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Abstract  

 

Patients suffering from anorexia nervosa (AN) display altered neural activity, morphological and 

functional connectivity in the fronto-striatal circuit. In addition, hypoglutamatergic transmission and 

aberrant excitability of the medial prefrontal cortex (mPFC) observed in AN patients might underpin 

cognitive deficits that fuel the vicious cycle of dieting behavior. To provide a molecular mechanism, we 

employed the activity-based anorexia (ABA) rat model, which combines the two hallmarks of AN (i.e. 

caloric restriction and intense physical exercise), to evaluate structural remodeling together with 

alterations in the glutamatergic signaling in the mPFC and their impact on temporal memory, as 

measured by the temporal order object recognition (TOOR) test. 

Our data indicate that the combination of caloric restriction and intense physical exercise altered the 

homeostasis of the glutamate synapse and reduced spine density in the mPFC. These events, paralleled 

by an impairment in recency discrimination in the TOOR test, are associated with the ABA 

endophenotype. Of note, after a 7-day recovery period, body weight was recovered and the mPFC 

structure normalized but ABA rats still exhibited reduced post-synaptic stability of AMPA and NMDA 

glutamate receptors associated with cognitive dysfunction.  

Taken together, these data suggest that the combination of reduced food intake and hyperactivity affects 

the homeostasis of the excitatory synapse in the mPFC contributing to maintain the aberrant behaviors 

observed in AN patients. Our findings, by identifying novel potential targets of AN, may contribute to 

more effectively direct the therapeutic interventions to ameliorate, at least, the cognitive effects of this 

psychopathology. 

 

 

 
 
 



   

 
Abbreviations 

ABA: activity-based anorexia (voluntary running activity in a mechanical wheel + food restriction) 

AMPA receptor: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

AN: anorexia nervosa 

ANOVA: analysis of variance 

CTRL: control (sedentary + food ad libitum) 

DSM-5: diagnostic and statistical manual of mental disorder (5th edition) 

EXE: exercise (voluntary running activity in a mechanical wheel + food ad libitum) 

EU: European Union 

F-Actin: filamentous actin protein (RRID: AB_302794) 

FR: food-restricted (sedentary + food restriction) 

GluA1/A2: glutamate AMPA receptor 1/2 subunit (RRID: AB_641040, AB_10622024) 

GluN1/2A/2B: glutamate NMDA receptor 1/2A/2B subunit (RRID: AB_1904067, AB_2112295, 

AB_2798506) 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

mPFC: medial prefrontal cortex  

NIH: National Institutes of Health 

NMDA receptor: N-methyl-D-aspartate receptor 

OD: optic density 

PMSF: phenylmethylsulfonyl fluoride 

PND: post-natal day 

PSD: postsynaptic density 

PSD95: postsynaptic density protein 95 (RRID: AB_561221) 

RRID: Research Resource Identifier 

SD: standard deviation 

TIF: Triton X-100 insoluble fraction (or postsynaptic density) 

TOOR: temporal order object recognition 

SAP97: synapse associated protein 97; AMPA receptor scaffolding protein (RRID: AB_2091910) 

SAP102: synapse associated protein 102; NMDA receptor scaffolding protein (RRID: AB_2799325) 

 
 



   

 

1. Introduction  

Anorexia nervosa (AN) is a serious psychiatric disorder affecting females tenfold more than males (DSM-

V 2013; Micali & Dahlgren 2016) primarily during adolescence (Nagl et al. 2016; Schmidt et al. 2017), a 

period of life extremely vulnerable to external stimuli. AN begins with a self-inflicted restrictive diet to 

lose weight combined with intense physical activity and it progresses towards an out-of-control spiral, in 

which the positive experience of control over food intake and the severe exercise is indeed extremely 

rewarding for the patient, reinforcing the dieting behavior. Owing to the vulnerability of adolescents to 

unstable temperament, fragile personality traits and the imposed socio-cultural model of the body, many 

teenagers start developing anorexic behaviors because they perceive themselves as overweight, even 

though they are malnourished and emaciated: accordingly, food avoidance, weight control, and physical 

activity become real obsessions. Although AN shows the highest rate of mortality among all mental 

disorders (Sullivan 1995; Arcelus et al. 2011; Klump 2013) and despite growing knowledge about disease 

symptomatology, the etiopathogenesis of the disease remains unclear, treatment is challenging and often 

hampered by high relapse (Himmerich et al. 2020; Berends et al. 2016). 

At the neurobiological level, it has been suggested that the driving force of such abnormal 

behavior might be represented by an altered balance between reward and inhibition mechanisms (Zink & 

Weinberger 2010; Wierenga et al. 2014), the latter being normally triggered by the medial prefrontal 

cortex (mPFC) that is immature and still growing during adolescence (Sakurai & Gamo 2019). Such 

dysfunctional mechanisms, combined with emotional dysregulation, may lead to a distorted response to 

salient stimuli, i.e. food, fueling the maintenance of the anorexic phenotype (Kaye 2008; Hildebrandt et 

al. 2015). Interestingly, anorexic patients are characterized by working memory and cognitive 

impairments (Nikendei et al. 2011; Fuglset 2019; Reville et al. 2016), presumably as a consequence of 

alterations in thalamo-frontal connectivity (Biezonski et al. 2016). Furthermore, several studies 

employing neuroimaging techniques revealed altered neural and metabolic activity, and morphological 

and functional connectivity in the brain of AN patients, specifically in regions related to fronto-striatal and 

limbic circuits (Friederich et al. 2013; Lipsman et al. 2015; Monteleone et al. 2018); also, brain volume 

changes have been observed in frontal, temporal, and visual cortices (Amianto et al. 2013; Cowdrey et 

al. 2014; Yau et al. 2013). Evidence exists, in both AN patients and animal models, that maladaptive 

reorganization of the mesocorticolimbic structures may represent the neurobiological underpinning of the 

motivational mechanisms underlying AN phenotype (Foldi et al. 2017; Ho et al. 2016; Frank et al. 2018). 

In this scenario, it is possible to hypothesize that dysfunctions of glutamate homeostasis, which has been 



   

proposed as a signal of altered processing of food reward (Mottarlini et al. 2020; Ohrmann et al. 2004; 

Murray & Holton 2021), may contribute to the anorexic phenotype. This possibility is supported by a 

recent pilot study at 7 Tesla, in which Godlewska and coworkers found that glutamate levels were 

diminished in the occipital cortex of AN patients, anterior cingulate cortex and putamen, whereas the 

ratio of glutamine to glutamate was significantly increased, suggesting a hypoglutamatergic transmission 

in AN (Godlewska et al. 2017). Notably, activation of the mPFC is consistently altered in AN patients 

performing the Wisconsin Card Sorting Test (Sato et al. 2013) or challenged with a Go/NoGo task (Lock 

et al. 2011); besides, such patients also show aberrant excitability of the mPFC following different food-

stimuli tests, an effect partially conserved even after a long period of recovery, highlighting an altered 

reward-related response to a pleasurable stimulus, pointing to dysfunctions in food information 

processing (Sanders et al. 2015; Ehrlich et al. 2015; Kullmann et al. 2014). 

