayed elevated Amy reactivity when exposed to aversive pictures in comparison to a healthy control group (Seidel et al., 2018). Moreover, functional alterations of Amy compromise the processing of emotional stimuli in AN patients even after recovery (Phillips et al., 2003; Bang et al., 2016), suggesting the involvement of this brain region in the maintenance of the anorexic phenotype and in long-term AN-induced vulnerability.

From a neurobiological point of view, amygdalar-dependent responses to emotional stimuli were found to be mediated by the neurotrophin Brain-derived Neurotrophic factor (BDNF), a key molecule critically involved in neuroplastic mechanisms, memory processes and in the development of different psychiatric illnesses (Caffino et al., 2019b; Lorenzetti et al., 2020; Mottarlini et al., 2020b; Wang et al., 2022). Recently, BDNF has been involved in the pathophysiology of AN since it also regulates energy homeostasis via modulation of exigenic and anorexigenic pathways in the hypothalamus (Rosas-Vargas et al., 2011) and modifications in the expression and function of BDNF have been implicated in the alteration of food intake and body weight (Nakazato et al., 2012; Monteleone and Maj, 2013). According to genetic studies, Met/Met polymorphism of the BDNF gene has been associated with minimum body mass index in healthy adults, more severe disorder-related symptoms as well as risk of developing AN in both humans and mice (Ribases et al., 2003; Notaras et al., 2015; Clarke et al., 2016; Chen et al., 2017). In addition, several lines of evidence have shown that BDNF serum levels are significantly diminished in patients with AN and positively correlated with body mass index (Nakazato et al., 2003; Monteleone et al., 2004; Shobeiri et al., 2022). Notably, BDNF has been proposed as a target of food restriction and physical activity within mesocorticolimbic structures in the well-established experimental model of AN, the activity-based anorexia (ABA) model (Ho et al., 2016), pointing to its modulation as a signal of altered processing of food reward in both humans and experimental models.

Based on these lines of evidence, we hypothesized that the induction of the anorexic phenotype would dysregulate the BDNF system in the Amy, thus contributing to explaining the onset of comorbid psychiatric symptoms that might underline vulnerability traits typical of AN patients (Pollice et al., 1997). To this end, we exposed female adolescent rats to the ABA protocol, which consists of a combination of food restriction and physical exercise on a wheel, to mimic the hallmarks of AN, from the post-natal day (PND) 38 to PND42. Since the reduced activity of the BDNF-mediated signaling in Amy might be positively correlated with altered emotional regulation that, in turn, may facilitate relapse, we evaluated BDNF gene and protein expression and its signaling pathway across the induction and after a recovery phases from the ABA paradigm. In particular, since the Bdnf gene has a complex structure that consists of eight 5’ untranslated exons and one 3’ exon coding for the protein (Aid et al., 2007), Bdnf exon IX, representing the entire pool of transcripts, exon IV, the activity-dependent exon of somatic origin, and exon VI (Baj et al., 2011), the isoform known to be targeted to dendrites (Chiaruttini et al., 2008), mRNA levels have been evaluated. Moreover, together with these multiple transcripts the subcellular distribution of the mature form of the BDNF protein (mBDNF) together with the activation of the BDNF-mediated signaling pathway have been investigated. In line with our previously published manuscripts (Mottarlini et al., 2020a; 2022), the ABA-induced alterations were performed at the achievement of the anorexic phenotype (acute phase, represented by the 25% of weight loss and wheel activity increasing over days) and after a 7-day period of body weight recovery to identify possible molecular scars that might persist in the brain even when the body weight is restored.



MATERIALS AND METHODS


Animals and housing

Adolescent female Sprague-Dawley rats were purchased from Charles River (Calco, Italy). Upon their arrival animals were housed in groups of four rats per cage, with a reversed 12 h light/dark cycle (light on/off: 10.30 p.m./10.30 a.m.), under standard conditions of temperature (21 ± 1°C) and humidity (50%–60%). They were fed with standard rat chow (ssniff Spezialdiäten GmbH, Soest, Germany) and tap water ad libitum. A maximum of two female siblings was taken from each litter to reduce the “litter effect” (Chapman and Stern, 1978).

All the procedures were conducted at the Department of Pharmacological and Biomolecular Science (University of Milan, Italy) and performed according to the principles set out in the following laws and policies governing the care and use of laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorization n.19/2008-A issued March 6, 2008, by Ministry of Health); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition) and EU directives and guidelines (EEC Council Directive 2010/63/UE). All efforts were made to minimize animal suffering and to employ the lowest number of animals: for ethical reasons, ABA rats were not allowed to lose more than 25% of their initial body weight. The experiments have been reported in compliance with the ARRIVE guidelines.



Experimental design

At their arrival (PND28), rats were group-housed, left undisturbed in their cages to habituate to the light cycle for 7 days and fed with food and water ad libitum. At PND35, animals were individually housed in transparent cages and randomly subdivided into four experimental groups: (1) control (CTRL, n = 10) group: sedentary + food ad libitum; (2) food-restricted (FR, n = 10) group: sedentary + food restriction (food access limited for 2 h/day); (3) exercise (EXE, n = 10) group: voluntary running activity in a mechanical wheel + food ad libitum; and (4) activity-based anorexia (ABA, n = 10) group: voluntary running activity in a mechanical wheel + food restriction (food access limited for 2 h/day). At the beginning of the experimental paradigm, as shown in Figure 1A, all animals started a 3-day acclimatization period (PND35-PND38) to the new housing condition, in which CTRL and FR groups were kept in classical home cages, while EXE and ABA groups were placed in dedicated activity cages equipped with a mechanical activity wheel (activity wheel BIO-ACTIVW-R cage, Bioseb, France). The habituation period was scheduled to reduce potential different individual aptitudes to exercise activity, to set the running baseline and to accustom animals to the interaction with the investigator. At PND38 the food restriction period started: FR and ABA rodents had access to the food pellets for 2 h/day from 10.30 to 12.30 a.m., a period during which the wheel was blocked to preclude rats from privileging run-over food.
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FIGURE 1. Graphical representation of the experimental paradigm for the induction of anorexia nervosa (AN) in adolescent female rats by means of the ABA protocol (A). Average daily body weight (B) measured in control (CTRL), food-restricted (FR), exercise (EXE), and ABA rats. Total distance traveled over days were calculated in 30 min intervals (C) and averaged total distance traveled (D) for EXE and ABA rats. Results are presented as the mean ± SEM of five rats per group. Two-way ANOVA, followed by Bonferroni’s multiple comparisons test. °p < 0.05, °°°p < 0.001 ABA vs. CTRL; +p < 0.05, +++p < 0.001 FR and ABA vs. CTRL; $p < 0.05, $$p < 0.01, $$$p < 0.001 ABA vs. EXE; and &p < 0.05, &&p < 0.01 FR vs. ABA; @p < 0.05, @@p < 0.01 FR vs. EXE; ###p < 0.001 FR and ABA vs. CTRL and EXE; *p < 0.05, **p < 0.01 CTRL vs. FR. CTRL, control; FR, food-restricted; EXE, exercise; ABA, activity-based anorexia.



At PND42, half of the animals per group (n = 5/group) were sacrificed by decapitation as they reached the acute phase of the anorexic phenotype, while the remaining animals (n = 5/group) were placed back in classical home cages and preserved as sedentary with food ad libitum for 7 days until PND49 to allow body weight recovery. After decapitation, amygdala tissues were grossly dissected from 2 mm slice following the coordinates (−1.72 mm to −3.24 mm bregma) of the Rat Brain Atlas of Paxinos and Watson (2013), frozen on dry ice, and stored at −80°C. Trunk blood from each rat was collected immediately after decapitation as well.



Measurements

Body weight and food intake were evaluated per each animal from the first day of acclimatization (PND35) until the end of the experiment (PND42 or PND49). Rats were weighed daily between 8.00 and 9.00 a.m., before the dark shift. Food intake was measured with a specific milligram-sensitive scale before the beginning of the 2 h of food restriction and immediately after and calculated as grams of food given at the beginning of the 2 h of food access—grams weighted after the 2 h (see Supplementary Materials).

Running wheel activity was assessed by means of specific activity cages equipped with mechanical wheels (Activity wheel BIO-ACTIVW-R cage, Bioseb, Vitrolles, France) connected to a counter device associated with a monitoring software (BIO-ACTIVW-SOFT v1.2.1, Bioseb, Vitrolles, France). Running wheel data were recorded at 30 min intervals throughout the whole experiment and the distance traveled (m) is presented as average for each animal during the 24 h of recording (Figure 1C) and as individual determinations and as average during each experimental day (Figure 1D).



mRNA extraction and real-time PCR analysis

Total RNA from amygdala tissues was isolated by single step guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation reagent (Bio-Rad Laboratories, Italy) according to the manufacturer’s instructions, quantified by means of the Nanodrop spectrophotometric analysis and stored at −20°C until further processing.

Following total RNA extraction, the samples were processed for real-time reverse transcription polymerase chain reaction (real-time RT-PCR) to assess mRNA levels, as previously described (Caffino et al., 2019a). Briefly, an aliquot of each sample was treated with DNase (DNase I, RNase-free buffer di MnCl2-Thermo Scientific) to remove any genomic DNA still present, for 30 min at 37°C and, afterwards, incubated at 65°C for 10 min with EDTA to block DNase action. Expression levels of the genes of interest were analyzed by TaqMan qRT-PCR 48 thermal cycler (CFX384 real-time system, Bio-Rad Laboratories) using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories). Samples were run in triplicate in a 384-wells plate. Thermal cycling was initiated with incubation at 50°C for 10 min (RNA retrotranscription) and then at 95°C for 5 min (TaqMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle consisted of heating the samples at 95°C for 10 s to enable the melting process and then for 30 s at 60°C for the annealing and extension reaction. Data were analyzed with the comparative threshold cycle (ΔΔCt) using the geometric means of 36B4, β-actin, and 18S gene as internal standard (Caffino et al., 2015).

RT-PCR analysis was performed to evaluate Bdnf exon IX gene expression as well as the expression of Bdnf exons IV and VI and cfos. Primers and probe for Bdnf exon IV and VI were purchased from Applied Biosystem, Foster City, California (Bdnf exon IV: ID Rn01484927_m1 and Bdnf exon VI: ID Rn01484928_m1). Primers and probes for Bdnf exon IX, cfos, 36B4, β-Actin, and 18S were purchased from Eurofins MWG-Operon. Their sequences are shown below:


-   Bdnf exon IX: forward primer 5’-AAGTCTGCATTACATTCCTCGA-3’, reverse primer 5’-GTTTTCTGAAAGAGGGACAGTTTAT-3’, probe 5’- TGTGGTTTGTTGCCGTTGCCAAG-3’;

-   cfos: forward primer 5’-TCCTTACGGACTCCCCAC-3’, reverse primer 5’-CTCCGTTTCTCTTCCTCTTCAG-3’, probe 5’-TGCTCTACTTTGCCCCTTCTGCC-3’;

-   36B4: forward primer 5’-TTCCCACTGGCTGAAAAGGT-3’, reverse primer 5’-CGCAGCCGCAAATGC-3’, probe 5’-AAGGCCTTCCTGGCC GATCCATC-3’;

-   β-Actin: forward primer 5’- CACTTTCTACAATGAGCTGCG-3’, reverse primer 5’- CTGGATGGCTACGTACATGG-3’, probe 5’-TCTGGGTCATCTTTTCACGGTTGGC-3’;

-   18S: forward primer 5’- GTAACCCGTTGAACCCCATT-3’, reverse primer 5’- CCATCCAATCGGTAGTAGCG-3’, probe 5’- TGCAATTATTCCCCATGAACGAGG-3’.





