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A B S T R A C T   

Compelling data support altered dopamine (DA) and serotonin (5-HT) signaling in anorexia nervosa (AN). 
However, their exact role in the etiopathogenesis of AN has yet to be elucidated. Here, we evaluated the cor-
ticolimbic brain levels of DA and 5-HT in the induction and recovery phases of the activity-based anorexia (ABA) 
model of AN. We exposed female rats to the ABA paradigm and measured the levels of DA, 5-HT, the metabolites 
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-HIAA), and 
the dopaminergic type 2 (D2) receptors density in feeding- and reward-implicated brain regions (i.e., cerebral 
cortex, Cx; prefrontal cortex, PFC; caudate putamen, CPu; nucleus accumbens, NAcc; amygdala, Amy; hypo-
thalamus, Hyp; hippocampus, Hipp). DA levels were significantly increased in the Cx, PFC and NAcc, while 5-HT 
was significantly enhanced in the NAcc and Hipp of ABA rats. Following recovery, DA was still elevated in the 
NAcc, while 5-HT was increased in the Hyp of recovered ABA rats. DA and 5-HT turnover were impaired at both 
ABA induction and recovery. D2 receptors density was increased in the NAcc shell. These results provide further 
proof of the impairment of the dopaminergic and serotoninergic systems in the brain of ABA rats and support the 
knowledge of the involvement of these two important neurotransmitter systems in the development and pro-
gression of AN. Thus, providing new insights on the corticolimbic regions involved in the monoamine dysre-
gulations in the ABA model of AN.   

1. Introduction 

Anorexia nervosa (AN) is a serious and potentially life-threatening 
psychiatric pathology mostly diagnosed during adolescence [1,2]. Peo-
ple suffering from this eating disorder typically present a wearing fixa-
tion to reach a thin figure by extreme control over consumption of 
low-calorie diet and obsessive physical exercise which results in 
abnormally low body weight and physical hyperactivity. This dramatic 
condition is associated to severe medical complications and leads very 
often to death [3,4]. 

Dopamine (DA) and serotonin (5-HT) are known to be key regulators 
of feeding-related processes and their alteration in the brain, together 

with the alteration of their metabolites 3,4-dihydroxyphenylacetic acid 
(DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5- 
HIAA), respectively, has been linked to disturbances in appetite and 
mood in patients affected by eating disorders [5–7]. Pre-clinical and 
clinical evidence have reported impairments of the dopaminergic and 
serotoninergic signaling in AN that may represent key pathogenic fea-
tures influencing motivation-related dysfunctions, altered satiety and 
mood disruptions [5,8]. 

Indeed, levels of HVA, the main metabolite of DA, were found 
markedly decreased in the cerebral spinal fluid (CSF) of acutely ill and 
recovered AN patients [9–11]. Similarly, significantly reduced concen-
tration of 5-HT and its metabolite 5-HIAA were reported in the CSF in ill 
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or recovered AN patients [12,13]. Moreover, positron emission tomog-
raphy (PET) imaging studies have revealed increased expression of the 
DA receptors type 2 and 3 (D2/D3) in the anteroventral striatum of 
women recovered from AN [14], as well as enhanced density and ac-
tivity of the 5-HT1A serotonin receptor in several cortical areas in AN 
women [14,15]. Interestingly, such alterations were found to be posi-
tively correlated with psychometric tests scores for perfectionism and 
interpersonal distrust in recovered anorexic patients [16]. It is still un-
clear, however, whether these impairments rise because of the disorder 
or if these are preexisting conditions. 

Research over the last decades has moved important steps in the 
discovery of key neurological targets driving AN onset and influencing 
its development and animal paradigms have been helpful in the search 
for a possible biological drive or changes in physiological parameters 
that trigger food restriction and hyperactivity. Among these, the 
activity-based anorexia (ABA) model currently represents the most well- 
characterized and validated rodent model of AN. As well documented, 
the simultaneous combination of time-restricted feeding and free access 
to exercise in a running wheel let rodents to progressively develop 
typical anorexic-like traits comparable to the most representative as-
pects of the human pathological condition [17]. Accordingly, reduced 
food intake, significant weight loss, extreme exercise, and neuroendo-
crine alterations are well modeled in ABA rodents [18]. 