To this end, it is intriguing that dysregulation of mPFC activity, as observed in AN patients, is also found 

in a validated experimental model of AN (Schalla & Stengel 2019), the activity-based anorexia (ABA) rat 

model, in which the mPFC is hypometabolic as shown by micropositron emission tomography (van Kuyck 

et al. 2007). Interestingly, ABA rodents and AN patients show behavioral, hormonal, anatomical and 

neurochemical similarities, highlighting the translational relevance of this model (Barbarich-Marsteller et 

al. 2013; Gutierrez 2013). Of note, previous studies using this model demonstrated that enlargement of 

GABAergic terminal contacts onto pyramidal neurons of the mPFC in adolescent female mice facilitates 

response selection suppressing food restriction-evoked hyperactivity (Chen et al. 2016). Moreover, in the 

ABA rat model, significant alterations in dendritic branching and synaptic contacts in the mPFC and 

hippocampus were observed in both ABA and in lone food-restricted rats (Chowdhury et al. 2014; Aoki et 

al. 2017), suggesting that structural changes likely take place in AN. Taken together, these data suggest 

that a malnutrition-induced impairment of brain morphology and connectivity may have a role in the 

behavioral phenotype of AN; however, little is known about the molecular underpinning(s) that might 

mediate the development of pathological weight loss and aspects of cognitive dysfunction in this disorder. 

Thus, based on the above-mentioned evidence, the main goal of this study was to evaluate 

whether the combination of food restriction and intense exercise, culprits of AN, induces cortical 

structural remodeling together with alterations in the glutamatergic signaling leading, in turn, to 

dysfunction in the recency discrimination that might trigger the motivational loop underlying AN 

(Lamanna et al. 2019). To this end, we set up the ABA rat model according to the literature (Carrera et 

al. 2014; Scherma et al. 2019; Schalla & Stengel 2019). Using such an animal model of AN, we 

investigated dendritic spine morphology and density as well as the expression of markers of the 



   

glutamate synapse in the mPFC. Female adolescent rats were exposed to the combination of food 

restriction and intense exercise during adolescence and then sacrificed at two different time points: 1) 

during the acute phase of the pathology, once they achieved the anorexic phenotype (represented by the 

25% of weight loss and wheel activity increasing over days), to evaluate the anorexic-induced alterations 

and 2) after a period of body weight recovery, with no more food deprivation or access to wheel activity, 

to identify possible molecular scars that might persist in the brain even when the body weight is restored. 

Then, to investigate whether the induction of the anorexic phenotype might cause cortical cognitive 

impairments, as observed in humans, we exposed another cohort of female adolescent ABA rats to a 

specific behavioral task, the temporal order object recognition (TOOR) test, at both experimental time 

points. 



   

 

2. Material and Methods 

2.1 Subjects  

Female inbred Sprague-Dawley rats (RRID: RGD_734476) were obtained from Charles River (Calco, 

Italy) at postnatal day (PND)24, during adolescence, maintained under standard conditions of 

temperature (21±1 °C) and humidity (50-60%), and under a reversed 12 h light/dark cycle (lights on/off: 

10.30 pm/10.30 am). A maximum of two female siblings was taken from each litter in order to reduce 

“litter effects” (Chapman & Stern 1978). Then the animals were arbitrarily divided into the experimental 

groups by chance with no regard to the will of the researcher. No randomization was performed to 

allocate subjects in the study. Animals were fed with standard rat chow (ssniff Spezialdiäten GmbH, 

Soest, Germany) with tap water ad libitum. 

All animal procedures were conducted at the Department of Pharmacological and Biomolecular Sciences 

(University of Milan), and carried out in accordance with the principles set out in the following laws, 

regulations, 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) (Paxinos & Watson 2013) and EU directives and 

guidelines (EEC Council Directive 2010/63/UE). Authorization for animal use has been obtained from the 

Italian Ministry of Health (#898-2016-PR). All efforts were made to minimize animal suffering and to 

keep the lowest number of animals used: for ethical reasons, activity-based anorexia (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. The present study was not pre-registered.  

 

2.2 Experimental Design and Procedures  

Figure 1a shows a schematic representation of the experimental paradigm. Briefly, upon arrival at PND 

24, rats were group-housed and left undisturbed in their home cages to habituate to the light cycle for 11 

days prior to the beginning of the experimental procedures. At PND35 animals were individually housed 

in transparent cages lined with dust-free woodchips, in the same room without any auditory isolation, 

and arbitrarily subdivided into four groups: [1] control (CTRL) group: sedentary + food ad libitum; [2] 

food-restricted (FR) group: sedentary + food restriction (food access limited for 2h/day), [3] exercise 

(EXE) group: voluntary running activity in a mechanical wheel (activity wheel BIO-ACTIVW-R cage, 

Bioseb, France) + food ad libitum, and [4] activity-based anorexia (ABA) group: voluntary running 

activity in a mechanical wheel + food restriction (food limitation for 2h/day). After three days of 



   

acclimation period to the new housing condition, the food restriction period started at PND38, FR and ABA 

rats were subjected to caloric restriction with food limited for 2 h/day from 10.30 to 12.30 a.m., and 

during the 2 h of food access the wheel was blocked to prevent the rats preferring to run rather than to 

eat. At PND42, half of the animals/group were sacrificed, while the remaining animals were preserved 

sedentary with food ad libitum for 7 days until PND49 to allow body weight recovery.  

Separate sets of rats were used to set up the protocol and for behavioral and molecular analysis 

(Experiment 1: n=48; 4 experimental groups for each time point: CTRL n=6, FR n=6, EXE n=6, ABA 

n=6), for spine density and morphological studies (Experiment 2: n=16; 2 experimental groups for each 

time point: CTRL n=4, ABA n=4), and for temporal memory performance evaluation (Experiment 3; n 

=40; 2 experimental groups for each time point: CTRL n=10, ABA n=10, 2 animals for time point were 

excluded as described in paragraph 2.6) (for a breakdown chart, including number of animals per 

experimental group per each experiment performed, number of excluded animals and time-point of 

exclusion, please refer to Supplementary figure 1). 

After decapitation, the medial prefrontal cortex (mPFC, defined as Cg1, Cg3, and IL subregions) 

corresponding to plates 5–9 of the atlas of Paxinos and Watson, 2013 was immediately dissected from 2-

mm-thick slices, frozen on dry ice, and stored at −80°C. 

