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 28 
Abstract 29 

Exposure to negative events during the neonatal period is one of the leading factors contributing to 30 

the development of psychiatric disorders, including anorexia nervosa. In the present study, we 31 

investigated the effects of maternal separation (MS) on the development of anorexia in rodents using 32 

the mild-stress form of the activity-based anorexia (ABA) model (2 hours of free access to a running 33 

wheel and a 1-hour feeding test) in both male and female rats. We assessed anxiety-like and locomotor 34 

behavior and hyperactivity with the open field and elevated plus maze tests.  35 

Our results showed that ABA rats of both sexes displayed hyperactive behavior associated with 36 

reduced anxiety-like behavior when compared to controls. However, a sexually dimorphic effect of 37 

MS emerged in anorexic rats: while the females exposed to MS+ABA were hyperactive with 38 

diminished anxiety-related behaviors compared to females of the ABA group, MS in males attenuated 39 

or did not alter the effects of the ABA protocol.  40 

In conclusion, our data reveal that the synergistic effects of MS and ABA on physical activity and 41 

anxiety-like behavior act in opposite directions in the two sexes.  42 

 43 

KEYWORDS:  maternal separation; anorexia nervosa; activity-based anorexia model; sexual 44 

dimorphism; hyperactivity; anxiety – like behavior; Sprague – Dawley rat.  45 

 46 
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Introduction 51 

Adverse environmental factors in key developmental periods of life, in which both genetic and 52 

environmental factors influence early life experiences, have long-lasting effects on the developing 53 

brain (Anand & Scalzo, 2000; Gluckman, Hanson, Morton, & Pinal, 2005; Lupien, McEwen, Gunnar, 54 

& Heim, 2009). In particular, attachment and negative life events in this period may play a crucial 55 

role in the pathogenesis of psychiatric disorders, including anxiety, depression and eating disorders 56 

(Ackard, Neumark-Sztainer, Hannan, French, & Story, 2001; Jacobi, Hayward, de Zwaan, Kraemer, 57 

& Agras, 2004; Tasca & Balfour, 2014). Mounting evidence indicates that exposure to negative 58 

environments early in life contributes to the development of pathological phenotypic deficits in adult 59 

life (Nishi, Horii-Hayashi, Sasagawa, & Matsunaga, 2013), with long-lasting effects on stress 60 

responsiveness (Plotsky et al., 2005). 61 

Maternal separation (MS) in early life is considered a stress condition. However, conflicting data 62 

have been collected regarding the effect of MS on anxiety-like behavior later in life. Some studies 63 

have shown that MS induces an increase in anxiety in later life in rodents (Holmes et al., 2005; Marais, 64 

van Rensburg, van Zyl, Stein, & Daniels, 2008). In contrast, other studies have reported that 65 

maternally separated animals showed reduced anxiety-related behavior in the open field (OF) test, 66 

both increasing their exploration of the arena and spending additional time in the center (Caldji, 67 

Diorio, & Meaney, 2000; Fujimoto, Kubo, Nishikawa, & Aou, 2014). However, a reduction in 68 

anxiety-like behavior was not always observed (Stevenson, Meredith, Spicer, Mason, & Marsden, 69 

2009), and MS affected males and females in different ways (McIntosh, Anisman, & Merali, 1999; 70 

Severino et al., 2004; Weinberg & Levine, 1977). 71 

Moreover, evidence highlights that separation from the mother in the early postnatal period can alter 72 

feeding behavior in rats (Silveira et al., 2008). Clinical studies have confirmed that neonatal adversity 73 

can increase vulnerability to eating disorders such as anorexia nervosa (AN) (Caslini et al., 2016; 74 

Silveira, et al., 2008). AN, which typically starts in adolescence, has a complex pathogenesis, with 75 
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both genetics and early-life adversity contributing to the etiological risk factors for this eating disorder 76 

(Connan, Campbell, Katzman, Lightman, & Treasure, 2003). Patients with AN tend to be 77 

perfectionistic and socially isolated and to have heightened susceptibility to depression and obsessive-78 

compulsive disorder (Abbate-Daga et al., 2015; Kendler et al., 1995). AN is also often comorbid with 79 

anxiety disorders (Kaye, Bulik, Thornton, Barbarich, & Masters, 2004). Through dieting and 80 

exercise, individuals with AN can attain a sense of control over their emotional status. Thus, anxiety 81 

can lead to an obsession with achieving thinness by overexercising (Fiore, Ruggiero, & Sassaroli, 82 

2014). In fact, a subgroup of people affected by AN engage in a variety of physical activities (ranging 83 

from excessive sports activities to standing rather than sitting) with the aim of losing weight (Swain, 84 

Lorberbaum, Kose, & Strathearn, 2007). 85 

Many translational studies to investigate the pathogenesis of AN have been based on the activity-86 

based anorexia (ABA) model, a protocol that mimics AN in rodents (Hall & Hanford, 1954; 87 

Routtenberg & Kuznesof, 1967). When animals are given free access to a running wheel and limited 88 

food intake, ABA rodents prefer to run rather than eat, even when they have access to food. This 89 

particular behavior strongly mirrors that of patients with AN who excessively exercise and have a 90 

restricted diet (Pirke, Broocks, Wilckens, Marquard, & Schweiger, 1993; Routtenberg & Kuznesof, 91 

