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Abstract

We hypothesize that Anorexia Nervosa (AN) poses a physiological stress. Therefore, the way an 

individual copes with stress may affect AN vulnerability. Since prenatal stress (PNS) exposure 

alters stress responsivity in offspring this may increase their risk of developing AN. We tested this 

hypothesis using the activity based anorexia (ABA) rat model in control and PNS rats that were 

characterized by either proactive or passive stress-coping behavior.

We found that PNS passively coping rats ate less and lost more weight during the ABA paradigm. 

Exposure to ABA resulted in higher baseline corticosterone and lower insulin levels in all groups. 

However, leptin levels were only decreased in rats with a proactive stress-coping style. Similarly, 

ghrelin levels were increased only in proactively coping ABA rats. Neuropeptide Y (Npy) 

expression was increased and proopiomelanocortin (Pomc) expression was decreased in all rats 

exposed to ABA. In contrast, agouti-related peptide (Agrp) and orexin (Hctr) expression were 

increased in all but the PNS passively coping ABA rats. Furthermore, DNA methylation of the 

orexin gene was increased after ABA in proactive coping rats and not in passive coping rats.

Overall our study suggests that passive PNS rats have innate impairments in leptin and ghrelin in 

responses to starvation combined with prenatal stress associated impairments in Agrp and orexin 

expression in response to starvation. These impairments may underlie decreased food intake and 

associated heightened body weight loss during ABA in the passively coping PNS rats.
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1. Introduction

Anorexia Nervosa (AN) is a psychiatric disorder characterized by decreased voluntary 

energy intake, low body weight for age, sex and physiological health, fear of gaining weight 

and a disturbance in the way one’s body weight is perceived (DSM-V (Association, 2013). 

AN has the highest mortality rate of any psychiatric disorder (Arcelus et al., 2011) and is 

one of the most debilitating diseases in young women (Mathers et al., 2000). Unfortunately, 

AN has low rates of recovery and, for 25% of patients, AN becomes a chronic, relapsing 

condition (reviewed in (Berkman et al., 2007).

To allow investigation of the underlying neuroendocrine pathways explaining AN 

vulnerability, an animal model has been used that mimics symptoms of the disorder in 

rodents. The activity based anorexia (ABA) paradigm combines restricted food access with 

free access to wheel running, which results in hyperactivity, hypophagia when food is 

available, and severe body weight loss (Routtenberg and Kuznesof, 1967). Although this 

phenotype can be induced in most rodents, young female rodents are most vulnerable to 

weight loss in the ABA model consistent with the prevalence of AN in human.

It is still unclear what predicts susceptibility to AN. Human population-based twin studies 

fail to find evidence for high heritability, although genetic epidemiology of AN does 

demonstrate strong evidence for familial aggregation (Clarke et al., 2012). Environmental 

factors may play an important role in the onset of AN, and gene-environment interactions 

likely play a role as well. Epidemiological studies suggest that early life stress, such as child 

abuse, may predispose an individual to the development of AN (Favaro et al., 2003). In 

addition, low birth weight, preterm birth, and other perinatal complications have been 

associated with higher AN risk (Cnattingius et al., 1999; Foley et al., 2001). A study by 

Favaro and colleagues suggests an interaction between perinatal factors and child abuse on 

the risk of developing AN (Favaro et al., 2010). Several studies have shown that early life 

stress exposure, either prenatal or postnatal, alters stress responsivity (Henry et al., 1994; 

Koehl et al., 1999; Lehmann and Feldon, 2000). One may argue that food restriction induces 

a physiological stressor, and consequently if perinatal stress increases stress responsivity, it 

may also increase vulnerability to AN. To specifically study the effects of the prenatal 

environment, maternal exposure to mild chronic variable stress during gestation has been 

employed (Koenig et al., 2005). Rodents exposed to prenatal stress (PNS) were shown to 

have altered stress reactivity (reviewed in (Boersma et al., 2014a)).

Based on the hypothesis that food restriction poses a physiological stressor, the way an 

individual copes with stress, the stress-coping style, may also determine an individual’s 

vulnerability to weight loss during ABA. Two distinct stress-coping styles can be identified-

passive and proactive stress-coping styles. The characteristics of these stress-coping styles 

have been extensively described by Koolhaas and colleagues (Koolhaas et al., 2011). 