Protein extracts preparation and Western blot analysis

Proteins from Amy tissues were homogenized using a cold buffer containing 0.32 M sucrose, 0.1 mM PMSF, 1 mM HEPES, 0.1 mM EGTA pH 7.4, in presence of commercial cocktails of protease (Roche-Merk Life Science, Milan, Italy), and phosphatase (Sigma-Aldrich-Merk Life Science, Milan, Italy) inhibitors and crude membrane fraction prepared as previously described (Caffino et al., 2018). The total amount of proteins in the crude membrane fraction and in the homogenate was quantified according to the Bradford Protein Assay procedure (Bio-Rad, Milan, Italy), with bovine serum albumin as the calibration standard. Samples were stored at −20°C until molecular analysis.

Eight micrograms of proteins for each sample were run on a sodium dodecyl sulfate—14% polyacrylamide gel under reducing conditions and electrophoretically transferred onto a nitrocellulose membrane (Bio-Rad Laboratories). Blots were blocked for 1 h at room temperature with I-Block solution (Life Technologies Italia) in TBS + 0.1% Tween-20 buffer, incubated with antibodies against the phosphorylated forms of the proteins, and then stripped and reprobed with the antibodies against corresponding total proteins.

Results were standardized to the β-actin control protein detected at 43 kDa. Immunocomplexes were visualized by chemiluminescence using the Chemidoc MP Imaging System (Bio-Rad Laboratories) and analyzed with Image LabTM software (Bio-Rad) by evaluating the band density (Figures 5L, 6G). As gels were run in duplicate, the results from the two gels were averaged with a correction factor: correction factor gel B = average of (OD protein of interest/OD β-actin for each sample loaded in gel A)/(OD protein of interest/OD β-actin for the same sample loaded in gel B; Caffino et al., 2020).
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FIGURE 2. Effects of the ABA protocol on cfos gene expression levels in the amygdala. Rats were exposed to the combination of food restriction and free access to the activity wheel and the analysis of cfos mRNA levels in the amygdala (A) was performed in the acute phase of the disease (PND42) and after a 7-day period of body weight recovery (PND49). Data are expressed as percentages of control (CTRL) animals sacrificed in the acute phase. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between body weight and cfos (B) mRNA levels of CTRL, FR, EXE, and ABA rats are represented. Two-way ANOVA followed by Tukey’s multiple comparisons test. **p < 0.01 vs. CTRL-acute phase; $p < 0.05 vs. FR-acute phase; ##p < 0.01 vs. EXE-acute phase. CTRL, control; FR, food-restricted; EXE, exercise; ABA, activity-based anorexia.
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FIGURE 3. Effects of the ABA protocol on Bdnf gene expression levels in the amygdala. Rats were exposed to the combination of food restriction and free access to the activity wheel and the analysis of Bdnf exon IX (A), exon IV (B), and exon VI (C) mRNA levels in the amygdala was performed in the acute phase of the disease (PND42) and after a 7-day period of body weight recovery (PND49). Data are expressed as percentages of control (CTRL) animals sacrificed in the acute phase. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between body weight and total Bdnf (D), exon IV (E), and exon VI (F) mRNA levels of CTRL, FR, EXE, and ABA rats are represented. Three-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.05 vs. CTRL-acute phase; $$$p < 0.001 vs. FR-acute phase; ###p < 0.001 vs. EXE-acute phase; £p < 0.05 vs. CTRL-recovery; °°p < 0.01 vs. FR-recovery; &&p < 0.01 vs. EXE-recovery. CTRL, control; FR, food-restricted; EXE, exercise; ABA, activity-based anorexia.
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FIGURE 4. Effects of the ABA protocol on mBDNF protein levels in the amygdala. Rats were exposed to the combination of food restriction and free access to the activity wheel and the analysis of mBDNF in the whole homogenate (A), and in the crude membrane fraction (B) were performed in the acute phase of the disease (PND42), and after a 7-day period of body weight recovery (PND49). Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between body weight and mBDNF in the homogenate (C) and in the crude membrane fraction (D) are represented. Below the graphs representative immunoblots are shown for mBDNF (14 kDa) and β-Actin (43 kDa) proteins. Data are expressed as percentages of control (CTRL) animals. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Unpaired Student’s T test. *p < 0.05, **p < 0.01, ***p < 0.05. CTRL or C, control; ABA or A, activity-based anorexia.
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FIGURE 5. Effects of the ABA protocol on the protein levels of TrkB, the high affinity receptor for mBDNF, and on its downstream signaling effectors in the amygdala. Rats were exposed to the combination of food restriction and free access to the activity wheel and the analysis of phospho(p)TrkBY706 (A), TrkB receptor (B), pAktS473 (D), Akt (E), pERK2T185-Y187 (G), and ERK2 (H) were measured in the crude membrane fraction in the acute phase of the disease (PND42), and after a 7-day period of body weight recovery (PND49). Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between body weight and pTrkBY706 (C), pAktS473 (F), and pERK2T185-Y187 (I) phosphorylation levels of CTRL and ABA rats at both time points are represented. In panel (L), representative immunoblots are shown for pTrkB Y706 (145 kDa), TrkB (145 kDa), pAktS473, Akt, pERK2T185-Y187, ERK2, and β-Actin (43 kDa). Data are expressed as percentages of CTRL animals. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Unpaired Student’s T test. *p < 0.05, **p < 0.01, ***p < 0.05. CTRL or C, control; ABA or A, activity-based anorexia.



The conditions of the primary antibodies were the following: anti-mBDNF (1:500, Icosagen, cod. 327-100); anti-pTrkB tyr706 (1:200, Novus Biologicals, cod. NBP2-54764); anti-TrkB (1:1,000 Cell Signaling Technology cod. 4606, RRID:AB_2267470); anti-pAkt ser473 (1:1,000, Cell Signaling Technology cod. 4060, RRID:AB_2315049); anti-Akt (1:1,000, Cell Signaling Technology, cod. 9272, RRID:AB_329827); anti-pERK2 thr185/tyr187 (1:1,000, Cell Signaling Technology cod. 4370, RRID:AB_2315112); anti-ERK2 (1:2,000, Cell Signaling Technology cod. 4695, RRID:AB_390779); anti-p-mTOR ser2448 (1:1,000 Cell Signaling Technology Inc., Antibody cod. 2971, RRID:AB_330970), anti-mTOR (1:1,000 Cell Signaling Technology Inc., Antibody cod. 2972, RRID:AB_330978), anti-p-S6 ser240/244 (1:1,000 Cell Signaling Technology Inc., Antibody cod. 9468, RRID:AB_2716873), anti-S6 (1:1,000 Cell Signaling Technology Inc., Antibody cod. 2217, RRID:AB_331355), and anti-β-actin (1:5,000, Sigma-Aldrich, cod. A5441, RRID:AB_476744).



Plasma collection and BDNF ELISA assay

Trunk blood from each rat was collected immediately after decapitation in vials containing EDTA (0.5 M, pH 8). The total amount of blood was centrifuged at 3,000 g for 20 min to precipitate and remove the cellular fraction. The supernatant, corresponding to the plasma fraction, was stored at −80°C until the analysis. BDNF levels were determined by an enzyme-linked immunosorbent assay (ELISA) using commercial kits, according to the manufacturer’s instructions. The calibration curve was run in duplicate together with the control and samples, using the same procedure. BDNF concentration of each sample was calculated related to the standard calibration curve.



Statistical analysis

Data were collected in individual animals as independent determinations and are reported as means and standard errors.

Behavioral data related to the characterization of the anorexic phenotype, such as body weight, distance traveled on the wheel and food intake were assessed by two-way analysis of variance (ANOVA) with repeated measures, followed by Bonferroni’s multiple comparisons test.

Molecular changes in mRNA levels were analyzed initially by a three-way (analysis of variance) ANOVA to investigate manipulations- and time-related differences, incorporating the following variables: food availability (food ad libitum vs. food restriction), physical activity (sedentary vs. exercise) and time of sacrifice (PND42 acute phase vs. PND49 after recovery). As dictated by the relevant interaction terms, low-order ANOVAs were used to determine manipulation effects and interactions followed by Tukey’s multiple comparisons test to characterize differences between groups. Detailed statistics, such as F and p values of independent variables of two-way or three-way ANOVA, were reported in the Supplementary Tables 1–5.

Molecular changes in protein levels were tested for normality of residuals with the Kolmogorov-Smirnov test. Data with normal distribution were analyzed by unpaired Student’s t-test (t), using as control condition the combination of food ad libitum and no physical exercise (CTRL), and as the testing condition, the combination of food restriction and physical exercise (ABA), which were considered as independent variables at the two different time points analyzed, PND42 or PND49, respectively. Data with a non-normal distribution were analyzed by the Mann-Whitney test (U).

Pearson’s product-moment coefficients (r) and linear regression analyses (R2) were calculated to study potential correlations between behavioral outcomes induced by the ABA procedure with molecular changes observed in the amygdala of ABA rodents.

Subjects were eliminated from the final dataset if their data deviated from the mean by 2 SDs. Prism 8 (GraphPad Software Prism v8, San Diego, CA, USA) was used for the analysis of all data. Significance for all tests was assumed at p < 0,05.




RESULTS

The induction of the anorexic phenotype provokes a substantial reduction of body weight, and it causes hyperactive behaviors only in female rats exposed to the combination of a restricted feeding schedule and wheel access, i.e., the ABA group. Consistent with our previous findings (Mottarlini et al., 2020a; 2022), after 24 h from the first day of food restriction (PND 39, Figure 1A), ABA rats reduced their body weight in respect to CTRL and EXE animals (Figure 1B: repeated measure two-way ANOVA manipulation F(3,16) = 3.953, p = 0.0276; time F(19,304) = 623.8, p < 0.0001; interaction F(57,304) = 21.31, p < 0.0001), which were not subjected to food limitation. Such reduction progresses over days and, at PND 42, ABA rats reached the maximum allowed body weight loss, which was significantly greater even with respect to FR rats, despite the same quantity of food eaten (Supplementary Figure 1, Table 1). In parallel, ABA rats exhibit a strong increase of wheel running activity vs. EXE animals, highlighting an escalation of activity also during resting periods (Figure 1C) and an increase in the total distance traveled on the wheel over days (Figure 1D: repeated measure two-way ANOVA manipulation F(1,18) = 7.685, p = 0.0126; F(7,114) = 159.4, time p < 0.0001, interaction F(7,114) = 13.80, p < 0.0001). During the recovery period (PND 42-PND 49), in which food was available ad libitum and wheel removed, ABA rats begin to regain weight without, however, returning to the weight of CTRL rats at the end of the experiment (Figure 1B), suggesting ABA rats need more time to achieve full recovery (Supplementary Table 2).

TABLE 1. Pearson’s product moment coefficients (r), linear regression analyses (R2), and p values relative to the correlation between food intake measured in grams (g) and mRNA or protein levels in CTRL, FR, EXE, and ABA rats at both the achievement of the anorexic phenotype and following a 7-day recovery period.
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The subsequent molecular analysis has been performed in the Amy of CTRL, FR, EXE, and ABA rodents at two time points: PND 42, which corresponds to the acute phase of the ABA induction, and PND 49, after a period of body weight restoration.