 

2.3 Measurements  

Body weight, food intake and wheel running activity were assessed per each animal daily between 09.30 

and 10.30 a.m., before the dark shift. Food intake was calculated as grams of food given at the beginning 

of the 2h of food access – grams weighed at the end of the 2h. Running wheel data were recorded, via a 

monitoring software (BIO-ACTIVW-SOFT), at 30 minutes intervals for the entire duration of the 

experiments. 

 

2.4 Dendritic spine labeling and morphological classification  

Consequent to the ABA procedure, at PND42 and PND49 (CTRL, ABA: 4 rats/group, experiment 2), 

neuronal labeling and morphological classification of dendritic spines in layer V of the mPFC, primarily 

formed by glutamatergic pyramidal neurons, were carried out using a lipophilic membrane tracer as 

previously published (Caffino et al. 2015). The number of neurons used for quantification is at least 28 

for each experimental group (from each neuron, a different number of dendritic segments was analyzed); 

neurons analyzed were belonging to 8 hemispheres per group. The average dendritic length analyzed is 

130 μm, and the length of the total dendrites analyzed was of 4000 μm for each experimental group. 



   

Analysis of dendritic spine morphology was performed with Fiji software released by ImageJ software; for 

each protrusion, we measured spine length, head, and neck width, which was used to classify dendritic 

spines into three categories (thin, stubby, and mushroom) (Harris et al. 1992; Gardoni et al. 2012). An 

operator who was ‘blind’ to the experimental conditions performed both image acquisition and 

quantification.  

 

2.5 Preparation of Protein Extracts and Western Blot Analyses  

Proteins from mPFC were extracted in cold 0.32 M sucrose buffer pH 7.4 containing 1 mM HEPES, 1 mM 

MgCl2, 1 mM NaHCO3 and 0.1 mM PMSF, in presence of commercial cocktails of protease (Roche, Monza, 

Italy) and phosphatase (Sigma-Aldrich, Milan, Italy) as previously described (Caffino et al. 2020a), 

quantified according to the Bradford Protein Assay procedure (Bio-Rad, Milan, Italy), using bovine serum 

albumin as calibration standard, and stored at −20 °C.  

Western blots were run using sodium dodecyl sulfate-8% polyacrylamide gel under reducing conditions 

as previously described (Caffino et al. 2017) on the whole homogenate and on the TIF fraction, Triton X-

100 insoluble fraction or postsynaptic density (PSD) and then electrophoretically transferred (dry 

transfer) onto nitrocellulose membranes (GE Healthcare, Milan, Italy). The strips of nitrocellulose 

membrane close to the molecular weights at which the bands of the protein of interest were expected 

were cut from the entire squared blot (full areas) as suggested by their specific molecular weight and the 

information present in the datasheet of the antibody. Blots were blocked one hour at room temperature 

with I-Block solution (Life Technologies Italia, Italy) in TBS + 0.1% Tween-20 buffer and washed with 

TBS + 0.1% Tween-20 buffer. The conditions of the primary and secondary antibodies were reported in 

table 1.  

Results were standardized to α-tubulin control protein that was detected by evaluating the band density 

at 50 kDa (1:20.000, Sigma, RRID: AB_477593). Immunocomplexes were visualized by 

chemiluminescence using the Chemidoc MP Imaging System (Bio-Rad Laboratories) and example of full-

size original cropped immunoblots are presented in the supplementary figures (S5-S10). Gels were run 

two times each, and the results represent the average from two different runs. We used a correction 

factor to average the different gels: correction factor gel B = average of (OD protein of interest/OD α-

tubulin for each sample loaded in gel A)/(OD protein of interest/OD α-tubulin for the same sample loaded 

in gel B) (Caffino et al. 2020b). 

 

2.6 Temporal Order Object Recognition (TOOR) test  



   

The experimental apparatus used for the TOOR, a cognitive demanding test chosen to evaluate temporal 

memory abilities driven primarily by mPFC, was a black open-field box (60x60x60 cm) made of Plexiglas. 

This task (experiment 3, Fig 5a) comprised two sample phases (5 min duration each, with a delay in 

between of 1 h) and one test phase (5 min duration, performed 3 h after sample phase 2). During the 

test, a single third copy of the objects from sample phase 1 and a single third copy of the objects from 

sample phase 2 were used. Both objects and their placement were counterbalanced. Exploratory behavior 

was defined as the animal directing its nose toward the object at <2 cm of distance and sniffing, or snout 

directed to the object. Any subjects that failed to complete a minimum of 15 s exploration in the sample 

phase or 10 s of exploration in the test phase were excluded from the analysis (total exploration time is 

presented as supplementary figure S4 panel b). A total of 4 adolescent animals were removed from the 

study because they failed to successfully explore the objects (more than 10 s) during the sample phase 1 

or 2. Exploration time was taken by two independent investigators, blind to the experimental design. 

During the test phase, we measured two different indexes: 1) the recency discrimination index, that was 

calculated as the difference in time spent by each animal exploring the object from sample phase 1 

compared with the object from sample phase 2 divided by the total time spent exploring both objects in 

the test period; and 2) the recognition index, that was considered as a measure of approach to both 

objects, was calculated as the time spent investigating the object presented in phase 1 or the object 

presented in phase 2 relative to the total object investigation time. 

 

2.7 Data analysis and statistics 

Data were collected in individual animals (independent determinations) and are presented as means and 

standard errors. Body weight, food intake and wheel activity were analyzed by two-way analysis of 

variance (ANOVA) with repeated measures followed by Bonferroni’s multiple comparisons test. Samples 

sizes were calculated using the software G*power 3.1.9.2 (http://gpower.hhu.de/) with an effect 

size=0.4 (large, behavioral analysis), 0.25 (medium, molecular analysis), α error probability=0.05, 

power=0.8. The Kolmogorov–Smirnov test was employed to determine normality of residuals, and no 

significant variance in homogeneity was found.  

Molecular changes 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 Bonferroni’s multiple 

comparisons test to characterize differences between groups. 

Morphological changes were analyzed by two-way ANOVA, with manipulation (control vs ABA) and time of 

sacrifice (PND42 acute phase vs PND49 after recovery) as independent variables. When dictated by 

relevant interaction terms, Bonferroni’s multiple comparisons test was used to characterize differences 

among individual groups of rats.  

The recency discrimination index measured in the TOOR test was analyzed using a two-way ANOVA, 

manipulation (control vs ABA) and time of sacrifice (PND42 acute phase vs PND49 after weight recovery). 