Briefly, the proactive stress-coping style is characterized by an active approach towards a 
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stressor; individuals with this stress-coping style will attempt to modulate their environment 

to reduce stress exposure. Passive stress-coping, on the other hand, is characterized by an 

avoidance of the stressor. To what extent stress-coping style plays a role in the vulnerability 

to weight loss during ABA remains to be determined.

In the current experiment we investigate how PNS and stress-coping style affect weight loss 

during ABA. PNS might signal adverse conditions to come, and prime the offspring to adapt 

to potential aversive conditions more strongly in the future. Furthermore, hyperactivity 

during ABA may be viewed as an adaptation to starvation that paradoxically leads to more 

weight loss. Therefore, we hypothesize that individuals exposed to PNS might be more 

vulnerable to weight loss during ABA, as they show stronger (mal)adaptive response to 

starvation. In line with this, we hypothesize that passively coping individuals within the PNS 

population will show most severe weight loss during the ABA paradigm, since these 

individuals have heightened HPA-axis responsivity and are more behaviorally flexible. To 

evaluate the mechanisms underlying vulnerability for weight loss during ABA we will 

measure plasma hormone levels, gene expression, and DNA methylation (DNAm) of several 

genes involved in energy balance regulation and stress. To control for effects of running 

wheel (RW) activity and weight loss, RW control and body weight matched control groups 

were included in the experiment.

2. Methods

2.1. Animals

Thirty-two pregnant female Sprague-Dawley rats were obtained on gestational day (GD)2 

from Charles River (Kingston NY). Rats were individually housed in standard tub cages with 

food and water available ad libitum. Rats were fed a standard rodent chow diet (Harlan 

2018). Animals were kept in a climate controlled room with a 12:12 hr light: dark cycle 

(Lights on at CT0). All animal procedures were approved by the Animal Care and Use 

Committee of the Johns Hopkins University School of Medicine.

2.2. Experimental set-up

All rats were kept under standard husbandry conditions until GD15. Sixteen dams remained 

under standard conditions thereafter. The other 16 dams were exposed to chronic variable 

stress from GD15 until GD21. Each stressor was applied during the light cycle unless noted 

otherwise (Supplemental Table 1 (S1)). Body weight and food intake of the dams were 

measured daily during gestation. The day a litter was found was designated postnatal day 0 

(PND0). On PND1 litters were culled to 10 pups per litter (5 male and 5 female). Pups were 

weaned on PND21 and housed with 2 or 3 same-sex littermates until PND36 then 

individually housed for the remainder of the study.

2.3. Defensive burying test

Stress-coping style was determined on PND37-39 using the defensive burying test. The rats 

were tested in a polycarbonate cage (40×21×26cm) with a hole ~2cm in diameter through 

which an electric prod (length 8.2 cm, diameter 1cm) could be inserted. Clean corn cob 

bedding covered the test cage floor. The rats were habituated to the test cage for at least 10 
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minutes before testing began. At the start of the test the electrified probe was inserted and 

the latency to touch the prod was recorded. Upon touching the probe the rats received a mild 

shock (2.5 mA). Behavior of the rats was scored for 5 minutes after the first shock using 

Hindsight behavioral scoring software. The following behaviors were scored: grooming, 

immobility, exploration of the cage, exploration of the probe, and burying the probe with 

bedding. The percentage time spent burying the prod was used as the criterion to categorize 

the rats as proactive or passive coping. Rats that spent 10% or less time burying were 

characterized as passive coping, rats that spent 20% or more time burying were 

characterized as proactive coping. These selection criteria were based on observations of 

defensive bury behavior within several different laboratory rat strains and have been 

previously used and published (Boersma et al., 2011; Boersma et al., 2010).