From a molecular standpoint, we first investigated the neuronal activation of the Amy in our experimental condition evaluating the expression of the immediate early gene cfos, a well-established marker of neuronal activation that links gene expression to synaptic plasticity (Morgan and Curran, 1989; Kaczmarek, 1993). In the acute phase, at PND42, only ABA rodents show a marked increase of cfos expression (Figure 2A: two-way ANOVA interaction F(1,16) = 4.777, p = 0.0441), an effect that is negatively correlated with body weight (Figure 2B) and food intake (Table 1) and that was abolished after a one-week period of body weight recovery (Figure 2A: two-way ANOVA interaction F(1,16) = 1.569, p = 0.2283).

Next, we focused our attention on the evaluation of the BDNF system. At PND 42, wheel activity in EXE rats increases Bdnf exon IX levels whereas the induction of the AN phenotype in ABA rats causes a reduction of Bdnf exon IX mRNA levels (Figure 3A: two-way ANOVA interaction F(1,16) = 31.56, p < 0.0001), an effect that was maintained also after recovery, at PND 49 (two-way ANOVA interaction F(1,16) = 9.629, p = 0.0068). Similarly, we observed reduced levels of mRNA also for Bdnf exon IV (Figure 3B: three-way ANOVA interaction F(1,32) = 5.282, p = 0.0282), and exon VI (Figure 3C: two-way ANOVA interaction F(1,16) = 25.98, p < 0.0001), at PND 42; these effects are restored at PND 49 after the recovery period (Figure 3B exon IV; Figure 3C exon VI: two-way ANOVA interaction F(1,16) = 3.272, p = 0.0893). Pearson’s correlation and linear regression analyses were run to determine the relationship between ABA induction and the herein investigated molecular targets. As shown in Figure 3; Tables 1 and 2, we observed that the reduced levels of Bdnf exon IX and exons IV and VI in the acute phase positively correlate with their body weight and food intake and negatively correlate with wheel running activity measured at PND 42, revealing a strong interaction between reduced levels of body weight and food intake and increased levels of physical activity and reduced levels of Bdnf mRNA levels (Figures 3D–F; Tables 1 and 2), effects that were totally abolished at PND 49 (Figures 3D–F; Tables 1 and 2).

TABLE 2. Pearson’s product moment coefficients (r), linear regression analyses (R2), and p values relative to the correlation between wheel running activity measured in meters (m) and mRNA levels in EXE and ABA rats at both the achievement of the anorexic phenotype and following a 7-day recovery period.
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To determine whether changes in transcription are paralleled by changes in translation, we examined the expression of BDNF, the high affinity receptor TrkB and its signaling pathway in the amygdalar whole homogenate and crude membrane fraction. These analyses allow us to dissect the effect of ABA induction on BDNF protein translation, which derives from measurements in the whole homogenate, and from the availability of the neurotrophin at synaptic sites, depending on the analyses in the membrane fraction. Since the gene expression analysis presented in Figures 2 and 3 shows that only the combination of food restriction and hyperactivity specifically alters cfos and Bdnf transcripts, we decided to focus our attention on ABA vs. CTRL group in the study of protein levels to investigate the potential molecular mechanisms underlying such effect. As shown in Figure 3; ABA rats display increased levels of mBDNF protein levels in the acute phase both in the whole homogenate (Figure 4A: +38% vs. CTRL, t = 3.752, p = 0.0056) and membrane fraction (Figure 4B: +30% vs. CTRL, t = 2.995, p = 0.0172). At PND 49, no effects were observed in mBDNF protein levels in the homogenate (Figure 4A: −1% vs. CTRL, U = 8, p = 0.4206), whereas in the membrane fraction they were reduced (Figure 4B: −18% vs. CTRL, t = 6.015, p = 0.0003). Interestingly, Pearson’s correlations reveal that increased levels of mBDNF protein expression either in the whole homogenate (Figure 4C) or in the membrane (Figure 4D) are negatively correlated with body weight and food intake (Table 1), indicating that increased levels of mBDNF correspond to reduced food intake and low body weight. After recovery, the same analyses did not reveal any significant correlation with body weight (Figures 4C,D) while a negative correlation between food intake and mBDNF levels in the membrane fraction. At variance from BDNF protein levels, the phosphorylation of its high-affinity receptor TrkB in Tyr(Y)706 measured in the membrane fraction of the Amy is significantly reduced in ABA rats at both time points (Figure 5A: −21% vs. CTRL, t = 5.396, p = 0.0006; Figure 5B: −10% vs. CTRL, t = 6.677, p = 0.0002). No changes in its total expression were found in the acute phase (Figure 5A: +2% vs. CTRL, t = 0.1823, p = 0.8599), while after the period of recovery the total expression of TrkB was reduced (Figure 5B: −11% vs. CTRL, t = 5.073, p = 0.0010).

Next, to investigate whether alterations in the BDNF-TrkB system might have an impact on the BDNF-TrkB downstream signaling pathway we measured the levels of expression and phosphorylation of Akt and ERK2 effectors. As shown in Figure 5, the levels of Akt phosphorylation in serine (S) 473 were reduced in ABA rats in the acute phase (Figure 5D: −21% vs. CTRL, t = 3.333, p = 0.0103), while no changes were observed measuring the total levels of Akt protein expression (Figure 5D: +10% vs. CTRL, t = 1.436, p = 0.1889). Of note, the reduction of pAkt was present as well after the period of body weight recovery (Figure 5E: −28% vs. CTRL, t = 3.077, p = 0.0152) and in addition, at the same time point, also the total level of protein expression of Akt were reduced (Figure 5E: −11% vs. CTRL, t = 2.660, p = 0.0288). Interestingly, and contrary to pAkt, the phosphorylation levels of ERK2 protein in Threonine (T) 185/Tyrosine (Y) 187 were significantly increased in the acute phase of ABA induction (Figure 5G: +45% vs. CTRL, t = 5.560, p = 0.0005), while total expression of ERK2 was reduced (Figure 5G: −9% vs. CTRL, t = 2.933, p = 0.0189). After recovery, we observed a different picture: pERK2 was reduced (Figure 5H: −34% vs. CTRL, t = 6.176, p = 0.0003), and no significant changes were found in its total protein expression (Figure 5H: +3% vs. CTRL, U = 5 p = 0.1508).

Akt and ERK2 are well-known upstream regulators of mTOR, a key protein that regulates the initiation of protein translation, integrating both intracellular and extracellular signals fundamental in the control of protein synthesis required for the formation of new synaptic connections. In our model, we observed that the induction of the ABA protocol increased mTOR phosphorylation in serine (S) 2,448 and its total expression (Figure 6A: +63% vs. CTRL, t = 7.956, p < 0.0001; +14% vs. CTRL, t = 7.956, p < 0.0001). Conversely, after 7 days of body weight recovery, we observed no changes in mTOR phosphorylation and a significant reduction in mTOR expression (Figure 6B: +8% vs. CTRL, U = 5, p < 0.1508; −21% vs. CTRL, t = 2.678, p = 0.0280). To better understand how the observed changes in mTOR activation might impact mechanisms related to new protein synthesis, we studied one of its main downstream effectors, the S6 ribosomal protein kinase. We found that S6 phosphorylation levels in serine (S) 240/244 were reduced in the acute phase of the ABA protocol, while no changes were present in its total expression (Figure 6D: −45% vs. CTRL, t = 3.629, p = 0.0084; Figure 6D: +3% vs. CTRL, t = 0.1311, p = 0.8989). After the recovery period, both phosphorylation and total expression of S6 were reduced (Figure 6E: −47% vs. CTRL, t = 6.975, p = 0.0001; Figure 6E: −29% vs. CTRL, t = 3.890, p = 0.0046). Interestingly, at PND 42 Pearson’s correlations reveal that reduced levels of pTrkB (Figure 5C), pAkt (Figure 5F), and pS6 (Figure 6F) are positively correlated with body weight and food intake (Table 1), while increased levels of pERK2 (Figure 5I) and pmTOR (Figure 6C) are negatively correlated with body weight and food intake (Table 1), indicating that increased levels of mBDNF correspond to reduced food intake and low body weight. The correlation analyses of body weight and the data obtained after the recovery period (TrkB: Figure 5C; Akt: Figure 5F; ERK2: Figure 5I; mTOR: Figure 6C; pS6: Figure 6F) and correlation analysis among body weight and total protein expression levels at both time points (Supplementary Table 6) did not reveal any significant correlation. On the other hand, food intake after recovery negatively correlates with pTrkB, Akt, pERK2, and pS6 (Table 1). Moreover, the Pearson correlation analysis among mBDNF levels measured in the membrane fraction and its downstream targets revealed significant correlations with pTrkB, pAkt, pERK2, and pmTOR in the acute phase of the pathology while positive correlations with pTrkB, TrkB, pAkt, pERK2, pS6, and S6 (Table 3) following a 7-day recovery period.
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FIGURE 6. Effects of the ABA protocol on the protein levels of mTOR and on its downstream effector S6 in the amygdala. Rats were exposed to the combination of food restriction and free access to the activity wheel and the analysis of phospho(p)-mTOR S2448 (A), and of mTOR (B), pS6 S240/244 (D), S6 (E) were measured in the crude membrane fraction at the acute phase of the disease (PND42), and after a 7-day period of body weight recovery (PND49). Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between body weight and pmTOR S2448 (C), pS6 S240/244 (F) phosphorylation levels of CTRL and ABA rats at both time points are represented. In panel (G), representative immunoblots are shown for pmTOR S2448, mTOR, pS6 S240/244, S6, and β-Actin (43 kDa). Data are expressed as percentages of CTRL animals. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Unpaired Student’s T test. *p < 0.05, **p < 0.01, ***p < 0.05. CTRL or C, control; ABA or A, activity-based anorexia.



TABLE 3. Pearson’s product moment coefficients (r), linear regression analyses (R2), and p values relative to the correlation between mBDNF protein levels in the membrane fraction with its downstream signaling targets in CTRL and ABA rats at both the achievement of the anorexic phenotype and following a 7-day recovery period.
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Finally, since clinical studies report reduced circulating levels of BDNF in AN patients (Brandys et al., 2011), with a slight increase or normalization following weight-recovery (Ehrlich et al., 2009), we decided to evaluate BDNF levels in the plasma of ABA rats. Accordingly, circulating levels of BDNF were reduced after the induction of the ABA protocol (Figure 7A: −1,092 pg/ml vs. CTRL, t = 3.510, p = 0.0080), while no changes are observed after the recovery phase (Figure 7A: +110 pg/ml vs. CTRL, t = 0.5126, p = 0.6220). Interestingly, Pearson’s correlation analyses show that BDNF plasma levels measured in the acute phase of the disease positively correlated with the measure of body weight at PND42 (Figure 7B), highlighting that low circulating levels of BDNF correspond to a low body weight and vice versa. The same analysis performed at PND49 revealed, instead, no significant correlations (Figure 7C).
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FIGURE 7. Effects of the ABA protocol on the circulating levels of BDNF of rats exposed to the combination of food restriction and free access to the activity wheel. BDNF plasma levels (A) were measured in the acute phase of the disease (PND42) and after a 7-day period of body weight recovery (PND49). Pearson’s product–moment correlation (r) analyses and linear regression analyses (R2) between circulating levels of BDNF and body weight of CTRL and ABA rats are measured at PND42 (B), and at PND49 (C). Data are expressed as percentages of control (CTRL) animals. Bar graphs represent the mean ± SEM from five independent determinations for each experimental group. Unpaired Student’s T test. *p < 0.05, **p < 0.01, ***p < 0.05. CTRL, control; ABA, activity-based anorexia.