Comparable to human studies, rodents exposed to the ABA model of 
AN showed increased expression of D2 receptors in the dorsal striatum 
and chronic administration of a D2 antagonist was found to ameliorate 
ABA features [19,20]. Moreover, altered striatal dopaminergic neuro-
transmission was suggested to contribute to the anorexic phenotype in 
the anx/anx genetic mouse model [21]. On the other hand, exposing rats 
to restricted feeding for one week was found to reduce 5-HT synthesis 
and metabolism [22]. Also, altered 5-HT turnover was observed in the 
hypothalamus of mice showing inflammation-induced anorexia [23]. 

Disfunctions of reward-related brain areas have been highlighted 
both in AN patients and animal models of AN. When stimulated, the 
reward pathway, including the ventral tegmental area and the nucleus 
accumbens (NAcc) in ABA rats, causes an increase in food intake and 
food anticipatory activity which results in the attenuation of weight loss 
[24]. A reduction in spines density and alteration of glutamate synapse 
in the medial prefrontal cortex (mPFC), as well as an impairment in 
recency discrimination in the temporal order object recognition test, 
was also found in ABA rats. Interestingly, this condition was mitigated 
after 7 days of recovery [25]. Compensatory behaviors, such as food 
restriction and intense physical exercise, seem to stimulate the activity 
of particular areas like PFC and NAcc, especially after presentation of 
food stimuli following a period of food deprivation [26,27]. Imaging 
studies in AN patients have provided different evidence of the impaired 
signal in brain areas (e.g., PFC, ventral striatum, thalamus) taking part 
to reward-related circuits implicated in the pathology [28,29]. 

To date, no direct measurement of brain tissue levels of DA and 5-HT 
have been reported in ABA rats. Therefore, in this study, levels of DA and 
5-HT, as well as of the corresponding metabolites DOPAC, HVA, and 5- 
HIAA were quantitatively analyzed in limbic-related regions, including 
cerebral cortex (Cx), prefrontal cortex (PFC), nucleus accumbens 
(NAcc), caudate putamen (CPu), amygdala (Amy), hypothalamus (Hyp), 
and hippocampus (Hipp), which control a multitude of functions 
strongly correlated to AN pathophysiology. The density of D2 receptors 
was investigated in key areas of the striatum (i.e., NAcc and CPu) and 
the DA and 5-HT turnover in the brain of ABA rats were explored. 

2. Materials and methods 

2.1. Animals 

A total of 50 Sprague-Dawley female rats (Envigo, Italy) weighing 
125–150 g (PND ~50) were used as experimental subjects. Animals 
were housed in a climate-controlled animal room (21 ± 2 ◦C; 60% 

humidity) under a reverse 12 h/12 h light/dark cycle (lights on at 12:00 
a.m.) and fed with standard rat chow (rats chow pellets: 3% kcal from 
fat, 61% kcal from carbohydrate, 16% kcal from protein, 0% moisture, 
containing 2.9 kcal/g, Safe, France) and water available throughout the 
entire duration of the study. According to the experimental group, 
housing chambers consisted of standard polycarbonate cages [48 (h) x 
32 (w) x 47 (d) cm] equipped (or not) with a running wheel (35 cm in 
diameter, 11 cm in width) connected to a digital magnetic LCD revo-
lution counter (1-wheel revolution equals 1.1 m) (Ugo Basile, Italy). All 
procedures and experiments were carried out in an animal facility ac-
cording to Italian (D.L. 26/2014) and European Council directives (63/ 
2010) and in compliance with the approved animal policies by the 
Ethical Committee for Animal Experiments at the University of Cagliari 
(Sardinia, Italy) and the Italian Department of Health (286/2016). 

2.2. The activity-based anorexia protocol 

The experimental protocol used in this study was designed as pre-
viously described [18,30,31]. Briefly, after 7 days of acclimation to the 
animal facility, animals were randomly divided into two experimental 
groups named as the control group (Control) or the ABA group (ABA) 
with no statistically significant differences in terms of basal body weight 
and food intake. Control animals were individually housed in standard 
cages, while ABA animals were housed in activity cages equipped with a 
running wheel. During the adaptation phase food was provided ad 
libitum to both groups and ABA animals were allowed to access the 
running wheel. Running wheel activity (RWA) was monitored daily for 
ABA rats to achieve a stable activity and the daily average of wheel 
rotations during this 7-day phase was used as the basal activity. On the 
last day of the adaptation phase (day 7), food was removed from the 
cages of the ABA group only and the ABA induction phase started. For 
the following 6 days, the ABA group had access to food only for 1.5 h per 
day, during which wheels were maintained locked to avoid competition 
between food and running. Access to wheel was allowed for the 
remaining 22.5 h a day. For ethical reasons, body weight loss during the 
ABA induction phase cannot exceed 25% of the initial body weight. On 
day 6 of the ABA induction phase, animals acceded to the following 
recovery phase during which food was provided ad libitum to both 
experimental groups for 7 days. During this phase ABA animals were 
allowed to access the wheel 24 h per day. Measures of body weight, food 
intake and physical activity (RWA) were monitored daily during each 
experimental phase. 