2.4. Activity-Based Anorexia (ABA) paradigm

Proactive coping and passive coping rats from each group (control vs. PNS) were selected 

for further experiments. Half of the rats from each group were housed in standard tub cages, 

the other half of the rats from each group were housed in Nalgene running wheel cages and 

revolutions were recorded by Vitalview software (Minimitter, Bend, OR). Running wheels 

were unlocked on PND40. After RW habituation for 10 days (PND50) the RW rats were 

further divided into running wheel controls (RW) (n=4 per group) and Activity-Based 

Anorexia (ABA) rats (n=8 per group). The RW control group remained in cages with a 

running wheel and had ad libitum access to food throughout the experiment. For ABA 

groups, food access was limited to 1.5 hr at the beginning of the dark cycle (CT12 -CT13.5) 

on PND50. Sedentary housed rats were divided into sedentary (SED) controls (n=20 per 

group) and body weight matched (BWM) controls (n=4 per group). The SED controls had 

ad libitum access to food. BWM rats received limited amounts of chow in order to match 

their body weight to ABA rats. This resulted in 16 experimental groups, which are 

summarized in supplemental table 2 (S2).

All rats were sacrificed on PND56. Food was removed from all rats 5 hours prior to start of 

the dark cycle. Three hours later all rats were killed by rapid decapitation. Trunk blood was 

collected into EDTA-treated tubes, centrifuged and plasma was stored at −20 degrees °C for 

hormone analysis. Brains were rapidly removed, frozen on powdered dry ice, and stored at 

−80 degrees °C for mRNA expression and DNAm analysis.

To control for the effects of acute food restriction, a subset of the SED rats (n=6) was food 

restricted for 24hrs prior to sacrifice, while an additional subset was of SED rats (n=6) was 

ad lib. fed prior to sacrificed. Brains were collected according to the methods described 

above.

2.5. Brain processing

The prefrontal cortex (PFC), nucleus accumbens (NAC), and ventral tegmental area (VTA), 

paraventricular nucleus (PVN), arcuate nucleus (ARC), and lateral nucleus of the 

hypothalamus (LH) were microdissected from 200–600 µm thick frozen coronal sections 

using a Harris uni-core tissue puncher (ID 0.75 mm) (Ted Pella, Inc., Redding, CA, USA) 

based on the coordinates for adult rat brain (Paxinos, 1982). Tissue from the left side of each 
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brain was used for mRNA expression analysis and stored in Qiazol reagent (Qiagen, 

Valencia, CA), the tissue from the right side was used for DNAm analysis and stored in 

Tissue and Cell Lysis Solution (Epicentre Biotechnologies, Madison, WI).

2.6. mRNA expression

The RNeasy Lipid Tissue Mini Kit with the Qiazol reagent (Qiagen, Valencia, CA) was used 

to isolate total RNA from the tissue punches. mRNA expression of Drd1, Drd2, Hrctr1, 

Npy, Agrp, Pomc, Hcrt, Slc6a3, Th, Crh and Actb was determined in relevant brain regions 

by RT-PCR. 200ng of RNA was used to generate cDNA for subsequent quantitative real-

time PCR with a QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA). All 

reactions were carried out in triplicate using 1X Taqman master mix (Applied Biosystems, 

Foster City, CA), cDNA template, and 1X Taqman probes for each gene (Drd1, Drd2, 

Hrctr1, Npy, Agrp, Pomc, Hcrt, Slc6a3, Th, Crh and Actb) (Life technologies, Grand Island, 

NY) in a total volume of 20µL. Real-time reactions were performed with standard PCR 

conditions (50°C for 2 min; 95°C for 10 min; and 95°C for 15 sec and 60°C for 1 min for 40 

cycles) on an Applied Biosystems 7900HT Fast Real-Time PCR System. Each set of 

triplicates was checked to ensure that the threshold cycle (Ct) values were all within 1 Ct of 

each other. Negative RT samples were used to control for possible contamination of gDNA. 

To determine relative expression values, the −ΔΔCt method (Applied Biosystems, Foster 

City, CA) was used, where triplicate Ct values for each tissue sample were averaged and 

subtracted from those derived from the housekeeping gene Betaactin (Actb). The average Ct 

difference for the control group (SED-CON-PRO rats) was subtracted from those of the test 

samples, and the resulting −ΔΔCt values were raised to a power of two to determine 

normalized relative expression.

For the comparison of 24hr-fasted, ad lib fed control, and ABA rats, 4 ABA samples with 

the median mRNA expression from each of the experimental groups were selected for each 

gene. These samples were re-run during the analysis of the fasted vs fed samples to allow for 

direct comparison. Fold changes for these samples were calculated by above described 

methods using the average Ct difference of the ad lib. fed control rats.