DISCUSSION

Our data demonstrate that the induction of the anorexic phenotype in female adolescent rats perturbs the BDNF system in the Amy, an effect that persists even after a period of body weight recovery. These results provide novel neurobiological underpinnings of AN-induced vulnerable phenotype that may contribute to explain, at least in part, the emotional dysregulation in AN and, thus, might be a potential trigger for aberrant behaviors typical of AN patients.

As previously published, the ABA model, i.e., the combination of caloric restriction and physical exercise, induces a food-restriction-evoked hyperactivity thus generating a severe weight loss that, in turn, induces a cycle of self-motivating and compulsive habits promoting hyperactive behaviors despite the severe emaciation (Gutierrez, 2013; Spadini et al., 2021; Zhang and Dulawa, 2021). In fact, the body weight loss of ABA rodents was much greater than the body weight loss of animals exposed to food restriction only, which was also accompanied by an exponential increase in physical activity within 48 h from the beginning of the caloric restriction. The out-of-control behavior that drives rodents to run instead of feeding has been associated with increased anxiety-like behavior both in rodents and in humans, constituting a potential risk factor for more rapid weight loss (Holtkamp et al., 2004; Kaye et al., 2004; Wable et al., 2015; Schwenzer et al., 2022). In addition, higher hyperactivity in the clinic has been linked to a worse prognosis (Scheurink et al., 2010) and to high level of comorbidity with anxiety and depression (Penas-Lledo et al., 2002; Shroff et al., 2006).

In line with human findings, our data suggest that the combination of food restriction and hyperactivity activates the Amy only in the acute phase of the pathology, as shown by an increase in cfos mRNA levels, pointing to Amy as an early target of the AN phenotype. Since the elevation of cfos expression has been directly associated with natural reward-seeking (Cruz et al., 2013), the amygdalar hyperactivation herein shown might underlie the perpetuation of altered processing of food reward observed in AN patients.

Despite evidence exists that cfos is positively associated with Bdnf to regulate dendritic development, synapse maturation, synaptic plasticity, and learning and memory (Sommer et al., 1993; Sommer and Fuxe, 1997; Malik et al., 2014), our data indicate that such association appears to fail under the combination of low caloric intake and hyperactivity, as Bdnf gene expression is reduced in both the acute phase of the pathology and after a period of body weight recovery. The reduced expression of the neurotrophin, indicating a reduction of the trophic support, may represent a deleterious consequence of the combination of self-starvation and hyperactivity. In addition, the analysis of Bdnf mRNA transcripts in the acute phase showed that Bdnf exon IV, the most abundant activity-dependent isoform (Pruunsild et al., 2011) localized in the soma, and exon VI, known to be targeted to dendrites (Chiaruttini et al., 2008), were reduced, suggesting an overall downregulation of Bdnf expression in the Amy. Interestingly, these changes positively correlate with food intake and body weight loss and negatively with wheel running activity indicating that they are involved in sustaining the rapid escalation of maladaptive behaviors in ABA rats. Following the recovery of body weight, the picture is different: despite the persistent reduction of Bdnf exon IX in the ABA group, an adaptive mechanism may counteract the reduced trophic support restoring the levels of exon IV and VI.

Notably, discrepancies exist when examining BDNF transcription and translation. In fact, at the achievement of the anorexic phenotype, reduction in Bdnf mRNA levels was accompanied by an upregulation of BDNF protein expression, indicating an AN-induced decoupling among transcriptional and translational mechanisms. The ABA condition increased the translation of mBDNF, measured in the whole homogenate, and its availability at synaptic sites, measured in the membrane fraction, suggesting an accumulation of BDNF in this brain region. Interestingly, a similar effect has been previously shown in the Amy of cocaine-withdrawn rats (Grimm et al., 2003), thus suggesting that the BDNF increase might be a molecular mechanism involved in the onset of compulsive traits observed in the ABA model. Alternatively, the upregulation of mBDNF levels might be a compensatory response to the primary lack of BDNF transcription. After 7 days of body weight recovery, despite the reduced Bdnf gene expression still persisting, no changes in the mBDNF protein were observed in the whole homogenate whereas reduced levels of mBDNF were measured at synaptic sites of ABA rodents. Since the total amount of mBDNF in the cell was comparable to controls, the reduced mBDNF levels in the membrane might be due to a more rapid turnover or increased protein degradation, suggesting that, despite rats undergoing a recovery period, the combination of food restriction and excessive physical exercise persistently reduces the pool of BDNF ready to be released. These data suggest that, after recovery, ABA animals lack a trophic supply, an effect that might compromise synaptic plasticity in this brain area.

We then extended our investigation by analyzing the BDNF-mediated downstream signaling pathways. In fact, in the acute phase of the pathology, we found reduced phosphorylation of TrkB, an index of activation upon neurotrophin release (Saarelainen et al., 2003), reduced phosphorylation of Akt and S6 in ABA rats, a canonical pathway known to be activated by BDNF and promote protein synthesis (Gong et al., 2006; Costa-Mattioli and Monteggia, 2013). This finding points to TrkB-Akt-S6 cascade as a primary target of anorexic phenotype in the Amy. Notably, the combination of food restriction and exercise significantly increased the phosphorylation of ERK2 and mTOR. Since hyperphosphorylation of both ERK and mTOR has been correlated to pro-apoptotic processes, mitochondrial damage, depression, and early life stress (Duman et al., 2012; Bordi et al., 2019; Martin-Sanchez et al., 2022), we can hypothesize that the induction of the anorexic phenotype might drive similar effects, which need further detailed investigation. Moreover, increased activation of ERK2 might be interpreted as a marker of reward and seeking behaviors since it is activated in several brain regions, including the Amy, following cocaine exposure (Valjent et al., 2000; Lu et al., 2006; Giannotti et al., 2014). Thus, the ABA-induced activation of the ERK pathway might contribute to compulsive behaviors observed in ABA rats. Following the recovery period, akin to reduced BDNF levels, ABA-recovered rodents show an overall reduction of the targets downstream BDNF. In fact, pTrkB reduction, in turn, resulted in a decrease of both ERK2- and Akt-dependent pathways that subsequently decreased S6 phosphorylation. These results suggest that the combination of body weight loss and hyperactivity permanently alters the physiological regulation of the translational machinery, an effect that persists even after a 7-day period of recovery. Taken together, our data highlight the widespread impact on neuroplasticity exerted by the ABA condition: the overall downregulation of the amygdalar BDNF machinery may reflect reduced synaptic transmission thus leading to long-lasting instability (Figure 8). Moreover, reduced levels of BDNF and its mediated signaling pathway suggest an impairment in Amy-dependent learning, such as appetitive and fear learning. Since BDNF contributes to reducing inhibition and increasing excitability necessary for fear memory formation by inducing a rapid internalization of GABA(A)R α1 subunits (Mou et al., 2011, 2013), the ABA-induced BDNF deficit may alter the inhibition-excitation balance in the Amy, thus compromising memory formation (Meis et al., 2020).
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FIGURE 8. Graphical representation of the ABA protocol with a summary of the main effects on the BDNF system in the Amygdala of adolescent female rats in the acute phase of the anorexic phenotype and after a period of body weight recovery (ABA, activity-based anorexia; BDNF, brain-derived neurotrophic factor).



Interestingly, BDNF is abundantly present at the peripheral level in the blood flow (Fujimura et al., 2002). Despite in most cases peripheral and neuronal BDNF levels appear to correlate (Klein et al., 2011), in our experimental condition we found a discrepancy between BDNF plasma levels and its amount in the Amy. In fact, in the acute phase, the increased amygdalar levels were paralleled by reduced plasmatic levels whereas, following recovery, no changes were observed both in the amygdalar homogenate and in the plasma of ABA rats. Despite the herein shown dichotomy, our data are in line with clinical studies showing decreased BDNF serum levels in the acute stage of the pathology (Brandys et al., 2011; Monteleone and Maj, 2013). Due to BDNF-mediated modulation of anorexigenic and orexigenic pathways in appetite and satiety processes (Pelleymounter et al., 1995; Rosas-Vargas et al., 2011), the decreased circulating levels of BDNF may represent a maladaptive phenomenon to dysregulate food intake even in a condition of starvation. Moreover, low BDNF circulating levels have also been reported in other chronic mental disorders, including obsessive-compulsive disorder, major depression, bipolar disorder, and schizophrenia (Bocchio-Chiavetto et al., 2010; Fontenelle et al., 2012; Brand et al., 2015; Fernandes et al., 2015), reasonably pointing to BDNF as a potential biomarker of increased vulnerability also in AN. Regarding the modulation of BDNF after weight recovery, different investigations found a normalization of serum BDNF in weight-recovered AN patients (Ehrlich et al., 2009; Zwipp et al., 2014; Tyszkiewicz-Nwafor et al., 2019) or a rise to supranormal levels that are significantly higher than those of healthy controls (Borsdorf et al., 2021). Even though the human condition is less clear, body weight recovery in ABA rats restored circulating BDNF levels, suggesting that, in rats, peripheral mechanisms mediating BDNF homeostasis are still able to recover.

Regardless of the evidence that BDNF Val66Met polymorphism does not increase susceptibility in the onset of AN symptomatology, such as feeding and exercise, in the ABA rat model (Chen et al., 2017; Pietrucci et al., 2022), the significant correlation among BDNF levels and body weight, food intake and distance traveled on the wheel in the acute phase of the pathology provide evidence for a role of BDNF in the regulation of food intake and energy homeostasis at both central and peripheral level. Interestingly, even though body weight recovery was paralleled by restored circulating BDNF levels, a dysregulation at the central level persists, suggesting BDNF as an AN-induced molecular scar of maladaptive plasticity. Moreover, our correlation analysis among the ABA-induced behavioral outcomes and the BDNF system at multiple levels revealed that the molecular dysregulation of the BDNF system observed at both the achievement of the anorexic phenotype and following a 7-day recovery period further corroborate the AN-induced weakening of trophic support in the Amy as a signature of ABA-induced vulnerability.

Interestingly, given the role of BDNF in psychiatric disorders (Wang et al., 2022), our findings might pave the way for a better comprehension of the molecular mechanisms underlying comorbid psychiatric disorders including mood disorder, social phobia, obsessive-compulsive disorder and substance use disorder (Jagielska and Kacperska, 2017) that persist beyond recovery from AN (Braun et al., 1994; Herzog et al., 1996; Marucci et al., 2018) and that might be linked to poor outcome in patients. In particular, given the role of the Amy in stress responsivity and emotionality and since during adolescence, when the onset of AN peaks (Micali et al., 2013), this brain area undergoes refinement processes (Lenroot and Giedd, 2006), interfering with its maturational trajectory might alter the development of adaptive emotion regulation strategies (Ahmed et al., 2015), typical of AN patients. In fact, similarly to stressful life events and drug exposure (Heim and Nemeroff, 2001; Salmanzadeh et al., 2020; Caffino et al., 2022), the experience of ABA during adolescence, but not in adulthood, induces long-term anxiety-like behavior measured as reduced entries in the open arms of an elevated plus maze and reduced time spent in the center of an open field arena (Kinzig and Hargrave, 2010) via dysregulation of brain homeostasis. Other risk factors for ABA-induced vulnerability are represented by psychiatric comorbidities, such as anhedonia, a trait reported also in patients with AN (Milton et al., 2018), impairment in cognitive functions such as learning and memory (Boersma et al., 2016; Paulukat et al., 2016; Mottarlini et al., 2022) and cognitive flexibility (Allen et al., 2017; Milton et al., 2018) and in reward-related behaviors via alteration in the midbrain reward circuitry (Lett et al., 2000; Foldi et al., 2017). Similar to individuals who have recovered from AN and continue to show higher levels of anxiety (Kaye et al., 2004), ABA induction increases anxiety-like behavior also after a recovery period (Chen et al., 2017, 2018), an effect that might be driven by the herein shown persistent changes in the BDNF system in the Amy.