2.3. Tissue collection and preparation 

Half of the animals for each group were sacrificed by decapitation at 
the end of the 12 h light phase on the last day of the ABA induction 
phase, while the other half at the end of the 12 h light phase on the last 
day of the recovery phase. Immediately after decapitation brains were 
rapidly collected and processed according to next analysis. For high 
performance liquid chromatography (HPLC) analysis the areas of in-
terest were obtained by regional dissection using a pre-cooled rat brain 
slicer, frozen on an aluminum plate over dry-ice and stored at − 80 ◦C 
until subsequent tissue extraction. Brain regions selected for analysis, 
according to the Paxinos Atlas [32] included the Cx (AP: +3.20), PFC 
(AP: +2.80), CPu and NAcc (AP: +1.60), Amy (AP: − 2.12 to − 3.14), 
Hyp (AP: − 2.14), and Hipp (AP: from − 2.12 to − 3.14). For autoradio-
graphic binding the whole brains were frozen in 2-methylbutane (Sig-
ma-Aldrich) and then stored at − 80 ◦C before being sliced in a cryostat. 
Coronal sections (12 µm thick) were prepared with a Leica cryostat at −
20 ◦C, thaw-mounted onto Superfrost Plus slides (Clini-Lab s.r.l., Con-
selve, Italy) and stored at − 20 ◦C until use. 

2.4. Tissue extraction and HPLC analysis 

DA and 5-HT, as well as corresponding metabolites DOPAC, HVA and 
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5-HIAA were extracted from the brain areas of interest (i.e., Cx, PFC, 
CPu, NAcc, Amy, Hyp, Hipp) and subsequently quantified as previously 
described [33]. Briefly, tissue samples were weighted and homogenized 
in ice-cold 0.1 M perchloric acid (1:30, wt/vol), sonicated and then 
centrifuged for 20 mins (18600 x g, 4 ◦C). After centrifugation, the su-
pernatants were filtered through a 0.22 µm Spin-X Centrifuge Tube Filter 
(Costar, Corning Incorporated, Corning, NY) and finally injected (two 
injections of 20 μl each per sample) into a HPLC system with a C18 
column (LC18 DB Supelco, 5 µm, 4.6 × 150 mm) and the Coulochem III 
detector (ESA Inc., Chelmsford, MA, USA). The first electrode of the 
detector analytical cell was set at + 20 mV and the second at + 320 mV; 
column temperature was set at 26 ◦C. The mobile phase consisted of 90% 
50 mM sodium acetate, 35 mM citric acid, 105 mg/L octane sulfonic 
acid, 48 mg/L sodium EDTA solution, and 10% methanol at pH 4.3. The 
flow rate was set at 1 ml/min. Data were collected and analyzed using 
the EZchrom SI 3.2 software. The values obtained are reported in Sup-
plemental materia and are expressed as ng/mg tissue wet weight. 

2.5. D2 receptor binding 

Brain regions selected for analysis included the CPu, and the NAcc 
core and shell (AP: +1.60). [3H]YM-09151–2 binding autoradiography 
protocol was adapted [34]. Briefly, sections were first incubated at room 
temperature for 1 hr in 50 mM Tris-HCl buffer (pH 7.4) containing 120 
mM NaCl, 5 mM KCl, 1.5 mM CaCl2, 4 mM MgCl2, 1 mM EDTA, 1 nM di 
[3H]YM-09151–2 (specific activity: 83.1 Ci/mmol; Perkin Elmer, Bos-
ton, MA, USA). Non-specific binding was determined in the presence of 
30 μM S(-)-sulpiride. After incubation, slides were rinsed (2 times for 5 
min) in ice-cold Tris-HCl buffer, dipped in ice-cold deionised water, and 
air dried. Dried tissue sections and slide-mounted [3H]micro-scales 
standards (RPA 501 and 505; Amersham, USA) for [3H]YM-09151–2 
autoradiography were placed in a Fujifilm BAS cassette with a BAS-5000 
imaging plate. The resulting images were analyzed with a Fujifilm-BAS 
5000 imaging system (Automatic Image Data Analyzer, Ray test, Wil-
mington, NC, USA), and optical densities were transformed into levels of 
bound radioactivity (fmol/mg protein) with gray values generated by 
co-exposed [3H]. 