2.7. DNA methylation

Genomic DNA (gDNA) from rat PVN and ARC tissue punches was isolated using the 

Masterpure DNA Purification Kit (Epicentre Biotechnologies, Madison, WI) according to 

manufacturer’s protocol. The percentage of DNAm of the Pomc promoter region, the Crh 

promoter region, the Hcrt promoter, and the Hcrt CpG island region were determined using 

bisulfite pyrosequencing. The concentration of the gDNA was determined using a 

NanoDrop 1000 Spectrophotometer (Thermo Scientific, Rockford, IL). Bisulfite conversion 

of 500ng gDNA was performed according to the manufacturer's protocol (EZ DNA 

Methylation- Gold Kit; Zymo Research, Irvine, CA). For each initial PCR reaction 3.5 µL 

Bisulfite-treated DNA (25ng) was used. An additional nested PCR was performed with 4 µL 

of the previous PCR reaction and one biotinylated primer (other primer being unmodified). 

Amplification for both PCR steps consisted of 40 cycles (95°C for 1 min, 53°C for 2 

minutes and 30s, 72°C for 1 min).
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To assess DNAm of the Pomc promoter region, two sets of primers were designed to 

amplify a 378-bp region of rat Pomc: outside forward 5’-

GATGGAGATAGATTGTATAAATTTATTTGT-3’; outside reverse 5’-

CCTCCCRTTTAATCCCTATCACTCT-3’; nested forward 5’-

AAAGGTAGTTTGTTTTGGGTTGTTATGA-3’; nested reverse 5’-

TCTCTCTTCTTTTATACCTACAA-3’. To assess DNAm of the Crh promoter region, two 

sets of primers were designed to amplify a 251-bp region of rat Crh: outside forward 5’-

TGGTTTGTATTTGGTTTATTATAGTAAGAG-3’; outside reverse 5’-

CAACTCAAACAACACAAAATTAATAAC-3’; nested forward 5’-

TGTTAATGGATAAGTTATAAGAAGTT-3’; nested reverse 5’-

TCTCAAAATACCTCCTACAAATTTTCTT-3’.

To assesses DNAm of the Orexin (Hcrt) promoter region, two sets of primers were designed 

to amplify a 430-bp region of rat Hcrt: outside forward 5’-

TAGGGGTTGAAGTAGTAGTTTGAGAA-3’; Outside reverse: 5’-

ACTAATCTACACCAAAAACTTCATAACA-3’; nested forward 5’-

GGATATTTAGTTGGAGATAATG-3’; nested reverse 5’-

ATCACATCCTAAACACACAACTATCCCTA-3’.

To assesses DNAm of the Orexin (Hcrt) CpG island region, two sets of primers were 

designed to amplify a 441-bp region of rat Hcrt: outside forward 5’-

GAGGAGAGGGGAAAGTTAGGAT-3’; Outside reverse: 5’-

TACACCTTATCTCTATCCCTTTAAATTC-3’; nested forward 5’-

GAATTTGATATAAAGATTAGTTATATT-3’; nested reverse 5’-

TCAAAACCAACTAACTCTATAAAATAAAATCC-3’.

Pyro Gold reagents were used to prepare samples for pyrosequencing according to 

manufacturer's instructions. For each sample (in duplicate), biotinylated PCR product was 

mixed with streptavidin coated sepharose beads (GE Healthcare, Waukesha, WI), binding 

buffer, and Milli-Q water, and shaken at room temperature. A vacuum prep tool was used to 

isolate the sepharose bead-bound single-stranded PCR products. The attached DNAs were 

released into a PSQ HS 96-well plate containing pyrosequencing primers in annealing 

buffer. Pyrosequencing reactions were performed by PyroMark MD System (Qiagen, 

Valencia, CA). CpG methylation quantification was performed with Pyro Q-CpGt 1.0.9 

software (Qiagen, Valencia, CA). An internal quality-control step was employed to 

disqualify any assays that contained unconverted DNA.