We are aware that our study is limited by the lack of direct evidence of BDNF involvement in the induction of anxiety-like behavior in ABA rats; however, our data add complexity as well as specificity to the involvement of the BDNF system in the maintenance of the anorexic phenotype and in the increased vulnerability of AN patients. Moreover, since AN is a chronic disease that might last several years in humans and chronic ABA models (Frintrop et al., 2018; Schalla and Stengel, 2019), to mimic more closely the impact of AN on many somatic aspects that are not manifested in the acute model used in the present study, have been established, we cannot rule out that the herein shown changes in the BDNF system might contribute to the long-term vicious cycle of self-starvation/body weight loss and hyperactivity in chronic AN. Further studies taking advantage of the long-term ABA protocol should implement this gap of knowledge. Thus, the comprehension of the molecular mechanisms underlying the interplay of AN and anxiety disorder might provide important features in the pathophysiology of AN.

Since recent data reveal an increase of AN cases even in adolescent males (Gorrell and Murray, 2019) and only a few articles on humans and the ABA model focused on the difference between male and female subjects (Perez-Leighton et al., 2014; Timko et al., 2019; Morgan et al., 2022), researchers largely ignore potentially differences in the development and maintenance of AN in males and females. Nevertheless, a more detailed understanding of neurobiological factors involved in sex differences and in the different phases of AN pathology needs to be further addressed in future research to develop more targeted treatment strategies.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Organismo Preposto al Benessere degli Animali—OPBA Università degli Studi di Milano—Ministero della Salute.



AUTHOR CONTRIBUTIONS

FM, FF, and LC: conceptualization. FM, BR, and GT: methodology. FM and BR: software. FM, BR, GT, and LC: investigation. FM and LC: writing—original draft preparation. FM, BR, GT, FF, and LC: writing—review and editing. FF and LC: supervision and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by Banca d’Italia; Cariplo Foundation, Grant/Award Numebr: 2017-0865; MIUR Progetto Eccellenza; Nando and Elsa Peretti Foundation, Grant/Award Number: 370; Nutricia Research Foundation, Grant/Award Number: a2019-21. FM is the recipient of a postdoc fellowship granted from the Zardi Gori Foundation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2022.1087075/full#supplementary-material.



REFERENCES

Ahmed, P. S., Bittencourt-Hewitt, A., and Sebastian, L. C. (2015). Neurocognitive bases of emotion regulation development in adolescence. Dev. Cogn. Neurosci. 15, 11–25. doi: 10.1016/j.dcn.2015.07.006

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and rat BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 525–535. doi: 10.1002/jnr.21139

Allen, J. P., Jimerson, C. D., Kanarek, B. R., and Kocsis, B. (2017). Impaired reversal learning in an animal model of anorexia nervosa. Physiol. Behav. 179, 313–318. doi: 10.1016/j.physbeh.2017.06.013

Arcelus, J., Mitchell, J. A., Wales, J., and Nielsen, S. (2011). Mortality rates in patients with anorexia nervosa and other eating disorders. A meta-analysis of 36 studies. Arch. Gen. Psychiatry 68, 724–731. doi: 10.1001/archgenpsychiatry.2011.74

Baj, G., Leone, E., Chao, V. M., and Tongiorgi, E. (2011). Spatial segregation of BDNF transcripts enables BDNF to differentially shape distinct dendritic compartments. Proc. Natl. Acad. Sci. U S A 108, 16813–16818. doi: 10.1073/pnas.1014168108

Bang, L., Ro, O., and Endestad, T. (2016). Amygdala alterations during an emotional conflict task in women recovered from anorexia nervosa. Psychiatry Res. Neuroimaging 248, 126–133. doi: 10.1016/j.pscychresns.2015.12.008

Bocchio-Chiavetto, L., Bagnardi, V., Zanardini, R., Molteni, R., Nielsen, G. M., Placentino, A., et al. (2010). Serum and plasma BDNF levels in major depression: a replication study and meta-analyses. World J. Biol. Psychiatry 11, 763–773. doi: 10.3109/15622971003611319

Boersma, J. G., Treesukosol, Y., Cordner, A. Z., Kastelein, A., Choi, P., Moran, H. T., et al. (2016). Exposure to activity-based anorexia impairs contextual learning in weight-restored rats without affecting spatial learning, taste, anxiety, or dietary-fat preference. Int. J. Eat. Disord. 49, 167–179. doi: 10.1002/eat.22489

Bordi, M., Darji, S., Sato, Y., Mellen, M., Berg, J. M., Kumar, A., et al. (2019). mTOR hyperactivation in Down Syndrome underlies deficits in autophagy induction, autophagosome formation and mitophagy. Cell Death Dis. 10:563. doi: 10.1038/s41419-019-1752-5

Borsdorf, B., Dahmen, B., Buehren, K., Dempfle, A., Egberts, K., Ehrlich, S., et al. (2021). BDNF levels in adolescent patients with anorexia nervosa increase continuously to supranormal levels 2.5 years after first hospitalization. J. Psychiatry Neurosci. 46, E568–E578. doi: 10.1503/jpn.210049

Brand, J. S., Moller, M., and Harvey, H. B. (2015). A review of biomarkers in mood and psychotic disorders: a dissection of clinical vs. preclinical correlates. Curr. Neuropharmacol. 13, 324–368. doi: 10.2174/1570159x13666150307004545

Brandys, K. M., Kas, J. M., Van Elburg, A. A., Campbell, C. I., and Adan, A. R. (2011). A meta-analysis of circulating BDNF concentrations in anorexia nervosa. World J. Biol. Psychiatry 12, 444–454. doi: 10.3109/15622975.2011.562244

Braun, L. D., Sunday, R. S., and Halmi, A. K. (1994). Psychiatric comorbidity in patients with eating disorders. Psychol. Med. 24, 859–867. doi: 10.1017/s0033291700028956

Burkert, T. N., Koschutnig, K., Ebner, F., and Freidl, W. (2019). Body image disturbances, fear and associations with the amygdala in anorexia nervosa. Wien. Klin. Wochenschr. 131, 61–67. doi: 10.1007/s00508-018-1440-y

Caffino, L., Calabrese, F., Giannotti, G., Barbon, A., Verheij, M. M., Racagni, G., et al. (2015). Stress rapidly dysregulates the glutamatergic synapse in the prefrontal cortex of cocaine-withdrawn adolescent rats. Addict. Biol. 20, 158–169. doi: 10.1111/adb.12089

Caffino, L., Giannotti, G., Messa, G., Mottarlini, F., and Fumagalli, F. (2019a). Repeated cocaine exposure dysregulates BDNF expression and signaling in the mesocorticolimbic pathway of the adolescent rat. World J. Biol. Psychiatry 20, 531–544. doi: 10.1080/15622975.2018.1433328

Caffino, L., Mottarlini, F., Diniz, M. D., Verheij, M. M., Fumagalli, F., Homberg, R. J., et al. (2019b). Deletion of the serotonin transporter perturbs BDNF signaling in the central amygdala following long-access cocaine self-administration. Drug Alcohol Depend. 205:107610. doi: 10.1016/j.drugalcdep.2019.107610

Caffino, L., Mottarlini, F., Zita, G., Gawlinski, D., Gawlinska, K., Wydra, K., et al. (2022). The effects of cocaine exposure in adolescence: behavioural effects and neuroplastic mechanisms in experimental models. Br. J. Pharmacol. 179, 4233–4253. doi: 10.1111/bph.15523

Caffino, L., Piva, A., Mottarlini, F., Di Chio, M., Giannotti, G., Chiamulera, C., et al. (2018). Ketamine self-administration elevates αCaMKII autophosphorylation in mood and reward-related brain regions in rats. Mol. Neurobiol. 55, 5453–5461. doi: 10.1007/s12035-017-0772-3

Caffino, L., Verheij, M. M. M., Roversi, K., Targa, G., Mottarlini, F., Popik, P., et al. (2020). Hypersensitivity to amphetamine’s psychomotor and reinforcing effects in serotonin transporter knockout rats: glutamate in the nucleus accumbens. Br. J. Pharmacol. 177, 4532–4547. doi: 10.1111/bph.15211

Chapman, H. R., and Stern, M. J. (1978). Maternal stress and pituitary-adrenal manipulations during pregnancy in rats: effects on morphology and sexual behavior of male offspring. J. Comp. Physiol. Psychol. 92, 1074–1083. doi: 10.1037/h0077509

Chen, W. Y., Sherpa, D. A., and Aoki, C. (2018). Single injection of ketamine during mid-adolescence promotes long-lasting resilience to activity-based anorexia of female mice by increasing food intake and attenuating hyperactivity as well as anxiety-like behavior. Int. J. Eat. Disord. 51, 1020–1025. doi: 10.1002/eat.22937

Chen, W. Y., Surgent, O., Rana, S. B., Lee, F., and Aoki, C. (2017). Variant BDNF-Val66Met polymorphism is associated with layer-specific alterations in gabaergic innervation of pyramidal neurons, elevated anxiety and reduced vulnerability of adolescent male mice to activity-based anorexia. Cereb. Cortex 27, 3980–3993. doi: 10.1093/cercor/bhw210

Chiaruttini, C., Sonego, M., Baj, G., Simonato, M., and Tongiorgi, E. (2008). BDNF mRNA splice variants display activity-dependent targeting to distinct hippocampal laminae. Mol. Cell. Neurosci. 37, 11–19. doi: 10.1016/j.mcn.2007.08.011

Clarke, J., Ramoz, N., Fladung, K. A., and Gorwood, P. (2016). Higher reward value of starvation imagery in anorexia nervosa and association with the Val66Met BDNF polymorphism. Transl. Psychiatry 6:e829. doi: 10.1038/tp.2016.98

Costa-Mattioli, M., and Monteggia, M. L. (2013). mTOR complexes in neurodevelopmental and neuropsychiatric disorders. Nat. Neurosci. 16, 1537–1543. doi: 10.1038/nn.3546

Cruz, C. F., Koya, E., Guez-Barber, H. D., Bossert, M. J., Lupica, R. C., Shaham, Y., et al. (2013). New technologies for examining the role of neuronal ensembles in drug addiction and fear. Nat. Rev. Neurosci. 14, 743–754. doi: 10.1038/nrn3597


DSM-V (2013). Diagnostic and Statistical Manual of Mental Disorders: DSM-V. Washington DC: American Psychiatric Association.


Duman, S. R., Li, N., Liu, J. R., Duric, V., and Aghajanian, G. (2012). Signaling pathways underlying the rapid antidepressant actions of ketamine. Neuropharmacology 62, 35–41. doi: 10.1016/j.neuropharm.2011.08.044


Ehrlich, S., Salbach-Andrae, H., Eckart, S., Merle, V. J., Burghardt, R., Pfeiffer, E., et al. (2009). Serum brain-derived neurotrophic factor and peripheral indicators of the serotonin system in underweight and weight-recovered adolescent girls and women with anorexia nervosa. J. Psychiatry Neurosci. 34, 323–329.