2.6. Statistical analysis 

Data were analyzed with GraphPad Prism® 9 for Windows (Graph 
Pad software, USA). Between or within group differences were analysed 
using the one-way analysis of variance (ANOVA) with group as a 
between-subjects factor or unpaired student’s t-test, wherever appro-
priate. Data are expressed as mean ± SEM. Differences with p < 0.05 
were considered statistically significant. 

3. Results 

3.1. ABA induction and recovery 

As previously reported, diet restriction combined with intense 
physical activity lead ABA animals to dramatic body weight loss and 
hyperactivity [18,30]. One-way ANOVA revealed a main significant 
effect of group on body weight (F(3,44)= 494.2, p < 0.0001). During the 
ABA induction phase the body weight of ABA rats dramatically 
decreased and on the last day, ABA animals lost a total of − 22% of the 
initial weight (Unpaired t-test: t(30) = 29.20, p = 0.0008; Fig. 1A). After 
recovery, ABA animals partially restored their body weight, but this was 
still significantly lower as compared to the control group (Unpaired 
t-test: t(14) = 4.248, p < 0.0001; Fig. 1A). Physical activity in ABA rats 
was significantly affected by the ABA paradigm (One-way ANOVA: F(2, 

37)= 19.55, p < 0.0001). During the ABA induction phase, the running 
activity was significantly enhanced as compared to the basal activity 
(Unpaired t-test: t(30) = 5.634, p < 0.000; Fig. 1B), while during re-
covery, when free access to food was provided, the average running 
activity significantly dropped (Unpaired t-test: t(22) = 2.205, p =
0.0382, − 35%; Fig. 1B). Concomitantly, the ABA group during induc-
tion phase showed an evident reduction in food consumption (Unpaired 
t-test: t(30) = 18.89, p < 0.0001; Fig. 1C), that was completely reverted 
during the following recovery, when ABA animals consumed signifi-
cantly more food than Control rats (Unpaired t-test: t(14) = 8.044, p <
0.0001; Fig. 1C). One-way ANOVA revealed a main significant effect of 
group on food intake (F(3,44)= 255.7, p < 0.0001). 

3.2. DA 

The effect of induction and recovery phases on the levels of DA and 
its metabolites DOPAC and HVA are presented in Fig. 2. At the ABA 
induction phase, levels of DA were significantly increased in the Cx 
(unpaired t-test: t(14) = 2.645, p = 0.0192, + 23%), PFC (unpaired t- 
test: t(14) = 2.513, p = 0.0248, +30%), and NAcc (unpaired t-test: t 
(14) = 4.329, p = 0.0007, + 37%) of ABA rats as compared to Control 
group levels. No statistical significant change was found in the Amy even 
if a 20% of increased was noted compared to Control (Unpaired t-test: t 
(14) = 1.245, p = 0.2336). 

At the recovery phase, DA returned to basal control levels in the Cx 
(Unpaired t-test: t(14) = 0.7723, p = 0.4528), PFC (Unpaired t-test: t 
(14) = 0.03653, p = 0.9714) and Amy (Unpaired t-test: t(14) = 0.2613, 
p = 0.7977), while persisted significantly increased in the NAcc (Un-
paired t-test: t(14) = 2.718, p = 0.0167, + 20%) of recovered ABA rats 
as compared to the Control group. No statistically relevant variations 
were found in the CPu (Unpaired t-test: t(14) = 0.1697, p = 0.8677), 

Fig. 1. Behavioral parameters in Control, ABA and ABA recovered (ABA rec’d) groups during the ABA induction and recovery phases. (A) Body weight change 
expressed as percentage of baseline (BL, 100% dashed line; $ p < 0.0001 ABA vs Control, n = 16 per group; *** p < 0.001 ABA rec’d vs Control, n = 8 per group); (B) 
ABA running activity expressed as the average of rotations of the ABA group (dashed line representing basal running activity; $ p < 0.0001 ABA vs BL n = 16 per 
group; * p = 0.0382 ABA rec’d vs ABA, n = 8 per group); (C) Food consumption expressed as the average of grams of chow consumed (dashed line representing basal 
food consumption; $ p < 0.0001 ABA vs Control, n = 16 per group; $ p < 0.0001 ABA rec’d vs Control, n = 8 per group). Data are presented as the mean ± SEM. 
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Hyp (Unpaired t-test: t(14) = 0.2014, p = 0.8432) and Hipp (Unpaired 
t-test: t(14) = 0.4485, p = 0.6607) at the end of the recovery phase. 