1967; Russell, Epling, Pierce, Amy, & Boer, 1987). Furthermore, ABA animals can quickly lose up 92 

to 25% of their basal weight and even run until death; other features of this model are hyperactivity, 93 

hypothermia, impaired estrous cycle in females, and altered HPA axis activity (reviewed by 94 

(Gutierrez, 2013)). 95 

Although it is well known that MS is a stressful condition, its combination with the ABA protocol 96 

and their possible joint effect on anxiety-like behavior have not been thoroughly investigated.  97 

Considering the conflicting data in the literature, we aimed to bridge this gap by studying the 98 

interaction between the MS protocol and the ABA paradigm in Sprague-Dawley rats. We chose a 99 

mild-stress version of the ABA model (Hancock & Grant, 2009) so that we could compare our data 100 

with previous results on physical activity and biometric measures. Moreover, we added to our 101 
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evaluation the analysis of anxiety-related behavior using the elevated plus maze (EPM) and OF tests. 102 

Considering the markedly different incidence of AN in men and women (a 1:5 ratio) (Valente et al., 103 

2017) and the sexually dimorphic effect observed in the ABA model (Achamrah et al., 2017; Hancock 104 

& Grant, 2009), we performed our study in rats of both sexes. We expect to confirm previously 105 

published data showing that females are more susceptible than males to the effects of a combined MS 106 

and ABA protocol. Moreover, our study highlights a variation in the anxiety-like behavior in male 107 

and female rats due to the combined effect of both MS and ABA protocols. 108 

 109 

 110 

 111 

Materials and methods 112 

- Animals 113 

Male (N=24) and female (N=24) Sprague-Dawley rat pups were bred and reared in the Neuroscience 114 

Institute Cavalieri Ottolenghi (NICO) colony. On postnatal day (PND) 21, the nonseparated and 115 

maternally separated groups (MS is used in the name of the group as a suffix to distinguish it from 116 

nonseparated groups) were weaned and sexed. Male (abbreviated as M) and female (abbreviated as 117 

F) rats were assigned to sex-specific groups: control (CON) and anorexic (called ABA). In this way, 118 

females were divided into FCON (N=6), FABA (N=6), MSFCON (N=6), and MSFABA (N=6), and 119 

males into MCON (N=6), MABA (N=6), MSMCON (N=6) and MSMABA (N=6).  120 

Rats were housed in same-sex groups of 3 per cage on a 12:12-h light/dark cycle and provided ad 121 

libitum with a standard chow diet (4RF25, Mucedola Srl, Settimo Milanese, Italy) and water until the 122 

beginning of the anorexic protocol. Animal care and handling were performed according to the Union 123 

Council Directive of 22nd September 2010 (2010/63/UE); the Italian Ministry of Health and the 124 

Ethical Committee of the University of Torino approved all the procedures reported in the present 125 

study. 126 
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- Neonatal MS treatment 128 

The manipulation was conducted once daily, in the morning, from PND1 to PND15: MS pups (a total 129 

of 12 animals of each sex, which were then divided into CON and ABA groups) were removed from 130 

their birth cage, and each litter was placed separately in a smaller cage with bedding material inside 131 

an incubator for 3 hours. From PND1 to PND7, the humidity of the incubator was maintained at 55-132 

58% and the temperature at 33-34 °C, while from PND8 to PND15, the temperature was lowered to 133 

31-32 °C to ensure the survival of the pups (Jans & Woodside, 1990). Internal illumination was 134 

provided to maintain the same light/dark cycle. During this period, nonseparated rats of the CON 135 

groups were left undisturbed with their mothers until weaning. 136 

 137 

- ABA protocol  138 

At PND 41-42, after the onset of puberty from PND 36 to 40, ABA animals were placed in individual 139 

cages with a running wheel for 30 minutes to adapt to the new environmental context. At PND 43, 140 

the mild-stress ABA protocol began: each day for 7 consecutive days, at 10:00 a.m. (during the light 141 

cycle), rats were placed in the cage for 2 hours with a running wheel and no food. After this 2-hour 142 

period, the animals were moved into another cage with no running wheel but with free access to water 143 

and 30 g of food for a 1-hour feeding test. At the end of the feeding test, animals were brought back 144 

to their home cages, where they had no food but always had free access to water. The food left in the 145 

feeding test cage was weighed to assess the amount of food ingested by each animal. During physical 146 

activity on the running wheels, two variables were recorded via position registration of an 147 

electromagnetic rotary encoder attached to the running wheel; these variables were time spent and 148 

distance traveled on the running wheel. The ABA protocol lasted 7 days, and the rats were weighed 149 

daily from PND43 onward before being placed in the cage with the running wheel; these daily 150 

measurements were used to evaluate weight loss during the ABA protocol. For ethical reasons and to 151 



  Farinetti and Aspesi et al. 
 
 
comply with the Ethical Committee’s requirements, we planned to withdraw any rat that lost more 152 

than 25% of its baseline weight, but no such cases occurred. The females were inspected through the 153 

examination of a single vaginal smear before the behavioral sessions to determine their stage of estrus; 154 

all females considered for the experiment, including both ABA and CON females, were in diestrus 155 

during the behavioral tests. 156 

At weaning (PND 21), CON animals were divided by sex into groups of 3 rats per cage and left 157 

undisturbed until the day of the first behavioral test, with food ad libitum and no running wheel access. 158 