Fernandes, S. B., Steiner, J., Berk, M., Molendijk, L. M., Gonzalez-Pinto, A., Turck, W. C., et al. (2015). Peripheral brain-derived neurotrophic factor in schizophrenia and the role of antipsychotics: meta-analysis and implications. Mol. Psychiatry 20, 1108–1119. doi: 10.1038/mp.2014.117

Foldi, J. C., Milton, K. L., and Oldfield, J. B. (2017). The role of mesolimbic reward neurocircuitry in prevention and rescue of the activity-based anorexia (ABA) phenotype in rats. Neuropsychopharmacology 42, 2292–2300. doi: 10.1038/npp.2017.63

Fontenelle, F. L., Barbosa, G. I., Luna, V. J., Rocha, P. N., Silva Miranda, A., Teixeira, L. A., et al. (2012). Neurotrophic factors in obsessive-compulsive disorder. Psychiatry Res. 199, 195–200. doi: 10.1016/j.psychres.2012.03.034

Frintrop, L., Trinh, S., Liesbrock, J., Paulukat, L., Kas, J. M., Tolba, R., et al. (2018). Establishment of a chronic activity-based anorexia rat model. J. Neurosci. Methods 293, 191–198. doi: 10.1016/j.jneumeth.2017.09.018

Fujimura, H., Altar, A. C., Chen, R., Nakamura, T., Nakahashi, T., Kambayashi, J., et al. (2002). Brain-derived neurotrophic factor is stored in human platelets and released by agonist stimulation. Thromb. Haemost. 87, 728–734. doi: 10.1055/s-0037-1613072

Gaudio, S., and Quattrocchi, C. C. (2012). Neural basis of a multidimensional model of body image distortion in anorexia nervosa. Neurosci. Biobehav. Rev. 36, 1839–1847. doi: 10.1016/j.neubiorev.2012.05.003

Giannotti, G., Caffino, L., Calabrese, F., Racagni, G., Riva, A. M., Fumagalli, F., et al. (2014). Prolonged abstinence from developmental cocaine exposure dysregulates BDNF and its signaling network in the medial prefrontal cortex of adult rats. Int. J. Neuropsychopharmacol. 17, 625–634. doi: 10.1017/S1461145713001454

Gong, R., Park, S. C., Abbassi, R. N., and Tang, J. S. (2006). Roles of glutamate receptors and the mammalian target of rapamycin (mTOR) signaling pathway in activity-dependent dendritic protein synthesis in hippocampal neurons. J. Biol. Chem. 281, 18802–18815. doi: 10.1074/jbc.M512524200

Gorrell, S., and Murray, B. S. (2019). Eating disorders in males. Child Adolesc. Psychiatr. Clin. N. Am. 28, 641–651. doi: 10.1016/j.chc.2019.05.012

Grimm, W. J., Lu, L., Hayashi, T., Hope, T. B., Su, P. T., Shaham, Y., et al. (2003). Time-dependent increases in brain-derived neurotrophic factor protein levels within the mesolimbic dopamine system after withdrawal from cocaine: implications for incubation of cocaine craving. J. Neurosci. 23, 742–747. doi: 10.1523/JNEUROSCI.23-03-00742.2003

Gutierrez, E. (2013). A rat in the labyrinth of anorexia nervosa: contributions of the activity-based anorexia rodent model to the understanding of anorexia nervosa. Int. J. Eat. Disord. 46, 289–301. doi: 10.1002/eat.22095

Heim, C., and Nemeroff, B. C. (2001). The role of childhood trauma in the neurobiology of mood and anxiety disorders: preclinical and clinical studies. Biol. Psychiatry 49, 1023–1039. doi: 10.1016/s0006-3223(01)01157-x

Herzog, B. D., Nussbaum, M. K., and Marmor, K. A. (1996). Comorbidity and outcome in eating disorders. Psychiatr. Clin. North Am. 19, 843–859. doi: 10.1016/s0193-953x(05)70385-3

Ho, V. E., Klenotich, J. S., Mcmurray, S. M., and Dulawa, C. S. (2016). Activity-based anorexia alters the expression of BDNF transcripts in the mesocorticolimbic reward circuit. PLoS One 11:e0166756. doi: 10.1371/journal.pone.0166756

Holtkamp, K., Hebebrand, J., and Herpertz-Dahlmann, B. (2004). The contribution of anxiety and food restriction on physical activity levels in acute anorexia nervosa. Int. J. Eat. Disord. 36, 163–171. doi: 10.1002/eat.20035

Jagielska, G., and Kacperska, I. (2017). Outcome, comorbidity and prognosis in anorexia nervosa. Psychiatr. Pol. 51, 205–218. doi: 10.12740/PP/64580

Kaczmarek, L. (1993). Molecular biology of vertebrate learning: is c-fos a new beginning? J. Neurosci. Res. 34, 377–381. doi: 10.1002/jnr.490340402

Kaye, H. W., Bulik, M. C., Thornton, L., Barbarich, N., and Masters, K. (2004). Comorbidity of anxiety disorders with anorexia and bulimia nervosa. Am. J. Psychiatry 161, 2215–2221. doi: 10.1176/appi.ajp.161.12.2215

Kinzig, P. K., and Hargrave, L. S. (2010). Adolescent activity-based anorexia increases anxiety-like behavior in adulthood. Physiol. Behav. 101, 269–276. doi: 10.1016/j.physbeh.2010.05.010

Klein, B. A., Williamson, R., Santini, A. M., Clemmensen, C., Ettrup, A., Rios, M., et al. (2011). Blood BDNF concentrations reflect brain-tissue BDNF levels across species. Int. J. Neuropsychopharmacol. 14, 347–353. doi: 10.1017/S1461145710000738

Kucharska, K., Kot, E., Biernacka, K., Zimowski, J., Rogoza, R., Rybakowski, F., et al. (2019). Interaction between polymorphisms of the oxytocinergic system genes and emotion perception in inpatients with anorexia nervosa. Eur. Eat. Disord. Rev. 27, 481–494. doi: 10.1002/erv.2698

Lavender, M. J., Wonderlich, A. S., Engel, G. S., Gordon, H. K., Kaye, H. W., Mitchell, E. J., et al. (2015). Dimensions of emotion dysregulation in anorexia nervosa and bulimia nervosa: a conceptual review of the empirical literature. Clin. Psychol. Rev. 40, 111–122. doi: 10.1016/j.cpr.2015.05.010

Lenroot, K. R., and Giedd, N. J. (2006). Brain development in children and adolescents: insights from anatomical magnetic resonance imaging. Neurosci. Biobehav. Rev. 30, 718–729. doi: 10.1016/j.neubiorev.2006.06.001

Lett, T. B., Grant, L. V., Byrne, J. M., and Koh, T. M. (2000). Pairings of a distinctive chamber with the aftereffect of wheel running produce conditioned place preference. Appetite 34, 87–94. doi: 10.1006/appe.1999.0274

Lorenzetti, V., Costafreda, G. S., Rimmer, M. R., Rasenick, M. M., Marangell, B. L., Fu, H. C. Y., et al. (2020). Brain-derived neurotrophic factor association with amygdala response in major depressive disorder. J. Affect. Disord. 267, 103–106. doi: 10.1016/j.jad.2020.01.159

Lu, L., Koya, E., Zhai, H., Hope, T. B., and Shaham, Y. (2006). Role of ERK in cocaine addiction. Trends Neurosci. 29, 695–703. doi: 10.1016/j.tins.2006.10.005

Malik, N. A., Vierbuchen, T., Hemberg, M., Rubin, A. A., Ling, E., Couch, H. C., et al. (2014). Genome-wide identification and characterization of functional neuronal activity-dependent enhancers. Nat. Neurosci. 17, 1330–1339. doi: 10.1038/nn.3808

Martin-Sanchez, A., Gonzalez-Pardo, H., Alegre-Zurano, L., Castro-Zavala, A., Lopez-Taboada, I., Valverde, O., et al. (2022). Early-life stress induces emotional and molecular alterations in female mice that are partially reversed by cannabidiol. Prog. Neuropsychopharmacol. Biol. Psychiatry 115:110508. doi: 10.1016/j.pnpbp.2021.110508

Marucci, S., Ragione, D. L., De Iaco, G., Mococci, T., Vicini, M., Guastamacchia, E., et al. (2018). Anorexia nervosa and comorbid psychopathology. Endocr. Metab. Immun. Disord. Drug Targets 18, 316–324. doi: 10.2174/1871530318666180213111637

Meis, S., Endres, T., and Lessmann, V. (2020). Neurotrophin signalling in amygdala-dependent cued fear learning. Cell Tissue Res. 382, 161–172. doi: 10.1007/s00441-020-03260-3

Micali, N., Hagberg, W. K., Petersen, I., and Treasure, L. J. (2013). The incidence of eating disorders in the UK in 2000–2009: findings from the general practice research database. BMJ Open 3:e002646. doi: 10.1136/bmjopen-2013-002646

Milton, K. L., Oldfield, J. B., and Foldi, J. C. (2018). Evaluating anhedonia in the activity-based anorexia (ABA) rat model. Physiol. Behav. 194, 324–332. doi: 10.1016/j.physbeh.2018.06.023

Monteleone, P., and Maj, M. (2013). Dysfunctions of leptin, ghrelin, BDNF and endocannabinoids in eating disorders: beyond the homeostatic control of food intake. Psychoneuroendocrinology 38, 312–330. doi: 10.1016/j.psyneuen.2012.10.021

Monteleone, P., Tortorella, A., Martiadis, V., Serritella, C., Fuschino, A., Maj, M., et al. (2004). Opposite changes in the serum brain-derived neurotrophic factor in anorexia nervosa and obesity. Psychosom. Med. 66, 744–748. doi: 10.1097/01.psy.0000138119.12956.99

Morgan, S. G. K., Mata, Y., Carrillo, B., Pellon, R., Collado, P., Gotti, S., et al. (2022). Influence of early maternal separation on susceptibility to the activity-based anorexia model in male and female sprague dawley rats. Neurosci. Res. 184, 54–61. doi: 10.1016/j.neures.2022.08.001

Morgan, I. J., and Curran, T. (1989). Stimulus-transcription coupling in neurons: role of cellular immediate-early genes. Trends Neurosci. 12, 459–462. doi: 10.1016/0166-2236(89)90096-9

Mottarlini, F., Bottan, G., Tarenzi, B., Colciago, A., Fumagalli, F., Caffino, L., et al. (2020a). Activity-based anorexia dynamically dysregulates the glutamatergic synapse in the nucleus accumbens of female adolescent rats. Nutrients 12:3661. doi: 10.3390/nu12123661

Mottarlini, F., Racagni, G., Brambilla, P., Fumagalli, F., and Caffino, L. (2020b). Repeated cocaine exposure during adolescence impairs recognition memory in early adulthood: a role for BDNF signaling in the perirhinal cortex. Dev. Cogn. Neurosci. 43:100789. doi: 10.1016/j.dcn.2020.100789

Mottarlini, F., Targa, G., Bottan, G., Tarenzi, B., Fumagalli, F., Caffino, L., et al. (2022). Cortical reorganization of the glutamate synapse in the activity-based anorexia rat model: impact on cognition. J. Neurochem. 161, 350–365. doi: 10.1111/jnc.15605

Mou, L., Dias, G. B., Gosnell, H., and Ressler, J. K. (2013). Gephyrin plays a key role in BDNF-dependent regulation of amygdala surface GABAARs. Neuroscience 255, 33–44. doi: 10.1016/j.neuroscience.2013.09.051