3.3. DOPAC and HVA 

At the induction phase, levels of DOPAC were significantly decreased 
in the NAcc of ABA rats compared to Control rats (Unpaired t-test: t(14) 
= 2.458, p = 0.0276), − 20%; Fig. 2B). A trend of increase (+12%) was 
observed in the PFC (Unpaired t-test: t(14) = 1.257, p = 0.2294) of ABA 
rats, while no changes were observed in the CPu (Unpaired t-test: t 
(14) = 0.4195, p = 0.6812), Amy (Unpaired t-test: t(14) = 0.4933, 
p = 0.6295) and Hyp (Unpaired t-test: t(14) = 1.015, p = 0.3274). After 
recovery, levels of DOPAC were significantly reduced in the CPu (Un-
paired t-test: t(14) = 2.290, p = 0.0321, − 15%; Fig. 2B) of recovered 
ABA rats. Moreover, even though statistical analysis did not reveal a 
significant result, DOPAC was still reduced in the NAcc (Unpaired t-test t 
(14) = 1.925, p = 0.0747, − 15%; Fig. 2B). No changes were observed in 
the PFC (Unpaired t-test: t(14) = 1.257, p = 0.2294), Amy (Unpaired t- 
test: t(14) = 2.011, p = 0.0640) and Hyp (Unpaired t-test: t(14) =

0.5102, p = 0.6179) at the end of recovery. 
The brain levels of the DA metabolite HVA did not significantly 

change across the ABA induction (Unpaired t-test: PFC t(14) = 0.5490, 
p = 0.5917; CPu t(14) = 0.2744, p = 0.7878; NAcc t(14) = 0.9734, 
p = 0.3469; Amy t(14) = 0.01714, p = 0.9866) and recovery (Unpaired 
t-test: PFC t(14) = 0.3215, p = 0.7526; CPu t(14) = 1.904, p = 0.0776; 
NAcc t(14) = 1.185, p = 0.2556; Amy t(14) = 1.029, p = 0.3211) pha-
ses (Fig. 2 C). However, a trend of reduction was observed in the CPu 
(− 13%), NAcc (− 10%), and Amy (− 15%) in recovered ABA rats at the 
end of the ABA recovery phase. 

3.4. 5-HT 

Levels of 5-HT were significantly increased in the NAcc (Unpaired t- 
test: t(14) = 2.463, p = 0.0273, + 24%; Fig. 3A) and in the Hipp (Un-
paired t-test: t(14) = 2.287, p = 0.0383, + 44%; Fig. 3A) of ABA rats at 
the end of the ABA induction phase. No change has been found in the 
other areas (Unpaired t-test: Cx t(14) = 0.1656, p = 0.8708; PFC t 
(14) = 0.5844, p = 0.5683; CPu t(14) = 0.5052, p = 0.6213; Amy t 
(14) = 1.338, p = 0.2023; Hyp t(14) = 0.6304, p = 0.5386). In recov-
ery, the increase of 5-HT levels in the NAcc persisted (Unpaired t-test: t 
(14) = 1.439, p = 0.1723, + 20%; Fig. 3A), while it normalized to basal 
levels in the Hipp (Unpaired t-test: t(14) = 1.348, p = 0.1991). On the 
other hand, in the Hyp, levels of 5-HT were found significantly elevated 
in recovered ABA rats (Unpaired t-test: t(14) = 2.493, p = 0.0258, 
+ 23%; Fig. 3 A). No changes were found in the remaining areas in the 
recovery phase (Unpaired t-test: Cx t(14) = 1.848, p = 0.0718; PFC t 
(14) = 1.096, p = 0.2918; CPu t(14) = 0.2303, p = 0.8212; Amy t 
(14) = 1.379, p = 0.1895). 

3.5. 5-HIAA 

ABA animals at the end of the induction phase showed a 18% 

Fig. 2. Levels of (A) dopamine (DA), (B) dihydroxyphenylacetic acid (DOPAC) 
and (C) homovanillic acid (HVA) in the cerebral cortex (Cx), prefrontal cortex 
(PFC), caudate putamen (CPu), nucleus accumbens (NAcc), amygdala (Amy), 
hypothalamus (Hyp) and hippocampus (Hipp) of ABA rats at the end of the ABA 
induction (white bars) and ABA recovery (black bars) phases (n = 8 per group). 
Data are presented as the mean ± SEM of percentage (%) of the corresponding 
Control group (100% dashed line) (* p < 0.05, *** p < 0.001 vs corresponding 
Control group, n = 8 per group). 