Percentage of methylation at each CpG as determined by pyrosequencing was compared 

between gDNA from control and PNS offspring. Specific CpG sites that were assayed are 

summarized in Supplemental Table 3 (S3).

2.9. Plasma analysis

Plasma corticosterone concentration was determined by commercially available 

radioimmunoassay kit for corticosterone (MP Biomedicals, Solon, OH, inter-assay 

variability: 6.5–7.1%, intra-assay variability: 4.4 –10.3%). Plasma leptin was analyzed using 

a commercially available ELISA kit (Millipore, Billerca, MA, inter-assay variability: 2.95–
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3.93%, intra-assay variability: 1.88–2.49%). Plasma insulin was determined by 

radioimmunoassay kit for insulin (Millipore, Billerca, MA: inter-assay variability: 2.2–3.7%, 

intra-assay variability 8.9–9.4%). Plasma ghrelin was analyzed using a commercially 

available ghrelin ELISA kit (Millipore, Billerca, MA, inter-assay variability: 1.99–3.24%, 

intra-assay variability: 1.11–1.67%).

2.10. Statistical analysis

Data are presented as mean ± standard error of the mean. Statistical analyses were 

performed using Statistica 7 (Systat, Tulsa, OK) software. Group differences in body weight, 

food intake and running wheel activity were assessed with repeated measures ANOVA with 

prenatal conditions (STRESS), stress-coping style (COPING) and activity based anorexia 

exposure (GROUP) as between subjects factors. Group differences in mRNA expression and 

plasma hormone levels were assessed with multivariate ANOVA with prenatal conditions 

(STRESS), stress-coping style (COPING), and activity based anorexia exposure (GROUP) 

as between subjects factors. Differences between specific experimental groups and time-

points were assessed by Bonferonni post hoc analysis or planned comparison analysis where 

relevant. For all statistical analysis a confidence interval of 95% was used.

3. Results

3.1. Dams

There were no significant differences between control and PNS dams in body weight or food 

intake during gestation or lactation. There were no differences in litter weight, litter size or 

male:female ratio between control and PNS litters (S4).

3.2. Defensive burying behavior

A defensive burying test was performed to characterize the stress coping style of the rats. 

There were no significant differences between female control and PNS offspring in 

exploratory, burying, immobile or grooming behavior or the latency to touch the shock 

probe during the defensive burying test (data not shown). There were no significant 

differences in the percentage of individuals categorized as passive coping, proactive coping, 

or between-cut-off criteria in the control and PNS offspring populations (CON: passive 

47%, proactive 43% and between-cut-off 10%; PNS: passive 50%, proactive 43% and 

between-cut-off 7%).

3.3. Body weight, food intake, water intake and running wheel activity

There were no significant differences in body weight or food intake between the 

experimental groups prior to ABA. The body weights of the rats in the ABA group and the 

BWM group were significantly lower than those in the SED and RW groups (S8) 

(F(3,77)=14.06, p<0.01). Furthermore, the ABA-PNS-PAS rats lost significantly more 

weight than ABA-PNSPRO, ABA-CON-PRO and ABA-CON-PAS rats on days 3, 4, and 5 

of food restriction (Fig. 1A) (F(27,702)=1.80, p<0.01). Within the SED, RW and BWM 

groups there were no significant differences in body weight between the experimental 

groups.
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Food intake of the ABA group was significantly lower than that of SED and RW groups 

(F3,77)=170.7, p<0.01). In order to achieve target body weight in the BWM group that was 

equivalent to that of ABA rats, food amount was restricted beyond that consumed by the 

ABA rats. ABA-PNS-PAS rats ate significantly less on days 4 and 5 than ABA-PNS-PRO, 

ABA-CONPRO and ABA-CON-PAS rats (Fig 1B) (F(27,702)=2.23, p<0.01). Within the 

SED, RW and BWM groups there were no differences in food intake between the 

experimental groups. Water intake was not affected by ABA, PNS or stress coping style 

(data not shown).

Running wheel activity was monitored as a measure of hyperactivity. At baseline there were 

no significant differences in RW activity among the groups. All rats exposed to ABA 

increased their RW activity during food restriction (Fig. 1C–F) (F(9,351)=5.68, p<0.001). 