Mou, L., Heldt, A. S., and Ressler, J. K. (2011). Rapid brain-derived neurotrophic factor-dependent sequestration of amygdala and hippocampal GABA(A) receptors via different tyrosine receptor kinase B-mediated phosphorylation pathways. Neuroscience 176, 72–85. doi: 10.1016/j.neuroscience.2010.12.041

Nakazato, M., Hashimoto, K., Shimizu, E., Kumakiri, C., Koizumi, H., Okamura, N., et al. (2003). Decreased levels of serum brain-derived neurotrophic factor in female patients with eating disorders. Biol. Psychiatry 54, 485–490. doi: 10.1016/s0006-3223(02)01746-8

Nakazato, M., Hashimoto, K., Shimizu, E., Niitsu, T., and Iyo, M. (2012). Possible involvement of brain-derived neurotrophic factor in eating disorders. IUBMB Life 64, 355–361. doi: 10.1002/iub.1012

Notaras, M., Hill, R., and Van Den Buuse, M. (2015). The BDNF gene Val66Met polymorphism as a modifier of psychiatric disorder susceptibility: progress and controversy. Mol. Psychiatry 20, 916–930. doi: 10.1038/mp.2015.27

O’hara, B. C., Campbell, C. I., and Schmidt, U. (2015). A reward-centred model of anorexia nervosa: a focussed narrative review of the neurological and psychophysiological literature. Neurosci. Biobehav. Rev. 52, 131–152. doi: 10.1016/j.neubiorev.2015.02.012

Oldershaw, A., Lavender, T., and Schmidt, U. (2018). Are socio-emotional and neurocognitive functioning predictors of therapeutic outcomes for adults with anorexia nervosa? Eur. Eat. Disord. Rev. 26, 346–359. doi: 10.1002/erv.2602

Paulukat, L., Frintrop, L., Liesbrock, J., Heussen, N., Johann, S., Exner, C., et al. (2016). Memory impairment is associated with the loss of regular oestrous cycle and plasma oestradiol levels in an activity-based anorexia animal model. World J. Biol. Psychiatry 17, 274–284. doi: 10.3109/15622975.2016.1173725


Paxinos, G., and Watson, C. (2013). The Rat Brain in Stereotaxic Coordinates 7th Edition. Amsterdam, Netherlands: Eselvier.


Pelleymounter, A. M., Cullen, J. M., and Wellman, L. C. (1995). Characteristics of BDNF-induced weight loss. Exp. Neurol. 131, 229–238. doi: 10.1016/0014-4886(95)90045-4

Penas-Lledo, E., Vaz Leal, J. F., and Waller, G. (2002). Excessive exercise in anorexia nervosa and bulimia nervosa: relation to eating characteristics and general psychopathology. Int. J. Eat. Disord. 31, 370–375. doi: 10.1002/eat.10042

Perez-Leighton, E. C., Grace, M., Billington, J. C., and Kotz, M. C. (2014). Role of spontaneous physical activity in prediction of susceptibility to activity based anorexia in male and female rats. Physiol. Behav. 135, 104–111. doi: 10.1016/j.physbeh.2014.06.001

Phillips, L. M., Drevets, C. W., Rauch, L. S., and Lane, R. (2003). Neurobiology of emotion perception II: implications for major psychiatric disorders. Biol. Psychiatry 54, 515–528. doi: 10.1016/s0006-3223(03)00171-9

Pietrucci, L. C., Milton, K. L., Greaves, E., Stefanidis, A., Van Den Buuse, M., Oldfield, J. B., et al. (2022). The BDNF Val66Met polymorphism does not increase susceptibility to activity-based anorexia in rats. Biology (Basel) 11:623. doi: 10.3390/biology11050623

Pollice, C., Kaye, H. W., Greeno, G. C., and Weltzin, E. T. (1997). Relationship of depression, anxiety and obsessionality to state of illness in anorexia nervosa. Int. J. Eat. Disord. 21, 367–376. doi: 10.1002/(sici)1098-108x(1997)21:4%3C;367::aid-eat10%3E;3.0.co;2-w

Pruis, A. T., Keel, K. P., and Janowsky, S. J. (2012). Recovery from anorexia nervosa includes neural compensation for negative body image. Int. J. Eat. Disord. 45, 919–931. doi: 10.1002/eat.22034

Pruunsild, P., Sepp, M., Orav, E., Koppel, I., and Timmusk, T. (2011). Identification of cis-elements and transcription factors regulating neuronal activity-dependent transcription of human BDNF gene. J. Neurosci. 31, 3295–3308. doi: 10.1523/JNEUROSCI.4540-10.2011

Racine, E. S., and Wildes, E. J. (2015). Dynamic longitudinal relations between emotion regulation difficulties and anorexia nervosa symptoms over the year following intensive treatment. J. Consult. Clin. Psychol. 83, 785–795. doi: 10.1037/ccp0000011

Ribases, M., Gratacos, M., Armengol, L., De Cid, R., Badia, A., Jimenez, L., et al. (2003). Met66 in the brain-derived neurotrophic factor (BDNF) precursor is associated with anorexia nervosa restrictive type. Mol. Psychiatry 8, 745–751. doi: 10.1038/sj.mp.4001281

Rosas-Vargas, H., Martinez-Ezquerro, D. J., and Bienvenu, T. (2011). Brain-derived neurotrophic factor, food intake regulation, and obesity. Arch. Med. Res. 42, 482–494. doi: 10.1016/j.arcmed.2011.09.005

Saarelainen, T., Hendolin, P., Lucas, G., Koponen, E., Sairanen, M., Macdonald, E., et al. (2003). Activation of the TrkB neurotrophin receptor is induced by antidepressant drugs and is required for antidepressant-induced behavioral effects. J. Neurosci. 23, 349–357. doi: 10.1523/JNEUROSCI.23-01-00349.2003

Salmanzadeh, H., Ahmadi-Soleimani, M. S., Pachenari, N., Azadi, M., Halliwell, F. R., Rubino, T., et al. (2020). Adolescent drug exposure: a review of evidence for the development of persistent changes in brain function. Brain Res. Bull. 156, 105–117. doi: 10.1016/j.brainresbull.2020.01.007

Satterthwaite, D. T., Cook, A. P., Bruce, E. S., Conway, C., Mikkelsen, E., Satchell, E., et al. (2016). Dimensional depression severity in women with major depression and post-traumatic stress disorder correlates with fronto-amygdalar hypoconnectivty. Mol. Psychiatry 21, 894–902. doi: 10.1038/mp.2015.149

Schalla, A. M., and Stengel, A. (2019). Activity based anorexia as an animal model for anorexia nervosa-a systematic review. Front. Nutr. 21:69. doi: 10.3389/fnut.2019.00069

Scheurink, J. A., Boersma, J. G., Nergardh, R., and Sodersten, P. (2010). Neurobiology of hyperactivity and reward: agreeable restlessness in anorexia nervosa. Physiol. Behav. 100, 490–495. doi: 10.1016/j.physbeh.2010.03.016

Schwenzer, C., Voelz, C., Kogel, V., Schlosser, A., Herpertz-Dahlmann, B., Beyer, C., et al. (2022). Fear and food: anxiety-like behavior and the susceptibility to weight loss in an activity-based anorexia rat model. Clin. Transl. Sci. 15, 889–898. doi: 10.1111/cts.13196

Seidel, M., King, A. J., Ritschel, F., Boehm, I., Geisler, D., Bernardoni, F., et al. (2018). Processing and regulation of negative emotions in anorexia nervosa: an fMRI study. Neuroimage Clin. 18, 1–8. doi: 10.1016/j.nicl.2017.12.035

Shobeiri, P., Bagherieh, S., Mirzayi, P., Kalantari, A., Mirmosayyeb, O., Teixeira, L. A., et al. (2022). Serum and plasma levels of brain-derived neurotrophic factor in individuals with eating disorders (EDs): a systematic review and meta-analysis. J. Eat. Disord. 10:105. doi: 10.1186/s40337-022-00630-w

Shroff, H., Reba, L., Thornton, M. L., Tozzi, F., Klump, L. K., Berrettini, H. W., et al. (2006). Features associated with excessive exercise in women with eating disorders. Int. J. Eat. Disord. 39, 454–461. doi: 10.1002/eat.20247

Simon, J. J., Stopyra, A. M., and Friederich, C. H. (2019). Neural processing of disorder-related stimuli in patients with anorexia nervosa: a narrative review of brain imaging studies. J. Clin. Med. 8:1047. doi: 10.3390/jcm8071047

Sommer, W., and Fuxe, K. (1997). On the role of c-fos expression in striatal transmission. The antisense oligonucleotide approach. Neurochem. Int. 31, 425–436. doi: 10.1016/s0197-0186(96)00112-x

Sommer, W., Bjelke, B., Ganten, D., and Fuxe, K. (1993). Antisense oligonucleotide to c-fos induces ipsilateral rotational behaviour to d-amphetamine. Neuroreport 5, 277–280. doi: 10.1097/00001756-199312000-00024

Spadini, S., Ferro, M., Lamanna, J., and Malgaroli, A. (2021). Activity-based anorexia animal model: a review of the main neurobiological findings. J. Eat. Disord. 9:123. doi: 10.1186/s40337-021-00481-x

Steward, T., Martinez-Zalacain, I., Mestre-Bach, G., Sanchez, I., Riesco, N., Jimenez-Murcia, S., et al. (2022). Dorsolateral prefrontal cortex and amygdala function during cognitive reappraisal predicts weight restoration and emotion regulation impairment in anorexia nervosa. Psychol. Med. 52, 844–852. doi: 10.1017/S0033291720002457

Steward, T., Menchon, M. J., Jimenez-Murcia, S., Soriano-Mas, C., and Fernandez-Aranda, F. (2018). Neural network alterations across eating disorders: a narrative review of fMRI studies. Curr. Neuropharmacol. 16, 1150–1163. doi: 10.2174/1570159X15666171017111532

Timko, A. C., Defilipp, L., and Dakanalis, A. (2019). Sex differences in adolescent anorexia and bulimia nervosa: beyond the signs and symptoms. Curr. Psychiatry Rep. 21:1. doi: 10.1007/s11920-019-0988-1

Tyszkiewicz-Nwafor, M., Rybakowski, F., Dmitrzak-Weglarz, M., Skibinska, M., Paszynska, E., Dutkiewicz, A., et al. (2019). Brain-derived neurotrophic factor and oxytocin signaling in association with clinical symptoms in adolescent inpatients with anorexia nervosa-a longitudinal study. Front. Psychiatry 10:1032. doi: 10.3389/fpsyt.2019.01032

Valjent, E., Corvol, C. J., Pages, C., Besson, J. M., Maldonado, R., Caboche, J., et al. (2000). Involvement of the extracellular signal-regulated kinase cascade for cocaine-rewarding properties. J. Neurosci. 20, 8701–8709. doi: 10.1523/JNEUROSCI.20-23-08701.2000

Wable, S. G., Min, Y. J., Chen, W. Y., and Aoki, C. (2015). Anxiety is correlated with running in adolescent female mice undergoing activity-based anorexia. Behav. Neurosci. 129, 170–182. doi: 10.1037/bne0000040

Wang, S. C., Kavalali, T. E., and Monteggia, M. L. (2022). BDNF signaling in context: from synaptic regulation to psychiatric disorders. Cell 185, 62–76. doi: 10.1016/j.cell.2021.12.003