The recognition index measured in the TOOR test was analyzed using a three-way ANOVA, manipulation 

(control vs ABA), object (object phase 1 vs object phase 2) and time of sacrifice (PND42 acute phase vs 

PND49 after weight recovery). Fisher’s least significant difference (LSD) test was used to characterize 

differences among individual groups of rats. However, when no interaction between manipulation and 

time of sacrifice was observed, only the main effects were reported. Detailed statistics, such as F and p 

values of independent variables of two-way or three-way ANOVA, were reported in the supplementary 

tables (S1, S2, S3, S4). 

Pearson’s product-moment coefficients were calculated to study potential correlations between behavioral 

outcomes induced by the ABA procedure, related to the wheel-running activity and body weight, 

molecular changes observed in the postsynaptic density of the PFC of ABA rodents and recency 

discrimination index measured in the TOOR test.  

Subjects were eliminated from the final dataset if their data deviated from the mean by 2 SDs. Prism 

8.2.1 (GraphPad Software, Prism v8.2.1, San Diego, CA, USA) was used to analyze all the data. 

Significance for all tests was assumed at p < 0.05.  



   

3. Results 
 
During the first experimental days (PND31-PND38), the average body weight of all four groups (CTRL; 

FR; EXE; ABA) increased constantly, with no significant differences resulting from wheel access (PND35-

PND38). After 24 hours of food restriction, ABA and FR average body weight was significantly reduced 

compared to CTRL and EXE weight, this divergence was constantly increased over experimental days. 

Interestingly, at PND 42, ABA rats reduced body weight significantly more than FR rats (Fig 1b), despite 

similar food intake (Fig 1c). Refeeding schedule (food ad libitum for 24h/day and no wheel access) for 

ABA and FR groups, starting from PND43, increased gradually their body weight, till they reached full 

recovery at PND47 for FR rats and at PND49 for ABA animals.  

Due to the restricted feeding schedule, daily food intake (Fig 1c) was lower in the ABA and FR rats 

compared with ad libitum-fed rats, CTRL and EXE. Free food availability from PND43 induced an 

immediate increase in food intake in both FR and ABA rats. Interestingly, ABA rats showed an increased 

food intake during the refeeding period at PND46 and PND47, however, they still exhibited a lower body 

weight than FR group (Fig 1b). 

During habituation period, both EXE and ABA rats exhibited a stable voluntary wheel running measured 

as distance travelled on the wheel, reflecting their habituation to the apparatus. When food restriction 

began on PND38, the wheel activity of ABA rats constantly increased over days reaching statistical 

significance starting from PND40, while EXE animals maintained a stable activity (Fig 1d). Interestingly, 

Pearson correlation analyses showed a negative correlation between the distance travelled on the last 

day of ABA induction (PND42) and body weight of both ABA and EXE rats (Fig 1e). 

 

3.1 ABA induction dysregulates the molecular composition of the glutamate synapse in the 

mPFC 

To determine whether ABA induction altered the organization of dendritic proteins at the postsynaptic 

level in the mPFC, we examined the expression of the main glutamate receptors, their specific scaffolding 

proteins and markers of structural plasticity in the postsynaptic density (PSD) of ABA rats in the acute 

phase of the disorder and after a 7-days recovery period. In addition, to dissect the specific contribution 

of low food intake and running wheel activity on the maintenance of ABA phenotype, rodents exposed to 

food restriction or exercise alone were included in the analysis. 

ABA rats showed reduced levels of GluN1 (Fig 2a), the obligatory subunit of NMDA receptor, in the acute 

phase of the pathology while the expression of GluN2A and GluN2B, the accessory subunits of NMDA 

receptor, were reduced only in recovered ABA rats (Fig 2b and 2c, respectively). Interestingly exercise 



   

per sé reduced only GluN2B in the postsynaptic density of the mPFC at PND42 (Fig 2b and 2c, 

respectively). Regarding the analysis of AMPA receptor subunits in the PSD of mPFC, ABA rats showed 

reduced levels of GluA1 (Fig 2d) only in recovered ABA rats, while GluA2 levels were reduced in the acute 

phase of the pathology (Fig 2e). Exercise per sé increased GluA2 levels at PND42 whereas one week 

later, at PND49, its levels were reduced (Fig 2e).  

Then, we analyzed the expression of the main scaffolding proteins of glutamate receptors, i.e. those 

proteins that anchor the receptors to the membrane and that are also critical for synaptic localization of 

newly synthesized receptor towards dendritic spines (Naisbitt et al. 2000) in the PSD fraction of mPFC. 

Akin to NMDA and AMPA receptor subunits, SAP102 [the specific scaffolding protein of NMDA receptors] 

(Fig 3a), SAP97 [the specific scaffolding protein of AMPA receptors] (Fig 3b) and PSD95 [an index of 

post-synaptic density integrity and a critical regulator of dendritic spines in vivo (Vickers et al. 2006)] 

(Fig 3c) levels were reduced only in the cortical PSD of recovered ABA rats.  

Next, we evaluated the expression of filamentous F-Actin, the major cytoskeletal component of dendritic 

spines (Hotulainen & Hoogenraad 2010), of neuroligin-1, a postsynaptic cell-adhesion molecule at the 

excitatory synapse involved in synaptic transmission (Luo et al. 2020), and of neuronal N-cadherin, a 

cell-cell adhesion protein, which are all proteins involved in maintaining the structural integrity of the 

synapse. F-actin is differently altered depending on the phase of the pathology analyzed. In fact, weight 

loss reduced F-actin levels only in ABA rats (Fig 3d), while body weight recovery markedly increased 

them. At variance from F-actin, the neuroligin-1 levels were reduced in ABA rats despite weight recovery 

(Fig 3e). Moreover, neuroligin-1 levels were increased as a consequence of development. Similar to F-

actin, N-cadherin levels were increased only in ABA recovered rats (Fig 3f). Food restriction and exercise 

per sé did not produce any change in the structural markers herein analyzed (Fig 3d, e, f), further 

suggesting that the composition and structure of the glutamate synapse is specifically altered by the 

combination of low food intake and hyperactivity.  

Pearson correlation analyses were run to determine the relationship between ABA induction and the 

herein investigated molecular markers in the mPFC of ABA and EXE rats at both time points. As shown in 

figure 2, GluN1 (Fig 2g) and GluA1 (Fig 2h) negatively correlated with the distance travelled in the last 

day of ABA induction (PND42). 

The analysis on the molecular composition of the glutamate synapse was extended to the cortical whole 

homogenate, in order to dissect the effect of the anorexic phenotype on glutamatergic markers 

translation from their availability at synaptic sites (Supplementary figures S2-S3). Interestingly, in the 

whole homogenate of the mPFC, exercise per sé increased the expression of GluN1, GluN2B, GluN2A and 



   

GluA1, whereas the induction of the anorexic phenotype reduced the protein expression of GluN2B, 

GluN2A, GluA1, GluA2, SAP97 and F-actin only in the acute phase of the pathology. Recovery of body 

weight did not produce any change in the translation of the main glutamate receptors, their specific 

scaffolding proteins and markers of structural plasticity. 