To assess whether the manipulations could induce alterations in body weight, we weighed all animals 159 

the day before the beginning of the ABA protocol. 160 

 161 

- Behavioral tests 162 

During the last two days of the ABA protocol (PND 48-49), all ABA and CON animals of the same 163 

age were submitted to OF and EPM tests to evaluate their anxiety-like and exploratory behavior. All 164 

behavioral tests were performed in the afternoon, starting from 2:00 p.m. (during the light cycle); 165 

thus, anorexic animals were regularly submitted to the ABA protocol in the morning.  166 

Before the actual onset of the behavioral test, animals were left in the room with dim lighting for 2 167 

hours to acclimate to the dark conditions. 168 

 169 

- OF test 170 

The arena was a square measuring 70x70 cm, with 40-cm-high walls and black surfaces; the center 171 

of the arena was defined as a square equidistant (16.5 cm) from all four walls. The apparatus was 172 

placed inside a dark testing room, illuminated only by a lamp pointing towards the ceiling. This test 173 

is based on fear of open spaces; remaining close to the walls is a sign of major anxiety-like behavior. 174 

Moreover, the OF is used to evaluate the hyperactivity of the tested animal (Kim et al., 2012; 175 

Sagvolden, Hendley, & Knardahl, 1992). 176 

Rats were individually placed in the same corner of the apparatus and were allowed to explore freely 177 
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for 5 minutes (van Zyl, Dimatelis, & Russell, 2016). The activity of each rat was recorded with a 178 

digital camera placed above the apparatus, and the resulting video was analyzed offline in EthoVision 179 

8 Software (Noldus Information Technology, Leesburg, VA, (Noldus, Spink, & Tegelenbosch, 180 

2001)) by a researcher blinded to the treatments. The following parameters were collected: time spent 181 

in the center of the arena, distance traveled in the center of the arena and total distance covered in the 182 

arena. 183 

 184 

- EPM test  185 

The EPM apparatus was elevated 50 cm from the ground and consisted of two arms (each 50x10 cm) 186 

enclosed by 30-cm-high sides and end walls (closed arms) and two other arms (each 50x10 cm) with 187 

no walls (open arms). At the center of the apparatus, there was also a square platform measuring of 188 

10x10 cm. The apparatus was placed inside a dark testing room, illuminated by a lamp pointing 189 

towards the ceiling, to illuminate the closed and open arms equally. 190 

This test is based on the conflict between the rat’s exploratory drive and its innate fear of exposed 191 

areas; thus, less time spent exploring the open arms indicates greater anxiety-related behavior. 192 

At the beginning of the test, each rat was placed on the central platform, facing an open arm, and was 193 

allowed to explore the plus maze freely for 5 minutes (Noldus, et al., 2001; van Zyl, et al., 2016; Walf 194 

& Frye, 2007). 195 

The rat’s activity was recorded with a digital camera, and for this test, a researcher blinded to the 196 

treatments evaluated two parameters (always using EthoVision 8 Software): time spent in the open 197 

arms and distance traveled in the open arms. 198 

 199 

- Statistical analysis 200 

Data collected during the ABA protocol were analyzed by repeated-measure ANOVA (to evaluate 201 

whether the data changed during the 7 days of experimentation), while data on baseline body weight 202 

and values obtained from the behavioral tests were analyzed with a two-way ANOVA with sex and 203 
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treatment (nonseparated/MS and CON/ABA) as independent variables. 204 

All analyses were performed after verifying the normality of the data with the Shapiro test and were 205 

followed, if the ANOVA was significant, by a multiple comparisons test (Tukey post hoc test) and 206 

by pairwise comparisons (Student’s t-test) to evaluate, respectively, the difference between 207 

treatments within sexes and among sexes in the same treated groups. The program SPSS 24.0 was 208 

used to calculate the p values and the significance threshold was set at p<0.05. 209 

 210 

 211 

 212 

Results 213 

- ABA protocol: effects of MS 214 

The results obtained from the analysis of all parameters considered during the 7 days of the ABA 215 

protocol showed that all ABA rats increased their activity on the running wheel (Fig 1 A-B); the loss 216 

of body weight and the increased amount of food ingested during the feeding test progressed 217 

significantly from day to day only in the first 3-4 days of ABA protocol and did not significantly 218 

differ between experimental groups (Fig 2 A-C). During the ABA procedure, no rats lost more than 219 

25% of their baseline weight; therefore, no animals were removed from the experiment. The statistical 220 

analysis is summarized in Table 1. 221 

During the experiment, rats of both sexes increased the time spent and the distance traveled on the 222 

running wheel in comparison to day 1 (Fig 1-A). However, the MS treatment induced a dimorphic 223 

effect on the two considered parameters. Among females, MSFABA rats spent an increased amount 224 

of time on running wheel, with a statistically significant differences on days 6 and 7 (day 6: t=-2.336, 225 

df=10, p= 0.042; day 7: t= -2.738, df= 10, p=0.021, Fig 1-A), and covered an increased distance in 226 

comparison to the FABA female group, with a significant difference once again on day 7 (day 7: t= 227 