Fig. 3. Levels of (A) serotonin (5-HT) and (B) 5-hydroxyindoleacetic acid (5- 
HIAA) in the cerebral cortex (Cx), prefrontal cortex (PFC), caudate putamen 
(CPu), nucleus accumbens (NAcc), amygdala (Amy), hypothalamus (Hyp) and 
hippocampus (Hipp) of ABA rats at the end of the ABA induction (white bars) 
and ABA recovery (black bars) phases (n = 8 per group). Data are presented as 
the mean ± SEM of percentage (%) of the corresponding Control group (100% 
dashed line) (* p < 0.05 vs corresponding Control group, n = 8 per group). 
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reduction in the levels of the 5-HT metabolite, 5-HIAA, in the Hyp 
(Unpaired t-test: t(14) = 1.498, p = 0.1563) (Fig. 3B). Interestingly, 
even though such reduction did not result statistically significant, levels 
of 5-HIAA increased by 20% at the following recovery phase in the same 
area (Unpaired t-test: t(14) = 1.734, p = 0.1049). Moreover, a 28% 
reduction of 5-HIAA levels were also observed in the PFC (Unpaired t- 
test t(14) = 0.6308, p = 0.5383) of recovered ABA rats. No significant 
variations were observed in the other regions at the induction (Unpaired 
t-test: Cx t(14) = 0.6313, p = 0.5380; PFC t(14) = 0.6308, p = 0.5383; 
CPu t(14) = 0.3071, p = 0.7633; NAcc t(14) = 0.01982, p = 0.9845; 
Amy t(14) = 0.3381, p = 0.7403; Hipp t(14) = 1.498, p = 0.1563) and 
recovery (Unpaired t-test: Cx t(14) = 0.08976, p = 0.9298; PFC t(14) =
1.905, p = 0.0775; CPu t(14) = 1.142, p = 0.2726; NAcc t(14) =
0.03993, p = 0.9687; Amy t(14) = 1.240, p = 0.2352; Hipp t(14) =
1.734, p = 0.1049). 

3.6. Monoamines metabolism 

ABA animals at both induction and recovery phases displayed 
significantly decreased DA turnover in the NAcc (ABA induction: 
DOPAC/DA p = 0.0016, HVA/DA p < 0.0001; ABA recovery: DOPAC/ 
DA p = 0.0198, HVA/DA p = 0.0002; Fig. 4A-B) and Amy (ABA in-
duction: DOPAC/DA p = 0.0435; ABA recovery: DOPAC/DA 
p = 0.0012; Fig. 4A-B) relative to the Control group. One-way ANOVA 
revealed a main significant effect of group on NAcc and Amy DA turn-
over [NAcc: F(2,29)= 8.282, p = 0.0014; Amy: F(2,29)= 8.156, 
p = 0.005]. Moreover, at the end of the ABA induction phase, a signif-
icant reduction of 5-HT turnover was observed in the Hyp (ABA in-
duction: 5-HIAA/5-HT p = 0.0054; Fig. 5) and Hipp (ABA induction: 5- 
HIAA/5-HT p = 0.0359; Fig. 5) of ABA rats as compared to the Control 
group. One-way ANOVA revealed a main significant effect of group on 
Hyp and Hipp 5-HT turnover [Hyp: F(2,29)= 6.025, p = 0.0065; Hipp: 
F(2,29)= 3.317, p = 0.0504]. 

3.7. D2 receptors density 

Brain regions selected for analysis included the CPu and the NAcc 
core and shell (Fig. 6A). Receptor binding analysis revealed a signifi-
cantly enhanced density of D2 receptors in the NAcc shell of ABA ani-
mals at the end of the induction phase with an increase of +70% with 
respect to control levels (Unpaired t-test: t(7) = 4.286, p = 0.0036; 
Fig. 6B). Following body weight recovery, the enhanced D2 receptor 
density normalized to control levels in the NAcc shell (Unpaired t-test: t 
(7) = 0.5058, p = 0.6285). No significant variations were observed in 
the CPu (Unpaired t-test: induction t(7) = 0.1146, p = 0.9120; recovery 
t(7) = 0.8850, p = 0.4055). 