 

3.2 ABA induction alters structural plasticity in the mPFC 

In order to evaluate the impact of the anorexic phenotype on the structural remodeling of the mPFC, we 

examined cortical dendritic spine density and morphology in ABA animals both at the achievement of the 

anorexic phenotype (acute phase) and after a period of body weight recovery using a fluorescent dyolistic 

labeling technique. Since the molecular analysis presented in figure 2 and 3 show that only the 

combination between food restriction and hyperactivity specifically alters the cortical glutamate 

homeostasis, we decided to focus our attention on ABA versus CTRL group in the morphological study of 

the mPFC. To this end, a second cohort of animals was randomly subdivided into four groups: 1) CTRL 

group, sacrificed at PND42; 2) ABA group, sacrificed at PND42; 3) CTRL group, sacrificed at PND49 and 

4) ABA group, sacrificed at PND49.  

The combination of food restriction and free wheel access reduced dendritic spine density in the acute 

phase, an effect that was restored after body weight recovery (Fig 4a). While no ABA-induced changes 

were found in dendritic spine length (Fig 4b), spine head size of ABA animals (Fig 4c), in the acute phase 

of the disorder, are smaller than controls; while no changes were observed in recovered ABA animals.  

Further, morphological analyses of dendritic spines were performed using a highly validated method of 

dendritic spines classification to evaluate the shape of all protrusions (mushroom, thin, stubby and 

filopodia, Fig 4d). The ABA induction reduced the percentages of mushroom-shaped spines, i.e. the 

mature spines where the synaptic communication takes place, in the acute phase of the disorder, 

whereas they were increased after the recovery of body weight (Fig 4e). On the contrary, filopodia, i.e. 

the immature protrusions, were increased at PND42 in the mPFC of ABA rats, an effect that was restored 

at PND49 with body weight recovery (Fig 4h). No changes were observed in the percentages of stubby- 

and thin-shaped spines (Fig 4f-4g). As shown in table 2, the ABA-induced reduction of head width size in 

the acute phase of the pathology appeared to be widespread as it affected mushroom-, thin- and stubby-

shaped spines. Again, this reduction was restored at PND49 after body weight recovery. Two-way ANOVA 

of spine length, classified by their shape, revealed a significant interaction ABA procedure x time only for 

mushroom-shaped spines (table 2): ABA induction increased the length of mushroom-shaped spines at 

PND42, whereas body weight recovery restored their size.  



   

 

3.3 ABA induction alters the recency discrimination performance in the TOOR test 

Finally, to evaluate whether temporal memory abilities in the ABA rat model may recapitulate that of 

anorexic patients, we exposed another cohort of CTRL and ABA rats, which reached the same behavioral 

phenotype presented in fig 1 (data not shown), to the temporal order object recognition test (TOOR). 

This cognitively-demanding test evaluates mPFC functionality through a recency recognition task, in 

which the animal’s ability to differentiate between two familiar objects presented at different intervals is 

tested (Fig 5a) (Barker & Warburton 2011) (Barker et al. 2007; Manago et al. 2016). 

Figure 5b represents the performance during the test phase, calculated as recency discrimination index. 

While CTRL rats were spending more time exploring the object presented least recently, ABA rats in the 

acute phase failed to show any preference for the less recent object. Interestingly, although body weight 

recovery ameliorated the deficit in recency discrimination in ABA rats at PND49, as compared to recency 

performance displayed at PND42, the temporal memory deficit still persisted.  

Considering the recognition index (Fig 5c), CTRL rats explored longer the object presented in phase 1 vs. 

the object presented in phase 2 at both time points analyzed, as expected. On the contrary, the ABA 

procedure increased the exploration time of the object presented in phase 2 in respect to the one 

presented in phase 1 in the acute phase and after a 7-days period of recovery. In addition, impairment in 

recency memory is more pronounced in the acute phase of the pathology: ABA rats explored longer the 

object presented in phase 2 at PND42 relative to the exploration time of object presented in phase 2 in 

ABA-recovered rats. Moreover, animals did not show any preference in exploring the different objects in 

sample phase 1 or sample phase 2 nor in the test phase, as shown in the total exploration time 

presented in the supplementary materials (Supplementary figure S4). 

To evaluate a possible association between ABA phenotype and recency memory impairment, we ran a 

Pearson correlation analyses between distance travelled during the last day of ABA induction and the 

body weight of ABA rats at both time points with the recency discrimination index. Interestingly, 

discrimination index correlated negatively with the distance travelled at PND42 (Fig 5d) and positively 

with body weight of ABA rats (Fig 5e).  



   

 

4. Discussion 

Adolescent ABA rats show a disorganized glutamate synapse characterized by alterations in the main 

glutamate receptors and their related anchoring protein together with reduced dendritic spine density in 

the mPFC, a combined mechanism that might contribute to explain the impairment in temporal memory 

recognition as shown by behavioral experiments. Moreover, although the body weight was recovered and 

the structural organization of dendritic spine normalized in mPFC, ABA rats still displayed reduced post-

synaptic stability of AMPA and NMDA glutamate receptors associated with impaired temporal memory 

abilities 7 days after the end of the induction of the anorexic phenotype. These findings may help to 

explain, at least in part, how an imbalance in energy intake, due to the combination of caloric restriction 

and hyperactivity, affects the brain, thus sustaining the perpetuation of aberrant behaviors in the vicious 

cycle of AN. 

We found that adolescent ABA rats reduced their food intake and progressively increased their 

physical activity leading to self-starvation and hyperactivity, further aggravating weight loss, as 

previously observed (Routtenberg & Kuznesof 1967; Chowdhury et al. 2015). The impact of free access 

to a running wheel on body weight became evident during the food restriction period only: rats exposed 

to a schedule of food restriction, exhibited limited weight loss compared to rats exposed to the 

combination of both conditions, despite similar food intake, pointing to hyperactivity as a key driving 

force to starvation (Adan et al. 2011). Unlike exercise animals that maintained a voluntary and stable 

activity during the entire experiment, when food restriction began, wheel activity of ABA rats constantly 

increased over days, as expected in this model (Chen et al. 2020; Scherma et al. 2017). At the end of 

the recovery period, the body weight of both FR and ABA rats were restored back to control levels; 

however, despite a higher food intake compared to FR rats, it took ABA rats more time to restore their 

body weight, underlying the strenuous and persistent impact of the intense physical activity in a condition 

of low food intake. Of note, the maladaptive cycle of self-starvation and hyperactivity in ABA rats 

escalated rapidly and severely in these adolescent animals, which is in agreement with the age-

dependent risk for clinical AN described in the DSM-5 (DSM-V 2013).  