2.769, df= 10, p=0.02, Fig 1-B). 228 
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In males, by contrast, the MSMABA group spent less time and traveled less distance on the running 229 

wheel than the MABA group each day of the protocol; the statistical analysis revealed significant 230 

differences between the two groups in the amount of time spend on the wheel on days 2, 3 and 5 (day 231 

2: t= 3.911, df=10, p=0.003; day 3: t= 3.732, df=10, p=0.004; day 5: t= 2.576, df=10, p=0.028, Fig 232 

1-A) and in the distance traveled on days 2 and 3 (day 2: t= 2.751, df=10, p=0.020; day 3: t= 3.273, 233 

df=10, p= 0.008, Fig 1-B). 234 

The comparison between sexes showed a substantial effect of MS treatment: MSFABA females ran 235 

for a significantly longer time than males on days 2, 3, 4, 5 and 6 (day 2: t= 10.052, df=10, p<0.001; 236 

day 3: t= 5.761, df=10, p<0.001; day 4: t= 2.329, df=10, p=0.042; day 5: t= 2.585, df=10, p= 0.027; 237 

day 6: t= 2.905, df=10, p= 0.016, Fig 1-A). 238 

Furthermore, MSABA males traveled a shorter distance than maternally separated anorexic females, 239 

as confirmed by the statistical analysis on all days (day 1: t= 2.851, df=10, p=0.017; day 2: t= 8.681, 240 

df=10, p<0.001; day 3: t= 3.982, df=10 p=0.003; day 4: t= 2.873, df=10, p=0.017; day 5: t= 3.952, 241 

df=10, p=0.003; day 6: t= 3.05, df=10, p=0.012; day 7: t= 5.044, df=10, p=0.001, Fig 1-B).  242 

Regarding the feeding test, all groups increased the amount of food they ingested during the 243 

experimental days, but there were no differences between groups (Fig 2-A). 244 

The data collected on the baseline body weights of animals before the start of the ABA protocol 245 

showed that males weighed significantly more than females in all groups (p>0.05, Table 1, Fig 2-B), 246 

and between same-sex animals, there were no differences in experimental groups (Fig 2-B). 247 

Concerning body weight loss, calculated as the difference in percentage between the daily body 248 

weight and the body weight at the starting date of the ABA protocol, the statistical analysis revealed 249 

that MS-treated anorexic females (MSFABA) lost significantly more weight than the FABA group 250 

on all seven days (day 1: t=-2.735, df=10, p=0.021; day 2: t=-3.113, df=10, p=0.011; day 3: t=-3.734, 251 

df=10, p=0.004; day 4: t=-2.235, df=10, p=0.049; day 5: t=-3.137, df=10, p=0.011; day 6: t=-3.650, 252 

df=10, p=0.004, Fig 2-C). In a comparison of males, the maternally separated anorexic group 253 

(MSMABA) and the nonseparated ABA males lost a similar amount of weight during the whole 254 
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protocol (Fig 2-C). 255 

The comparison among sexes showed that, regardless of the treatment, the males lost more weight 256 

than females, and this difference appeared from the first day after the beginning of the ABA protocol 257 

in nonseparated groups (day 1: t=-2.116, df=10, p=0.06; day 2: t= -2.825, df=10, p=0.018; day 3: t= 258 

-7.731, df=10, p<0.001; day 4: t= -3.352, df=10, p=0.007; day 5: t= -8.368, df=10, p<0.001; day 6: 259 

t= -10.801, df=10, p<0.001, Fig. 2-B) and from the third day in MS groups (day 3: t= -2.302, df=10, 260 

p=0.044; day 4: t=-3.713, df=10, p=0.004; day 5: t=-2.878, df=10, p=0.016; day 6: t= -3,329, df=10, 261 

p=0.008, Fig 2-C). 262 

 263 

Behavioral results 264 

The complete statistical analysis of the behavioral data collected is summarized in Table 2. 265 

- OF test 266 

In order to better understand the behavioral changes in ABA rats after MS, it was necessary to analyze 267 

the effects of the two stressful conditions separately (ABA and MS) and then analyze their synergistic 268 

effects (MS+ABA). 269 

Regarding females, there were no statistically significant effects of ABA, MS or MS+ABA on time 270 

spent in the center of the arena (Fig 3- A), although was a slight increase caused by the ABA protocol 271 

in both nonseparated and maternally separated control females. However, when we analyzed the 272 

distance traveled in the center of the arena, the OF showed interesting data: in the ABA and MS 273 

groups, there was no effect compared to the controls (Fig 3-B), but the MS+ABA group traveled a 274 

significantly greater distance in the center of the arena in approximately the same time spent in it by 275 

the ABA females (p<0.05, Fig 3-B), suggesting that these females were more hyperactive than FABA. 276 

These data were also confirmed by the analysis of the total distance covered in the arena (Fig 3-C): 277 

the MSABA females traveled farther than any other group and showed a significant difference from 278 

ABA females (Fig 3-C). 279 
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The effects were different in males: the statistical analysis revealed that the ABA protocol induced 280 

rats to spend more time than control males in the center of the arena (p<0.05, Fig 3-A). Instead, the 281 

MS+ABA treatment induced an anxiogenic effect on anorexic males in comparison with the ABA 282 

rats: the MS+ABA group spent significantly less time than MABA in the center of the arena (p<0.05, 283 