Activity levels were however not correlated to body weight loss as within the ABA group 

there were no differences between the CON-PAS, CON-PRO, PNS-PAS and PNS-PRO 

groups (Fig. 1C–F).

3.4. Plasma hormone levels

As a measure of HPA axis tone, corticosterone levels were measured at sacrifice. ABA, 

BWM and RW rats had higher corticosterone levels than SED rats (F(3,77)=18.55, p<0.01). 

Neither PNS nor stress-coping style affected plasma corticosterone levels (Fig. 2A, S5).

As measures of nutrient status plasma insulin, leptin, and ghrelin levels were assessed 

Plasma Insulin levels were significantly lower in the ABA, and BWM rats compared to 

control rats (F(3,77)=16.325, p<0.01) (Fig. 2C), S5). Plasma leptin levels were significantly 

lower in the ABA and BWM rats compared to the SED and RW control groups(F(3,77)= 

10.40, p<0.01) (Fig. 2B, S5). Within proactive rats, ABA and BWM had significantly lower 

plasma leptin levels compared to RW and SED rats (F(3,77) = 4.06 p<0.05). In contrast, in 

the passive rats no difference between SED, RW, ABA, and BWM treatment condition were 

observed (S4).

There was a group effect in plasma ghrelin levels. Plasma ghrelin was significantly higher in 

the ABA and BWM groups compared to the SED and RW groups (F(3,77)=5.90, p<0.01)

(Fig.2D, S5). Within the proactive coping rats, ABA and BWM rats had significantly higher 

ghrelin levels than SED rats (p<0.05). However, within the passive coping rats, no 

difference between SED and ABA or BWM rats was observed (F(3,77)=3.15, p<0.05).

3.5. Brain gene expression

As a measure of HPA-axis activation, corticotrophin releasing hormone (Crh) mRNA 

expression was assessed. mRNA expression of Crh was significantly higher in the ABA, 

BWM and RW rats compared to control rats (F(3,77)= 4.20, p<0.05) (Fig. 3A). Within the 

SED rats, PNS-PAS rats had higher Crh levels than all other groups (p<0.05).

Food restriction or starvation typically causes expression of Npy, Agrp, and Orexin (Hcrt) to 

increase and Pomc to decrease. ARC Npy was significantly higher in ABA and BWM rats 

compared to SED and RW rats, and expression of ARC Pomc was significantly lower in 

ABA and BWM rats compared to SED and RW controls (Npy: (F(3,77)=9.35, p<0.01) 
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(Pomc: (F(3,77)=5.92, p<0.01) (Fig. 3B, 3C). In contrast, ARC expression of agouti-related 

protein (Agrp) was significantly increased in ABA and BWM conditions in CON-PRO, 

PNS-CON and CON-PAS rats (p<0.01), whereas within the PNS-PAS rats no significant 

differences between rats in SED, RW, ABA and RW groups were observed (F(3,77)=3.05, 

p<0.05) (Fig. 3D). Consistent with Agrp, within the ABA condition the PNS-PAS rats had 

significantly lower Hcrt expression than CON-PRO, PNS-PR0 and CON-PAS rats (p<0.05)

(Figure 4E). Hcrt expression was significantly increased in the ABA group compared to 

SED control in CON-PRO, PNS-PRO and CON-PAS rats, however, there were no 

differences in Hcrt expression between SED and ABA PNS-PAS rats(F(3,77)=4.44, p<0.01)

(Fig. 4E). To control for the effects of acute food restriction on hypothalamic gene 

expression we compared rats food restricted for 24hr to ad lib fed controls. Expression of 

both Npy and Agrp in ARC was increased in 24hr-restricted rats compared to ad lib fed 

controls in all experimental groups (Agrp: F(1,72) = 13.18 p<0.01; Npy: F(1,72) = 7.17 

p<0.05) (Fig 4A. Fig.4C). 24hr food restriction did not affect Pomc expression in any of the 

experimental groups (Fig. 4B). In all experimental groups LH expression of Hcrt was 

increased in 24hr-resticted rats compared to ad lib fed controls (Hcrt: F(1,72) = 9.14 p<0.05) 

(Fig 4D).