Zhang, J., and Dulawa, C. S. (2021). The utility of animal models for studying the metabo-psychiatric origins of anorexia nervosa. Front. Psychiatry 12:711181. doi: 10.3389/fpsyt.2021.711181

Zhu, Y., Hu, X., Wang, J., Chen, J., Guo, Q., Li, C., et al. (2012). Processing of food, body and emotional stimuli in anorexia nervosa: a systematic review and meta-analysis of functional magnetic resonance imaging studies. Eur. Eat. Disord. Rev. 20, 439–450. doi: 10.1002/erv.2197

Zwipp, J., Hass, J., Schober, I., Geisler, D., Ritschel, F., Seidel, M., et al. (2014). Serum brain-derived neurotrophic factor and cognitive functioning in underweight, weight-recovered and partially weight-recovered females with anorexia nervosa. Prog. Neuropsychopharmacol. Biol. Psychiatry 54, 163–169. doi: 10.1016/j.pnpbp.2014.05.006

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Mottarlini, Rizzi, Targa, Fumagalli and Caffino. 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/fnbeh-16-1087075-g005.gif
200

a 3 @
g 8 8

Protein levels (% CTRL)

o

200

3 @
g8 8

Protein levels (% CTRL)
a
<

o

Protein levels (% CTRL)

PTrkBy705

Acute phase

PAktsy7;

PERK2115v157
e

TrkB B
200

o 3 @
g 8 8

Protein lovels (% CTRL)

°

200+

@
g
T

100

@
g
T

Protein levels (% CTRL)

o
T

Acute phase

ERK2 H
200

Protein lovels (% CTRL)
3 &
8 8

@
g

Acute phase

L

Acute Rec

PTKB 44 - wu b 145kDa

THE ww ww wm - 145KDa

Bactin s 43KDa
CACA

PERKZy155v157

PTrkBy76 TrkB

et
“AeAmm

e

e

Aftor recovery

PAKtg7; Akt

e
heamm

After recovery

ERK2

o)
Asamm

After recovery

Acute Rec

PAK == e wm == 60 kDA

At - - 60KDa

B-aCtin. w43 kDa
CACA

1.5+ Acute phase

1.0

05

PTTKB (membrane)

100

150
Body weight (g)

1.5 Acuto phase

1.0

oo

pAKt (membrane)

05

100

150
Body weight (g)

200

PERK2 (membrane)

0.0+
50 100 150

Body weight (g)

200

Acute Rec

factin w43 kDa

PERK2 - wm w v 42KDa

ERK2 w # we w 42kDa
CACA

Afor rocovery






OPS/images/fnbeh-16-1087075-t001.jpg
Food intake (g) Acute phase After recovery

R R? p-value r R? p-value
cFos. —0.6922 0.4792 0.0265 5 0.2554 0.06524 0.4763
Bdnfexon IX 0.7684 0.5904 0.0094 ** —0.5681 0.3227 0.0867
Bdnf exon IV 0.7160 0.5127 0.0199 * —0.4221 0.1782 0.2243
Bdnf exon VI 0.8822 0.7783 0.0007 b —0.07708 0.005941 0.8324
mBDNF(homogenate) —0.8164 0.6665 0.0040 ** —0.0005032 2.532e-007 0.9989
mBDNF(membrane) —0.7350 0.5402 0.0154 * —0.6707 0.4499 0.0338
pTrkBtyr706 0.7905 0.6248 0.0065 ** —0.6484 0.4204 0.0426
TrkB —0.03380 0.001143 0.9261 —0.5793 0.3355 0.0793
pAktserd73 0.7051 0.4971 0.0228 * —0.5600 0.3136 0.0923
Akt —0.3568 0.1273 0.3116 —0.6363 0.4049 0.0479
pERK?2 thr185/tyr187 —0.8675 0.7525 0.0011 ** —0.7038 0.4954 0.0231
ERK2 0.7258 0.5269 0.0175 * 0.1702 0.02898 0.6382
pmTORser2448 —0.9138 0.8350 0.0002 haad 0.2726 0.07430 0.4461
mTOR —0.6129 0.3756 00596 —0.6187 03828 0.0565
PS6 ser240/244 0.8596 0.7389 0.0030 ** —0.6750 0.4556 0.0322
S6 —0.03189 0.001017 0.9303 —0.5658 0.3201 0.0882

*p < 0.05,*p < 0.01, **p < 0.001.





OPS/images/fnbeh-16-1087075-g003.gif
mRNA levels (% CTRL)

exon [XmRNA levels

exon IX exon IV exon IV
2004
200 2004 o
e
. <=
3 5 o
150 E 150 & 1504
5
S 2 . 2 2
100 S R e v z =
o [®][&] oo £ 100 $§ 100 ¥ o
o 2 2 © 8l[o
g S
1 z ]
50 € 50 ‘E 50
0 cutephase Aterrocovery 0 O cutaprase Ar recovery
2,0+ At phase Aterrcovery 20 2,01 Actaphase At rocovery
2 fs $s
$ H
LY E— n:( 10 %1_0
o]
e N s
. 2 s
05 N g os § o5
00 0.0+ 00
s 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Body weight (q) Body weight (g) Body weight (g)





OPS/images/fnbeh-16-1087075-g004.gif
Protein levels (% CTRL)

mBDNF protein levels (homogenate)

mBDNF

200 CTRL[]
*k ABA HH
150 )
o
o
[¢]
100
g
50
0
Acute phase Adter recovery
B-aCtin s e 43KDa
MBNDF “aa s 14KDa
CACA
2.5- Acute phase After recovery
Lcm ._CVRL
oA T ren
2.0
(=813
Reo7ize
1.5
1.0 - r=-00077
@ R=0000537
p-or604
0.5
0.0 T T T 1
50 100 150 200 250

Body weight (g)

Protein levels (% CTRL)

mBDNF protein levels (membrane)

mBDNF
200+ CTRL]
* ABA EE
150 ©
ook
)
100+
50
0
Acute phase After recovery

B-actin e w e 43 kDa

mBNDF - 14 kDa
CACA
2.5 Acute phase After recovery
oL @cm
A
2.0
151 eomms .
R=0s S\
p=o0irr* 4
1.0
0.5
0.0+ T T T 1
50 100 150 200 250

Body weight (g)





OPS/images/fnbeh-16-1087075-t003.jpg
mBDNF Acute phase After recovery
2 2

r R p-value r R p-value
pTrkBtyr706 —0.7682 0.5901 0.0094 = 0.8107 0.6572 0.0044 =
TrkB 0.2804 0.07862 0.4326 0.8505 0.7233 0.0018 **
pAktserd73 —0.6586 0.4337 0.0384 * 0.6498 0.4222 0.0420 *
Akt 0.4647 0.2160 0.1760 0.6285 0.3950 0.0516
PERK2 thr185/tyr187 0.8920 0.7957 0.0005 e 0.8427 0.7102 0.0022 **
ERK2 —0.7290 0.5315 0.0167 * —0.4398 0.1934 0.2034
pmTORser2448 0.7533 0.5675 0.0119 * —0.4372 0.1912 0.2064
mTOR 0.5958 0.3550 0.0691 0.4684 0.2194 0.1722
PpS6 ser240/244 —0.3331 0.1110 0.3810 0.9070 0.8227 0.0003 e
S6 0.4828 0.2331 0.1575 0.6631 0.4397 0.0366 -

*p < 0.05, *p < 0.01, **p < 0.001.





OPS/images/fnbeh-16-1087075-t002.jpg
Running activity (m)

cFos

Bdnfexon IX
Bdnf exon IV
Bdnf exon VI

*p < 0.05,**p < 0.01.

0.1494
0.6804
—0.8660
—0.7406

Acute phase
R?

0.02232
0.5280
0.7500
0.5485

p-value

0.6804
0.0173
0.0012
0.0143

P

—0.05350
—0.5017
—0.6950
—0.03434

After recovery
R?

0.002862
0.2517
0.4830
0.001179

p-value

0.8833
0.1396
0.0257
0.9250





OPS/images/fnbeh-16-1087075-g006.gif
mTOR PMTORgy45 mTOR
2504 CTRLC) 250 1.5 Acuto phase
ox
22009 £ 200 7
5 * 5 H
2150 21504 * H
] ] 3
H 2 g £
2100 21004 o &
H ] 2
& 504 £ 504 &
ol 0 .
Acute phase After recovery 50 100 150 200 250
Body weight ()
E F
PSBaaionus s6 PSBssuzu s6
2004 1.5 Acttophaso
) T
- o Esoq - s
) 8 g Q | B ouien
g 1009 H e
o o £
olQ o £ 8 o5
ﬁ ’ £ ﬁ ) ]
0 0 00+
Acute phase After recovery 50 100 150 200 250
Body weight (g)
G
Aote Fc fode P
oTOR = 8 % - Hskoa BN e 43100
WIOR gy . . t4sKa PSS e e 2100
Pocin mm e 4308 SO e e ne 2400





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Long-lasting BDNF signaling alterations in the amygdala of adolescent female rats exposed to the activity-based anorexia model



		Introduction



		Materials And Methods



		Animals And Housing



		Experimental Design



		Measurements



		Mrna Extraction And Real-Time Pcr Analysis



		Protein Extracts Preparation And Western Blot Analysis



		Plasma Collection And Bdnf Elisa Assay



		Statistical Analysis











		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/crossmark.jpg





OPS/images/fnbeh-16-1087075-g001.gif
. B

‘Acclimation Wheel  ABAinduction Recovery.
28 35 38 42
A 2
|
Food restition Refecding

Running wheel activity

Body weight
250 o
- R
e
200y = "
£
£
$150
9 3
H
100{e"

0

30 3132 33 34 35 3 37 33 39 40 41 42 43 44 45 46 47 48 49

Postnatal days. Tm induction Recovery.
Food resticion

Distance travelled

3 36 37 38 39 40 41 42
Post natal days
Food restriction





OPS/images/fnbeh-16-1087075-g002.gif
200 . ome
Sim R
EXE Bl
5 o AsA IR
3
E 150
o
2
r 2 °
o 100 [Xe] oo
8 °
S °
z
o
Z 50 acl)c
0 A
cute phase After recovery

cfos mRNA levels

2.5 Acute phase Adter recovery
oTRL o
R AR

2.0 « = EXE
e e

5
1.0 e = a0
~ft
0.5
N 24
0.0 . . . .
5 100 150 200 250

Body weight (g)





OPS/images/fnbeh-16-1087075-g008.gif
Acute phase

W 1 Total Bdnf

oo B Bamty ¢ gape B Bvinay
| Exonvi

After body weight
recovery

1
1
v

l mBDNF-mediated signalling l





OPS/images/fnbeh-16-1087075-g007.gif
4000

3000

2000

3
8
8

Plasma levels (pg/mi)

o

Circulating BDNF

ot
- o 23000 Acz::hu.
= ren
°
o) o 9 3
& 2000 N
o] § £
o . H
i :
w
H
H
8 o
0 T T T
Acutephase  After recovery 00 130 140 160
Body weight (g)

1
180

BONF plasma levels

After recovery

30007 o e

© ABa

N
8
H

1000

r=043%9
Re=0.1883
p=02103

100

150 200
Body weight (g)

250





OPS/images/cover.jpg
a frontiers
1N Behavioral Neuroscience

Long-lasting BDNF signaling
alterations in the amygdala of
adolescent female rats exposed to
the activity-based anorexia model









OPS/images/logo.jpg
’ frontiers )
in Behavioral Neuroscience