Fig 3-A), showing an anxiolytic effect in comparison to ABA males but an anxiogenic effect 284 

compared to control animals. Regarding the distance traveled in the center, ABA males and MS+ABA 285 

rats covered more distance than the respective control groups (p<0.05, Fig 3-B), but there were no 286 

differences among them (Fig 3-B). 287 

In a direct comparison between females and males of the same groups, the statistical analysis showed 288 

sexual dimorphism in nonseparated control groups regarding the time spent in the center of the arena 289 

(p<0.05, Fig 3-A): control females spent more time in the center than control males did. This sex 290 

difference disappeared in the MS control groups (Fig 3-A). 291 

An important instance of sexual dimorphism appeared in the group of MS+ABA regarding the 292 

distance traveled in the arena: females covered more distance than males did, both in the center of 293 

the arena and overall, confirming increased hyperactivity of maternally separated anorexic females 294 

in comparison with males of the same postnatal treatment (p<0.05, Fig 3-B, C). 295 

The results obtained by the OF analysis are also represented in Fig 4. There was an increase in the 296 

general activity of the MS+ABA female group in comparison with the FABA group, which underlies 297 

the hyperactivity of this group. It was possible to visually appreciate the opposite effect in males, 298 

where the MS+ABA rats spent less time than MABA males in the center of the arena. 299 

 300 

- EPM test 301 

In females, both the ABA protocol and MS treatment induced an increase in the time spent in the 302 

open arms compared to the respective control groups (p<0.05, Fig 5-A). In addition, data on the 303 

distance traveled in open arms further emphasized the anxiolytic effect of the maternal separation on 304 

female control rats: MSCON females traveled a greater distance than FCON in the open arms 305 
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(p<0.05, Fig 5-B). 306 

Another very interesting result concerns the synergistic effect of MS+ABA treatments: contrary to 307 

what was observed in the OF, where MS seems to affect only the locomotor activity of anorexic 308 

females and not the anxiety-like behavior, data obtained from the EPM showed that MS induced an 309 

anxiolytic effect in ABA females. Statistical analysis revealed that the MS+ABA female group spent 310 

more time exploring the open arms than the FABA group did (p<0.05, Fig 5-A). In addition, analyzing 311 

the distance covered in the closed arms, the results showed that in females, nonseparated anorexic 312 

rats covered the same distance in closed arms as CON (Fig. 5-C), supporting the anxiolytic effect of 313 

ABA treatment. The synergistic effect of MS and ABA clarifies this reduction in anxiety-like 314 

behavior: MS+ABA females traveled a smaller distance in closed arms compared not only to ABA 315 

females (p< 0.05, Fig 5-C) but also to the MSCON group (p< 0.05, Fig. 5-C), showing a selective 316 

preference to stay in the open arms. 317 

Concerning males, the results showed that the ABA protocol induced an increase in time spent in the 318 

open arms (Fig 5-A) in both the nonseparated and maternally separated groups (p<0.05, Fig 5-A), 319 

while no effect on this behavior was observed in the MS-only group (Fig 5-A). 320 

The MS+ABA male group showed a slight decrease in the time spent in the open arms in comparison 321 

with the ABA group, although the statistical analysis did not reveal differences between them (Fig 5-322 

A). Regarding the distance traveled in the open arms, we found interesting results from the MS+ABA 323 

group of males: MS anorexic males traveled a shorter distance than MABA, albeit by a nonsignificant 324 

margin, thus showing an attenuation in the anxiolytic effects of ABA protocol. However, the analysis 325 

of the distance traveled in the closed arms confirmed that ABA rats exhibited a reduction of anxiety-326 

like behavior: there was a slight, nonsignificant reduction between the MABA and MCON groups, 327 

while MSABA rats traveled a shorter distance in the closed arms than MSCON animals did (p<0.05, 328 

Fig 5-C). 329 

 330 

 331 
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 332 

Discussion 333 

As reported in previous studies (Hancock & Grant, 2009), our data confirmed a clear impact of the 334 

mild-stress ABA protocol on physical activity, feeding behavior and weight loss in rats in a sex-335 

dependent manner. While in females, the food restriction due to the ABA protocol led to increased 336 

locomotor activity without changes in food intake, in males, we observed a greater amount of body 337 

weight loss even if their physical activity remained the same during the seven days of the protocol, 338 

suggesting that they were more affected by this stress. In addition, we highlighted a cumulative effect 339 

of MS and ABA protocols that further strengthened the behavioral differences between sexes, with 340 

females being more hyperactive than males and males losing more weight than females. This result 341 

is different from most previously conducted studies (Hancock & Grant, 2009). Indeed, we used 342 

slightly younger rats, but with similar baseline body weights. Our hypothesis is that this difference 343 

could be linked with the minor training period to running wheel and the sex different response to the 344 

stress of food restriction. Notably, in our experiment, we did not prepare animals for food restriction 345 

the day prior to the ABA protocol, and the novel stress of the running wheel together with the 346 

unexpected forced dietary restriction could induce males to lose more body weight. Several studies 347 

have demonstrated the presence of sex differences in the response to the ABA protocol, with males 348 

losing more weight than females (Carrera, Gutierrez, & Boakes, 2006; Doerries, Stanley, & Aravich, 349 