4. Discussion 

In the present study, we explored the central alteration of the 
dopaminergic and serotoninergic systems in the ABA model of AN. First, 
we confirmed that rats exhibit typical anorexic-like behavioral pheno-
type when exposed to the well-established ABA model of AN, including 
rapid decline in body weight and increased physical activity. Under 
these experimental conditions, we found that ABA induction and ABA 
recovery phases were associated to significant changes in the cortico-
limbic content of DA and 5-HT, as well as of the corresponding metab-
olites (i.e., DOPAC, HVA, and 5-HIAA, respectively), and of the D2 
receptor expression levels. Importantly, such changes affected key cor-
ticolimbic brain areas, including Cx, PFC, CPu, NAcc, Amy, Hyp and 
Hipp, involved in feeding behavior, as well as in mood and reward- 
related pathological conditions linked to AN [35,36]. 

In detail, post-mortem quantitative HPLC analysis revealed a sig-
nificant increase in the content of DA in the Cx, PFC and NAcc. Of note, 
increased levels in the NAcc were not completely reverted by the re-
covery. Moreover, in our experimental animals, the levels of the DA 
metabolite DOPAC were significantly decreased only in the NAcc of ABA 
rats and in the CPu of recovered animals, while the levels of HVA did not 
significantly change in the regions examined. Similarly, Verhagen and 
collaborators showed an in vivo increased release of extracellular DA in 
the NAcc of ABA rats and no changes of DOPAC and HVA during food- 
anticipatory activity of the ABA paradigm [37]. As stated in the intro-
duction, the implication of DA impairments in the etiology of AN has 
been demonstrated by several evidence in human and animal studies 
[19,38,39]. Accordingly, DA antagonism showed its effective results by 
improving AN condition in human patients [40], and by reducing ac-
tivity and body weight loss and increasing food consumption in ABA rats 
[37]. NAcc has an important role in food-anticipatory activity and se-
lective lesions of this region or local administration of dopamine 

Fig. 4. Dopamine (DA) turnover represented as the ratio of the DA metabolites 
DOPAC (A) and HVA (B) to DA in the prefrontal cortex (PFC), caudate putamen 
(CPu), nucleus accumbens (NAcc), amygdala (Amy) and hypothalamus (Hyp) in 
ABA rats at the end of the ABA induction (white bars) and ABA recovery (black 
bars) phases. Data are presented as the mean ± SEM of percentage (%) of the 
corresponding Control group (100% dashed line) (* p < 0.05, ** p < 0.01, *** 
p < 0.001, $ p < 0.0001 vs corresponding Control group, n = 8 per group). 

Fig. 5. Serotonin (5-HT) turnover represented as the ratio of the 5-HT 
metabolite 5-HIAA to 5-HT in the cerebral cortex (Cx), prefrontal cortex 
(PFC), caudate putamen (CPu), nucleus accumbens (NAcc), amygdala (Amy), 
hypothalamus (Hyp) and hippocampus (Hipp) in ABA rats at the end of the ABA 
induction (white bars) and ABA recovery (black bars) phases. Data are pre-
sented as the mean ± SEM of the percentage (%) of the corresponding Control 
group (100% dashed line) (* p < 0.05, ** p < 0.01 vs corresponding Control 
group, n = 8 per group). 
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antagonists markedly decrease locomotor behavior [41,42]. This is in 
accordance with our results in which DA is strongly increased in NAcc in 
ABA animals showing hyperactivity. Moreover, enhanced DA in hyper-
dopaminergic genetically modified mice was shown to promote ABA 
vulnerability by increasing restriction-derived hyperactivity [43]. 

Regarding 5-HT, the main brain changes occurred in the NAcc and 
Hipp of ABA rats, as well as in the Hyp of recovered ABA animals that 
showed increased concentrations as compared to control animals. Like 
DA, 5-HT increased levels in the NAcc were not overturned by the ABA 
recovery phase. Inflammation-induced anorexia was associated with 
increased hypothalamic 5-HT release in mice [23]. Also, impaired Hyp 
5-HT signaling was correlated with altered food intake behavior in a 
mice tumor model with associated severe cachectic condition [44]. 
Fenfluramine, a 5-HT releaser and 5-HT reuptake inhibitor, enhanced 
weight loss rate in female ABA rats, suggesting 5-HT involvement in the 
ABA derived body weight loss in rats [45]. In contrast to our findings, 
decreased release of 5-HT and of its metabolite 5-HIAA were previously 
reported in the NAcc of ABA rats [37]. 