At molecular level, the reorganization of the glutamatergic synapse in the postsynaptic density of 

the mPFC was specifically driven by the combination of low caloric intake and hyperactivity, since both 

these conditions alone did not change the expression of the glutamate markers analyzed in the active 

zone of the synapse. Interestingly, at PND42, physical activity per sé increased the translation of NMDA 

and AMPA receptor subunits, whereas hyperactivity induced by low caloric intake reduced their 



   

expression in the whole homogenate, suggesting an increased cortical vulnerability of ABA rats. In 

addition, we observed that food restriction and exercise per sé did not produce any change in the 

structural markers analyzed (i.e. F-Actin, Neuroligin-1, N-cadherin and PSD95) in the active site of the 

cortical synapse, suggesting that the structure of the glutamatergic synapse is specifically altered by the 

combination of low food intake and hyperactivity versus the two conditions alone. At structural level, we 

demonstrated that the combination of weight loss and hyperactivity interfered with cortical dendritic 

spine formation, reducing their density and influencing their maturation in the mPFC. In fact, the 

reduction of mushroom-shaped spines, which represent the most active type of dendritic spines (Bourne 

& Harris 2007), and the increase of filopodia, i.e. the immature dendritic protrusions, may be indicative of 

an increased turnover of the immature dendritic structures reducing the communicative synapses and 

their strengthening and suggesting a mechanism to explain the cognitive deficits observed in anorexic 

patients (Olivo et al. 2019). In addition, the reduced spine density in the mPFC of ABA rats was coupled 

with a reduced head diameter, reflecting a shrinkage of the postsynaptic density (Hering & Sheng 2001) 

and an impaired glutamatergic signaling via reduced expression and synaptic retention of specific 

glutamate receptors. Interestingly, such alterations are paralleled by reduced expression and altered 

synaptic localization of structural markers such as F-actin. Since synaptic function is positively associated 

with spine head volume, the PSD area and the number of glutamate receptors (Bosch & Hayashi 2012), 

our data revealed that the molecular dysregulation of the glutamate synapse observed at the 

achievement of the anorexic phenotype correlates with ABA-induced hyperactive behavior and not with 

body weight (data not shown), further corroborating the AN-induced weakening of synaptic strength in 

the mPFC. 

Of note, seven days of refeeding restored body weight and the observed structural alterations in 

the mPFC, even increasing the percentages of mushroom-shaped spine. Such effect may reflect an 

adaptive response, or at least an attempt, of the mature synapses to restore a physiological synaptic 

communication. This is in line with the observation that, in humans, adolescent anorexic subjects display 

reduced grey matter volumes in the prefrontal cortex, decreased cortical thickness and subcortical 

volumes compared to healthy controls, an effect only partially retrieved upon refeeding (Kaufmann et al. 

2020; Frintrop et al. 2019; Martin Monzon et al. 2017). Despite weight recovery canceled structural 

changes induced by the ABA phenotype, cytoskeletal instability in the mPFC of ABA rats is further 

confirmed at the molecular level via reduction of neuroligin-1 and PSD95, suggesting that these 

molecular alterations may account for functional persistent changes, as previously suggested in the mPFC 

of ABA rats even for the endocannabinoid system (Collu et al. 2019). Moreover, an overall reduction of 



   

the glutamatergic signaling in the postsynaptic density of the mPFC was still observed, indicating a 

profound and persistent reorganization of the postsynaptic density composition. These data demonstrate 

an impaired synaptic localization of the main glutamate NMDA and AMPA receptor subunits since their 

expression was significantly reduced in the PSD fraction, but not in the whole cortical homogenate: 

accordingly, it appears that ABA induction has not influenced the translation process of these receptors 

but, rather, their synaptic retention. Since SAP102 and SAP97 in the postsynaptic density are essential 

for the synaptic localization of AMPA and NMDA receptors (Kim et al. 2005; Vickers et al. 2006) and for 

anchoring such receptors to the postsynaptic membrane, the herein observed reduction indicates 

impaired delivery and reduced synaptic stability of glutamate receptors at the postsynaptic membrane.  

Taken together, the complex set of structural and molecular analyses herein shown point to 

(mal)adaptive glutamatergic rearrangements occurring in the adolescent brain, which might contribute to 

alter the incentive motivational system and recency discrimination abilities to drive maladaptive 

behaviors in AN, as revealed by the significant correlations between glutamatergic receptors and recency 

discrimination index with ABA-induced hyperactive behavior and body weight loss. These events are 

functionally relevant since the long-term failure in recruiting critical glutamate determinants at synaptic 

level might reduce the transition to active dendritic spines, leading to a functional destabilization of the 

mPFC and conferring greater vulnerability to AN patients. This notion is reinforced by the evidence that 

the recency discrimination index in the temporal order object recognition test, which requires an intact 

and functional mPFC (Barker et al. 2007), was impaired. The dysregulated compartmentalization and 

reduced synaptic retention of critical glutamate determinants, as a result of the anorexic phenotype, 

indicate that, at the beginning of the TOOR test, the availability of NMDA and AMPA receptors at active 

synaptic sites is reduced in the mPFC of ABA rats, a deficiency that may contribute to the memory 

impairment observed in both ABA rats and AN patients (Amianto et al. 2013; Biezonski et al. 2016; 

Lamanna et al. 2019). In addition, weight recovery in ABA rats is not paralleled by memory recovery: in 

fact, a recency memory deficit is still present following the recovery period, suggesting a vulnerability 

trait for relapse. This possibility is corroborated by the evidence of a slower maturation of the prefrontal 

regulatory circuitry in AN patients, as shown by fMRI studies (Xu et al. 2017), in which AN adolescents 

exhibited altered maturation of the executive network, leading to impaired cognitive flexibility and 

working memory (Olivo et al. 2019; Bohon et al. 2020; Fuglset 2019). Moreover, since the object 

recognition task is dependent on a network of brain areas that interact and potentially contribute to 

recognition memory (Warburton & Brown 2015), we cannot rule out that changes in other brain regions 

of the circuitry in which mPFC is embedded (such as perirhinal cortex, hippocampus and medial dorsal 



   

thalamus) might contribute to the observed behavioral changes. Interestingly, in this scenario Milton and 

colleagues elegantly showed that body weight loss and reversal learning in ABA rats was prevented via 

chemogenetic suppression of the mPFC-nucleus accumbens shell pathway (Milton et al. 2020), 

suggesting that different cognitive domains might be involved in AN.  