1991). Moreover, other authors have shown that males are more sensitive to food restriction than 350 

females (Lenglos, Mitra, Guevremont, & Timofeeva, 2013; Rajab et al., 2014). Our data confirmed 351 

a greater repercussion of the ABA protocol in males than in females, indicating a sex-specific 352 

response to certain stress or to the cumulative effect of several stressors. 353 

Regarding the role of MS on the course of the anorexia-like disorder through the ABA protocol, it is 354 

known that, in anorexic rats, a short MS (15 minutes/day) has a protective role, preventing the 355 

development of full-blown pathology (Carrera, Gutierrez, & Boakes, 2006). However, growing 356 
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evidence shows that a longer period of MS (3 hours/day, as in the protocol used in this work) can also 357 

protect against body weight loss in adulthood when rats are exposed to ABA. Using a long MS, 358 

Hancock and colleagues monitored both physical activity and food intake during the ABA protocol 359 

and confirmed the effect of MS on the progression of the disorder (Hancock & Grant, 2009) with a 360 

higher vulnerability in females, as described in our experiment. MS exacerbates the anorexic-like 361 

features of the mild-stress ABA protocol with typical weight- and eating-suppressant effects and 362 

enhances physical activity. Hence, these studies (Carrera, et al., 2006; Hancock & Grant, 2009) 363 

presented a lack of behavioral data that may help to better understand the impact of the MS during 364 

the early period of life, MS could have a fundamental impact on anxiety-related behaviors in 365 

adulthood (McIntosh, et al., 1999). Altogether these data suggest that early-life adversity, including 366 

MS, could have a pivotal role in the development of behavioral abnormalities in adulthood. 367 

In the present study, we highlighted for the first time the effects of MS on anxiety-like behavior, 368 

evaluating the behavioral changes during the ABA protocol when animals showed the anorexic 369 

phenotype. The two different behavioral tests used in this study (OF and EPM) assessed interesting 370 

sexually dimorphic effects of the interaction between MS and ABA protocols. 371 

In fact, ABA animals of either sex showed fewer anxiety levels compared to control rats, but the 372 

effects on the two sexes changed when the MS was added to the anorexic protocol. During the OF 373 

test, anorexic males showed hyperactivity and reduced anxiety-like behavior. However, the 374 

interaction between MS and ABA protocols decreased the anxiolytic effects of ABA in male rats, 375 

which was not observed when we compared the nonseparated and maternally separated control 376 

groups. The EPM test confirmed these results, indicating that the ABA protocol alone induced a 377 

decrease in anxiety-like behavior, while the combination with MS led the animals to spend a reduced 378 

time in the open arms in comparison to anorexic males. Again, this effect is not shown by the control 379 

animals subjected to MS, suggesting that it is due to the interaction of the two stress conditions. 380 

However, a clear decrement of anxiety-like behavior induced by ABA is evident only in females from 381 

the analysis of the EPM: FABA not only spent more time but also covered more distance in the open 382 



  Farinetti and Aspesi et al. 
 
 
arms in comparison with FCON. Even if the OF test did not show an effect on the anxiety levels of 383 

the female rats, it highlighted an interaction of MS and ABA procedures on the locomotor activity in 384 

the MSFABA group. 385 

To better understand the sexually dimorphic differences in anxiety-like behavior as a result of the 386 

combination of MS and ABA procedures, it could be helpful to analyze each stressful event one by 387 

one. 388 

First, data available in the literature on anxiety-like behavior in ABA animals are few and 389 

heterogeneous. A study on ABA mice showed that food restriction evoked hyperactivity in the 390 

running wheel and a decrease in anxiety-like behavior in EPM and OF tests (Wable, Min, Chen, & 391 

Aoki, 2015). However, other authors were not able to show ABA-induced anxiety-like behavior in 392 

adult rats (Boersma et al., 2016). Lee and Kinzig (2017) demonstrated that a single ABA session was 393 

not enough to induce an increase in anxiety-like behaviors in adulthood. The authors hypothesized 394 

that a cumulative effect of multiple exposures to ABA in adolescence or other stressful physiological 395 

or psychological conditions could be necessary to induce a behavioral effect. Moreover, data from 396 

the literature show that animals subjected to the ABA procedure during adolescence increase anxiety-397 

like behavior in adulthood in response to a novel, anxiety-provoking stressor (Kinzig & Hargrave, 398 

2010). However, the unique approach of our study provides evidence on how the ABA protocol 399 

affects anxiety-like behavior directly during the manifestation of the anorexic-like phenotype, even 400 

if performing behavioral tests during the ABA protocol made it difficult to clearly distinguish anxiety-401 

like and hyperactive behaviors. We can speculate on the modulation of the behavior, considering MS 402 

as a form of chronic stress. For this reason, it is of interest to examine how MS treatment modulates 403 

the behavioral phenotype of animals subjected to the ABA protocol in a sexually dimorphic way. 404 

Future studies will investigate the effects of MS in brain circuits involved in stress response and 405 

hyperactivity. 406 

It is broadly known that MS interferes with several neuroendocrine systems, including HPA axis 407 

reactivity (van Bodegom, Homberg, & Henckens, 2017; Wigger & Neumann, 1999). Several studies 408 
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confirmed alterations of neuropeptide expression in the brains of rodents due to MS in a sex-409 

dependent manner (Desbonnet, Garrett, Daly, McDermott, & Dinan, 2008). Thus, a given stress can 410 

have a different impact on the neuroendocrine circuits of males and females, leading to distinct 411 

behavioral responses (Park et al., 2017). 412 

The sexually dimorphic effect observed in our study might be related to a different effect of MS on 413 

the neuropeptide systems mediated by sex steroids. Early-life disturbances, such as MS and 414 

differences in neonatal maternal care alter the concentrations of sex hormones during the early 415 

development of pups, inducing sex-related differences in HPA axis functionality (Desbonnet, et al., 416 