5-HT together with DA are implicated in food reward and feeding 
regulation and the administration of 5-HT1B agonist increases activity 
levels in rats and reduces food intake, while the stimulation of the 5-HT4 
receptor in the NAcc reduces food intake [46,47]. In our model we 
observed an increase of 5-HT in NAcc which is implicated in motivation 
and in the Hyp, known to be a key center for feeding regulation. 

Starvation-induced hyperactivity was shown to modulate dopami-
nergic neurons activity in the reward circuits [48]. Wheel running itself 
is rewarding in rats and activates the mesolimbic dopaminergic system 
which exert significant control on motivation and motor activity [49]. 
Moreover, increased density of dopaminergic and serotonergic cells was 
recently observed in key areas of the reward system (i.e., ventral 
tegmental area, substantia nigra pars compacta, dorsal raphe nucleus) in 
the ABA model in conjunction with a chronic stress induced by maternal 
separation, which might lead to changes in the reward system that could 
be linked to the altered behavioral phenotype observed [50]. 

Aberrant motivation and responses to rewarding stimuli, which 
seems to lead to pathological feeding and compensatory behaviors in 
AN, have been linked with altered functioning of corticolimbic networks 
involving both ventral (NAcc) and dorsal (CPu) striatal neural circuits 
[51–53]. Therefore, we decided to deeply explore these two regions to 
search for possible effects of the ABA paradigm conditions on the 
expression of D2 receptors. Interestingly, our findings point out a sig-
nificant increase in the levels of D2 receptors in the NAcc of ABA rats. In 
particular, the increased density of D2 receptors was localized in the 
shell of the NAcc, suggesting this as a possible key sub-region in the 
impaired dopaminergic tone displayed by ABA rats. More recently, 
Welch and collaborators were able to show a correlation between the 
overexpression of the D2 receptor found in the NAcc and the marked 
body weight loss displayed by female mice exposed to the ABA protocol 
[54]. Supporting this finding, increased D2 and D3 receptors binding 

was also revealed in the anteroventral striatum of recovered AN patients 
measured by the [11C] raclopride binding PET [14]. Also, different 
concentrations and dynamic DA signaling were found in the NAcc core 
and shell of freely moving rats [55]. Other findings indicate a different 
enhanced activation of D2/D3 receptors in the core and shell 
sub-regions of the NAcc in the regulation of hyperactivity and impul-
sivity in rats [56]. NAcc D1 and D2 blockade alters motor behavior, 
amount and duration of feeding [57]. 

Our ABA animals displayed decreased DA turnover in the NAcc and 
Amy at the end of both ABA induction and recovery, and a decreased 5- 
HT turnover in the Hyp and Hipp at the end of the ABA induction phase. 
These results confirm that both acute induction of ABA and recovery 
from it can alter the DA and 5-HT neurochemistry in the brain of ABA 
rats. Our data highlight that the combination of diet restriction with 
physical activity in ABA animals can modulate this altered process. It is 
possible that the consequent dramatic body weight loss and hyperac-
tivity leads to decreases in DA and 5-HT turnover in response to their 
repeated release within the corticolimbic regions examined involved in 
feeding-, reward- and mood-related behaviors. 

Overall, the results presented here support previous pre-clinical and 
clinical data on the involvement of impaired DA and 5-HT systems in AN 
and during the development and maintenance of the ABA paradigm. 
Furthermore, our findings expand this knowledge by providing addi-
tional information of the brain region-specific alteration of DA and 5-HT 
in ABA rats. Additional studies are needed to investigate the involve-
ment of these alterations in key brain regions playing a role in the onset 
and progression of anorectic behaviors and to expand the knowledge on 
the possibility to target these two neurotransmitter systems for more 
effective therapeutic strategies. 
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Fig. 6. (A) Schematic redrawing of the brain areas studied 
showing coronal sections of the caudate putamen (CPu) 
and nucleus accumbens (NAcc) core and shell. Highlighted 
points indicate the approximate site of the regions 
analyzed. (B) Levels of dopamine type 2 (D2) receptors in 
the CPu, NAcc core and shell of ABA rats at the end of the 
ABA induction (white bars) and ABA recovery (black bars) 
phases (n = 6 per group). Data are presented as the mean 
± SEM of percentage (%) of the corresponding Control 
group (100% dashed line) (** p < 0.01 vs corresponding 
Control group, Control group n = 3, ABA group n = 6).   
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