Although we are aware that the TOOR test cannot represent cognition in its entirety, however these data 

represent one of the first lines of evidence of cognitive impairments in experimental models of AN, in line 

with results observed in AN patients. Thus, in order to better characterize ABA-related cognitive 

alterations, future behavioral studies will investigate other cognitive domain in experimental models 

 

5. Conclusions 

Even though we are aware that no animal model can fully mimic a complex psychiatric disorder such as 

AN and that possible developmental effects might occur during adolescence, the ABA model has the 

potential to provide useful insights into the mechanisms underlying the development and maintenance of 

these maladaptive behaviors, despite the overall alteration in glutamate homeostasis herein shown is 

rather mild (Lamanna et al. 2019; Gutierrez 2013). Our data indicate that the combination between food 

restriction and hyperactivity leads to memory dysfunction, associated with an altered composition and 

structure of the glutamatergic synapse in the mPFC.  

The PFC is known as a site of integration of numerous stimuli with a key role in converting them into 

efferent signals that contribute toward executive functioning, cognitive flexibility, memory and reward-

related response (Dalley et al. 2004; Dalton et al. 2016): along this line of reasoning it appears that 

interfering with its homeostasis may contribute, at least in part, to drive and sustain AN-induced 

behaviors. In line with recent data that demonstrate that mPFC activity controls hyperactivity under food 

restriction conditions (Santiago et al. 2021), we showed that the combination of low BMI and 

hyperactivity status are key factors in driving recency memory impairment whereas weight restoration 

does not seem to effectively rescue such alterations. Consequently, the deviation from normal brain 

development, and particularly the impairment in the structure and composition of the excitatory synapse 

in the mPFC, reflective of a pathological-like state and not of a generalized effect of malnutrition or 

exercise, might contribute to sustain the maintenance of aberrant behaviors, and establish a vicious 

cycle, perpetuating restraint over-eating and other AN-related behaviors. In this scenario, our data might 

pave the way toward new pharmacotherapies designed to manipulate the glutamate system and restore 

normal cognitive functions. Finally, given the neurobiological differences that we observed between the 



   

acute phase of the AN phenotype and after recovery, future studies will try to get further insights into the 

mechanisms that govern the difference between these two phases of the disorder. 
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Figure legends 

 

Figure 1. Schematic representation of the experimental paradigm performed in female adolescent rats to 

induce the activity-based anorexia (ABA) phenotype (a), average daily body weight (b), food intake (c) 

and total daily distance travelled (d) in CTRL, FR, EXE and ABA rats. Panel (e) shows the Pearson’s 

product–moment correlation (r) analyses between body weight and distance travelled at post-natal day 

(PND)42 of ABA and EXE rats. 

Results are presented as the mean ± SEM.  
### p<0.0001 FR and ABA vs CTRL and EXE; *p<0.05 ABA vs FR; °p<0.05, °°p<0.01, °°°p<0.001 ABA vs 

CTRL; £p<0.05, ££p<0.01, £££p<0.001 FR vs CTRL; $p<0.05, $$p<0.01, $$$p<0.001 ABA vs EXE, §§p<0.01 

CTRL vs EXE (two-way ANOVA with repeated measures followed by Bonferroni’s multiple comparisons 

test) 

CTRL=control; FR=food-restricted; EXE=exercise; ABA=activity-based anorexia 

 

Figure 2. Effect of the ABA protocol on the NMDA and AMPA receptor subunits expression in the post-

synaptic density (PSD) of the medial prefrontal cortex (mPFC) in the acute phase of the pathology 

(PND42) and after a 7-days recovery period (PND49).  

Protein levels of the obligatory subunit GluN1 (a) and the accessory subunits GluN2A (b) and GluN2B (c) 

of NMDA receptors, and of GluA1 (d) and GluA2 (e) subunits of AMPA receptors are expressed as 

percentages of controls sacrificed at PND42 and represent the mean ± SEM of five-six rats per group. 

Panel (f) shows representative immunoblots for GluN1, GluN2A, GluN2B, GluA1 and GluA2 proteins in the 

PSD of mPFC. Pearson’s product–moment correlation (r) analyses between distance travelled at PND42 

and GluN1 (g) and GluA1 (h) protein levels of ABA and EXE rats. 
**

p<0.01 vs. CTRL-acute phase, $p<0.05, $$p<0.01, $$$p<0.001 vs. CTRL-recovery,
 §§

p<0.01 vs. FR-acute 

phase,
 @@

p<0.01,
 @@@

p<0.001 vs. EXE-acute phase, £p<0.05, ££p<0.01, £££p<0.001 vs ABA-acute phase, 
°p<0.05, °°p<0.01, °°°p<0.001 vs FR-recovery, ++p<0.01, +++p<0.001 vs EXE-recovery, ###p<0.001 vs 

ABA-recovery (three-way ANOVA or two-way ANOVA followed by Bonferroni’s multiple comparisons test). 

CTRL=control; FR=food-restricted; EXE=exercise; ABA=activity-based anorexia 

 

Figure 3. Effect of the ABA protocol on scaffolding proteins and on synaptic structural markers 

expression in the PSD of mPFC in the acute phase of the pathology (PND42) and after a 7-days recovery 

period (PND49).  

Protein levels of SAP102 (a), SAP97 (b), PSD95 (c), filamentous (F-)Actin (d), neuroligin-1 (e) and N-

cadherin (f) are expressed as percentages of controls sacrificed at PND42 and represent the mean ± SEM 

of five-six rats per group. Panel (g) shows representative immunoblots for SAP102, SAP97, PSD95, F-

actin, neuroligin-1 and N-cadherin proteins in the PSD of mPFC. 
*
p<0.05, 

***
p<0.001 vs. CTRL-acute phase, $p<0.05, $$p<0.01, $$$p<0.001 vs. CTRL-recovery,

 £p<0.05, 
£££p<0.001 vs ABA-acute phase, °p<0.05, °°p<0.01, °°°p<0.001 vs FR-recovery, +p<0.05, ++p<0.01, 
+++p<0.001 vs EXE-recovery

 
(three-way ANOVA or two-way ANOVA followed by Bonferroni’s multiple 



   

comparisons test). 

CTRL=control; FR=food-restricted; EXE=exercise; ABA=activity-based anorexia 

 

Figure 4. Effects of ABA induction on dendritic spine density and morphology in the mPFC measured in 

the acute phase of the pathology (PND42) and after a 7-days recovery period (PND49).  

Panel a shows total spine density in the mPFC and, below the graph, representative images of dendrite 

segments from the mPFC of CTRL and ABA animals evaluated at PND42 (left) and PND49 (right). Average 

spines length and average spines head width of the total spines measured are shown in panel b and c, 

respectively. The percentage of total protrusions belonging to different categories depending on their 

morphology (d) is presented for mushroom- (e), stubby- (f), thin- (g) and filopodia (h)-shaped 

protrusions. 

n > 3000 spines from at least 28 different neurons for each group, around 5 dendritic segments for each 

hemisphere, 8 hemispheres/group  

Results are presented as the mean ± SEM.  
*
p<0.05. vs. CTRL-acute phase; #p<0.05, ##p<0.01, ###p<0.001 vs ABA-recovery, $p<0.05 vs CTRL-

recovery
 
(two-way ANOVA followed by Bonferroni’s multiple comparisons test). 