2008). The fluctuation of sex hormones occurring during this critical developmental period induces 417 

a different modulation of the stress system in males and females, leading to a contrasting capability 418 

of the two sexes to face stressors in adulthood. In fact, MS has deep consequences on the developing 419 

brain and induces important alterations of HPA axis reactivity as well as the mesolimbic dopamine 420 

system, the noradrenergic circuits and even adult neurogenesis can be affected by MS, indicating a 421 

complex mechanism underlying the response to early manipulations in which sex hormones play a 422 

pivotal role (Duarte-Guterman, Yagi, Chow, & Galea, 2015; Lehmann & Feldon, 2000). Consistent 423 

with our results, several studies showed that MS alone did not affect locomotor activity or 424 

emotionality/anxiety-related behaviors, but a stressful event later in life elicited an abnormal 425 

behavioral response (Lehmann & Feldon, 2000; Lehmann, Stohr, & Feldon, 2000). Thus, our data 426 

suggest that MS induces changes in the neurocircuitry of rat brains at an organizational level, which 427 

impacts the ability to face food restriction in later -life in a sex-dependent manner with females 428 

enhancing their physical activity and reducing anxiety-like behavior and males coping with stress by 429 

reducing ambulation activity and displaying more anxiety-like behavior. 430 

In conclusion, the MS paradigm alters the behavioral phenotype during the ABA protocol in female 431 

rats, better mimicking the distinctive symptoms observed in anorexic patients and male rats that 432 

change their behavioral outcomes. 433 

 434 
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Translational implications 435 

AN is highly comorbid with anxiety disorders: people affected by AN are more anxious and show 436 

behavioral disturbances, including excessive exercise, and many individuals affected by AN have an 437 

anxious and obsessive temperament (Godart, Flament, Lecrubier, & Jeammet, 2000; Shroff et al., 438 

2006). Several studies have also shown that people who have had traumatic experiences are more 439 

likely to develop eating disorders than those without a history of trauma (Briere & Rickards, 2007; 440 

Caslini, et al., 2016). From this perspective, trauma during early life could be considered a risk factor 441 

for the development of eating disorders and be considered a vulnerability factor for AN (Briere & 442 

Rickards, 2007). In this study, the enhanced effect of MS on the ABA model, as found in female rats, 443 

suggests that early negative life events affect the ability to cope with stress and/or could impact 444 

experiences of subsequent care relationships. 445 

Eating disorders affect females approximately 10 times more often than males (Striegel-Moore et al., 446 

2009; Valente, et al., 2017). Our study and the animal model developed in this experiment provide 447 

an improved understanding of the mechanisms underlying the sexually dimorphic effect of MS not 448 

only at the onset of food restriction but also in terms of the behavioral response. Using this ABA 449 

model, we showed that females react to MS by showing less anxiety-like behavior, while in males, 450 

the same stressful condition induces the development of more anxious behavior. This result is 451 

interesting: less anxiety in humans could be related to the inability to recognize the risk of self-452 

starvation and potential danger of destructive behaviors (such as laxative abuse, vomiting, self-injury) 453 

(Herpertz-Dahlmann, Seitz, & Konrad, 2011; Selby et al., 2010). Since we demonstrated that the 454 

ABA protocol exerts a more evident anxiolytic consequence in female rats with cumulative effects 455 

of MS, our study can stimulate deeper research about how this behavior can act as a potential 456 

risk/maintain factor in AN, especially in women who have stressful life events in childhood. 457 

 458 

 459 
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 460 

Conclusion 461 

In conclusion, we demonstrated that mild-stress version of the ABA model is a useful experimental 462 

approach with high face validity for investigating possible behavioral alterations and to mimic some 463 

important symptoms of AN; this model allowed us to study the effect of altered neonatal 464 

environmental conditions on the onset of the disorder-like phenotype. We demonstrated that MS 465 

induced important changes in anxiety-like behavior in ABA animals in a sex-dependent manner. In 466 

future studies, through this model, it could be possible to better understand the physiological 467 

mechanisms underlying AN, focusing, in particular, on the brain circuits modulating important 468 

aspects of the disorder, including food restriction, hyperactivity, and anxiety-like behavior. 469 

Furthermore, because of the evident sex-related alterations of the behavioral ability to cope with 470 

stress, it would be helpful to identify the role of sex hormones in the organization of circuits 471 

implicated in the stress response. 472 

  473 
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Tables 666 

 667 
Table 1. Summary of statistical analysis of body weight data and of the parameters considered 668 
during the ABA protocol. The values of F and p were obtained through a two-way repeated-669 
measures ANOVA, used to analyze the possible effects of sex (M for males vs F for females), 670 
treatment (nonseparated vs MS, maternal separation) and their interaction (sex*treatment) on 671 
parameters collected during the period of the ABA protocol (days). 672 

 673 

 674 
 675 
Table 2. Summary of statistical analysis of the data obtained through behavioral tests. The 676 
values of F and p were obtained through a two-way ANOVA test, which was used to analyze the 677 
possible effects of sex (M, males vs F, females), treatment (nonseparated vs MS, maternal separation) 678 
and their interaction (sex*treatment) on parameters collected in the behavioral tests. 679 
 680 

 681 
 682 
 683 
  684 

Table 1. ABA protocol     

PARAMETERS Days Sex  
(M vs F) 

Treatment  
(nonseparated vs MS) 

Sex*Treatment 

Time spent on the 
running wheel (%)  

F(1,20)=242.587, 
p<0.001 

F(1,20)= 6.042  
p<0.05 

ns F(1,20)= 9.820, 
p<0.01 

Distance on the running 
wheel (m) 

F(1,20)=177.829, 
p<0.001 

F(1,20)= 15.398,  
p<0.05 

ns F(1,20)= 10.981, 
p<0.05 

 
Feeding test (g) 

F(1,20)=1,645.215, 
p<0.001 

ns ns ns 

 
Baseline body 
weightBody (g) 

_ F(1,40)= 196.1,  
p<0.0001 

ns ns 

 
Body weight loss (%) 

F(1,20)=927.086, 
p<0.001 

F(1,20)=45.479, 
p<0.001 

F(1,20)=7.898,  
p<0.05 

ns 

ns = not significant     

Table 2. Behavioral data    

PARAMETERS Sex  
(M vs F) 

Treatment  
(nonseparated vs MS) 

Sex*Treatment 

Open Field    

Time spent in center of the 
arena (%)  

F(1,40)=7.718, p=0.0083 F(3,40)=30.068, p<0.0001 F(3,40)=8.851,   p<0.0001 

Distance in the center of the 
arena (cm) 

F(1,40)=45.637, p<0.0001 F(3,40)=33.253, p<0.0001 F(3,40)=5.488, p=0.0030 

Total distance (cm) in the OF F(1,40)=14.686, p<0.0001 F(3,40)=8.560,  p<0.0001 ns 

   

Elevated Plus Maze   

Time spent in open arms (%) F(1,40)=10.97, p=0.0020 F(3,40)=32.55, p<0.0001 F(3,40)=8.033, p=0.0003 

Distance in open arms (cm) F(1,40)=11.957, p=0.0013 F(3,40)=6.672, p=0.0009 F(3,40)=11.143, p<0.0001 

Distance in closed arms (cm) F(1,40)=5.653, p=0.0223 F(3,40)=18.75,  p<0.0001 F(3,40)=3.796, p=0.0174 

ns = not significant    
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Figure legends 685 

 686 
Fig 1. Parameters of physical activity. 687 
Graphs show the variations of the time spent to run (shown as the percentage of time spent to run, A) 688 
and the distance traveled on running wheel (expressed in meters, B) during the 7 days of ABA 689 
protocol, considering, separately, females and males. The means and the standard of the mean (SEM) 690 
are represented in the graphs. Asterisks (*) indicate significant differences (p<0.05) among the 691 
differently treated groups (ABA vs MSABA), and number signs (#) indicate sex differences in the 692 
same groups (p<0.05, FABA vs MABA, MSFABA vs MSMABA). 693 
 694 
Fig 2. Data on feeding tests and body weight loss. 695 
Graphs show the variations of the amount of food intake (expressed in grams, A), the values of 696 
baseline body weight before the ABA protocol (expressed in grams, B), and the variation in body 697 
weight (shown in percentage, C) during the 7 days of ABA protocol, considering, separately, females 698 
and males. The means and the standard error of the mean (SEM) are represented in the graphs. 699 
Asterisks (*) indicate significant differences (p<0.05) among the differently treated groups (ABA vs 700 
MSABA), number signs (#) indicates sex differences in the same groups (p<0.05, FABA vs MABA, 701 
MSFABA vs MSMABA), and the symbol § indicates the differences in food ingested day by day 702 
(p<0.05). 703 
 704 
Fig 3. Behavioral results of the OF test.  705 
Histograms show time spent in the center of the arena expressed as a percentage (A), distance traveled 706 
in the center of the arena (B) and total distance traveled in the arena (both distances are expressed in 707 
centimeters, C).  708 
The means and the standard error of the mean (SEM) are represented in the graphs. Asterisks (*) 709 
indicate significant differences (p<0.05) among differently treated groups (CON, ABA, MSABA) 710 
and number signs (#) indicate sex differences in groups that received the same treatment (p<0.05). 711 
 712 
Fig 4. OF: analysis of the video recordings of rats’ movement.  713 
The black square is the lateral part of the arena, while the inner white square is the center of the arena 714 
(distant 16.5 centimeters from the walls). The pink represents the distance traveled in the lateral part 715 
of the arena, and the distance traveled in the center is red.  716 
 717 
Fig 5. Data collected on the EPM.  718 
Histograms show the results for the time spent in the open arms expressed as percentages (A) and 719 
distances traveled in the open arms (B) and in the closed arms (C) shown in centimeters. The mean 720 
and the standard error of the mean (SEM) are represented in the graphs. Asterisks (*) indicate 721 
significant differences (p<0.05) among differently treated groups (CON, ABA, MSABA), and the 722 
number signs (#) indicate sex differences in groups that received the same treatment (p<0.05). 723 
 724 
 725 
 726 
 727 