CTRL=control; ABA=activity-based anorexia 

 

Figure 5. Schematic representation of the temporal order object recognition (TOOR) test performed in 

female adolescent CTRL and ABA rats (a) in the acute phase of the pathology (PND42) and after a 7-days 

period of recovery (PND49). Recency discrimination index (b) and recognition index (c) measured during 

the test phase of the TOOR test. Pearson’s product–moment correlation (r) analyses between recency 

discrimination index and distance travelled at PND42 of ABA rats (d). Pearson’s product–moment 

correlation (r) analyses between recency discrimination index and body weight (e) of ABA and CTRL rats 

at both PND42 and PND49. 

Recency discrimination index was calculated as (exploration time of object presented in sample phase 1 

− exploration time of object presented in sample phase 2) / total time spent exploring both objects in the 

test phase.  
***p<0.001 vs CTRL-acute phase; $p<0.05, vs. CTRL-recovery; #p<0.05 vs ABA- acute phase (two-way 

ANOVA followed by Fisher’s LSD test). 

Recognition index was calculated as exploration time during the test phase of Object 1 or Object 

2/(Object 1 + Object 2 exploration time)*100 at PND42 (left) or at PND49 (right). 
@@@p<0.001 vs Object 1-CTRL acute phase; §p<0.05 vs Object 1-CTRL recovery; ***p<0.001 vs Object 

1-ABA acute phase; ###p<0.001 vs Object 2-CTRL acute phase; $p<0.05 vs Object 2-ABA recovery; 
°p<0.05 vs Object 1-ABA recovery; £p<0.05 vs Object 2-CTRL recovery (two-way ANOVA followed by 

Fisher’s LSD test). 

Histograms represent the mean ± SEM of at least seven rats per group.  

CTRL=control; ABA=activity-based anorexia 
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Protein 
Primary 

antibody 
Secondary antibody ECL Substrates  

 
GluA1 (108 kDa)  
(RRID: AB_641040;  
Cell Signaling) 

1:2000 iblock buffer  
O/N 4°C 

 
1:1000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 

WESTAR ANTARES 
(Cyanagen) 

 
GluA2 (108 kDa) 
(RRID: AB_10622024; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

 
1:1000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 
 

WESTAR ANTARES 
(Cyanagen) 

 
GluN1 (120 kDa) 
(RRID: AB_1904067; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

1:1000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 

WESTAR NOVA 2.0 
(Cyanagen) 

 
GluN2A (180 kDa) 
(RRID: AB_2112295; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

 
1:1000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 

WESTAR ANTARES 
(Cyanagen) 

 
GluN2B (180 kDa) 
(RRID: AB_2798506; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

 
1:1000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 
 

WESTAR ANTARES 
(Cyanagen) 

 
SAP97 (97 kDa, observed band 140 
kDa) 
(RRID: AB_2091910; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

1:2000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 

WESTAR NOVA 2.0 
(Cyanagen) 

 
SAP102 (102 kDa) 
(RRID: AB_2799325; Cell Signaling) 

1:1000 iblock buffer  
O/N 4°C 

 
1:2000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 
 

WESTAR NOVA 2.0 
(Cyanagen) 

 
PSD95 (95 kDa) 
(RRID: AB_561221;  
Cell Signaling) 

1:4000 iblock buffer  
O/N 4°C 

1:2000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 

Westar SUN 
(Cyanagen) 

 
Neuroligin-1(94 kDa) 
(RRID: AB_2151646; Synaptic 
System) 

1:1000 iblock buffer  
O/N 4°C 

 
1:2000 iBlock 1 hr RT 
anti-Rabbit IgG HRP (RRID: AB_2099233; Cell Signaling) 
 

WESTAR NOVA 2.0 
(Cyanagen) 

N-Cadherin (100 kDa) 
(RRID: AB_2687616; Santa Cruz) 

1:2000 iblock buffer  
O/N 4°C 

1:2000 iBlock 1 hr RT 
anti-Mouse IgG HRP (RRID: AB_258167; Sigma) 
 

WESTAR NOVA 2.0 
(Cyanagen) 

F-actin (42 kDa) 
(RRID:  AB_302794; Abcam) 

1:1000 iblock buffer  
O/N 4°C 

1:1000 iBlock 1 hr RT 
anti-Mouse IgG HRP (RRID: AB_258167; Sigma) 
 

WESTAR NOVA 2.0 
(Cyanagen) 

 - tubulin (50 kDa) 

(RRID:  AB_477593; Sigma) 

1:20.000 iblock 
buffer  
O/N 4°C 

1:15.000 iBlock 1 hr RT 
anti-Mouse IgG HRP (RRID: AB_258167; Sigma) 
 

Westar SUN 
(Cyanagen) 

Table 1. Conditions of the primary and secondary antibodies used in WB analysis. 



   

 

 

Table 2. Effects of ABA induction on the average spines length and head width, expressed as µm±SEM, of the mushroom-, stubby-, thin-shaped spines 

in the mPFC measured in the acute phase of the pathology (PND42) and after a 7-days recovery period (PND49).  
*
p<0.05, 

**
p<0.01 vs. CTRL-acute phase; #p<0.05 vs ABA-recovery (two-way ANOVA followed by Bonferroni’s multiple comparisons test). 

 

 
 

  

 
Acute phase 
(PND 42) 

After recovery 
(PND49) 

 
Two-way ANOVA   
manipulation x time of 
sacrifice interaction 

  CTRL ABA CTRL ABA  

Mushroom 
length 1,4950 ± 0,1003 1,7475± 0,0404* 1,7176± 0,0265 1,2517± 0,0445 F(1,28)=10.31, 

p=0.003 

width 0,7232± 0,0719 0,4862± 0,0435** 0,6222± 0,0336 0,4430± 0,0271 F(1,27)= 5.734,  
p=0.0238 

Stubby 

length 0,6700± 0,0196 0,7119± 0,0236 0,7932± 0,0315 0,5320± 0,0166 F(1,28)=3.830,  
p=0.0604 

width 0,4028± 0,0318 0,2831± 0,0184* 0,4342± 0,0280 0,2981± 0,0198# F(1,28)= 6.214,  
p=0.0189 

Thin 

length 1,3185± 0,0757 1,4016± 0,0788 1,4674± 0,0826 1,1081± 0,0799 F(1,28)=1.644,  
p=0.2103 

width 0,5868± 0,0414 0,4012± 0,0477* 0,5648± 0,0467 0,4421± 0,0478 F(1,28)= 5.060,  
p=0.0325 
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