The behavior seen during ABA is reminiscent of behavior shown in individuals with 

disturbed reward seeking behavior like addiction. Therefore we assessed expression of 

dopamine related genes which are associated with reward. In the LH and Nucleus 

Accumbens (Nac), significantly lower Drd1 expression in ABA and BWM rats compared to 

SED rats was shown (LH: F(3,77)=3.70 p<0.05, Nac: F(3, 77)= 4.09, p<0.01;). Furthermore, 

Drd2 in the Nac was significantly lower in ABA or BWM rats compared to SED rats (F(3, 

77)= 8.89, p<0.01). Finally, in the ventral tegmental area there were no significant 

differences between the experimental groups in expression of the dopamine transporter 

(Slc6a3), or Tyrosine hydroxylase (Th) an enzyme involved in dopamine synthesis (S7).

3.6. DNA methylation

To understand the mechanism underlying altered gene expression after ABA we assessed 

DNA methylation (DNAm) in the hypothalamus. DNAm of Crh was affected by both stress 

coping style as well as PNS at specific positions. At CpG position TSS-223, there were 

overall effects of coping and PNS. PRO rats had significantly higher DNAm compared to 

PAS rats (p<0.05). And PNS rats had significantly higher DNAm at Crh CpG position 

TSS-223 than CON rats (p<0.05). Furthermore, there was a treatment-coping style 

interaction; SED-PRO rats had higher DNAm than SED-PAS rats (p<0.05), whereas no 

difference between ABA-PRO and ABA-PAS rats were observed (Fig. 5A). There were no 

significant differences between the experimental groups in the percentage of DNAm of the 

promoter region of the Pomc gene in the ARC (Fig. 5B). We analyzed DNAm in the LH for 

two different regions within the Orexin gene. No effects of ABA, PNS or stress coping were 

found on DNAm of the promoter region of the Hcrt gene (Fig. 5C). However the within 

PRO rats an increase in DNAm was observed in ABA compared to SED rats at several CpG 

positions within the CpG island region of the Hcrt gene (p<0.05). In contrast, within PAS 

rats, no differences in DNA methylation between ABA and SED groups were observed (Fig. 

5D) (summarized in S9).
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4. Discussion

The aim of this study was to test whether prenatal stress biases rats to lose more weight or 

lose weight faster in the activity-based anorexia (ABA) paradigm, a rat model of anorexia 

nervosa (AN). We further hypothesized that stress-coping style behavior would result in 

differential weight loss in the ABA paradigm. Our data show that PNS exposure facilitated 

weight loss in the ABA paradigm; however, this was only the case in rats characterized by a 

passive stress-coping style. An interesting finding was that ABA altered hypothalamic gene 

expression differentially in the context of environment stress (PNS) and stress coping 

strategy. In most rats exposed to ABA we observed up-regulation of genes known to 

stimulate food intake, such as Hcrt, Npy and Agrp, and down-regulation of anorexigenic 

genes, such as Pomc. However, our data suggest insufficient up-regulation of Agrp and 

orexin (Hcrt) in the passive coping PNS rats during ABA that may have facilitated weight 

loss and hypophagia.

The passive coping PNS rats who were body weight matched (BWM control group) to the 

ABA rats also lacked a significant up-regulation of Agrp compared to SED passive PNS 

rats, indicating that the phenomenon may be generalized to a condition of chronic food 

restriction and/or low body weight. Passive PNS rats did show an increase in Agrp levels 

after an acute 24hr food restriction, suggesting that their hypothalamic response to acute 

food restriction is not affected. Exercise alone (RW control group) did not affect Agrp 

expression in any of the groups. The potential of Agrp to mediate vulnerability for weight 

loss during ABA has previously been suggested. Hillebrand and colleagues showed that 

administration of Agrp during ABA increased food intake and attenuated body weight loss 

in rats (Hillebrand et al., 2006; Kas et al., 2003). In our study, the rats were all sacrificed 

after ABA, which has the limitation that we cannot conclude whether the lack of increase in 

Agrp mRNA expression was causal to or resulted from weight loss. The expression of 

hypothalamic neuropeptides is dynamic during the development of ABA, and it is therefore 

possible that the expression profile of the hypothalamic neuropeptides in vulnerable 

individuals may be different during the acquisition of the phenotype than in a state where 

severe body weight loss had already occurred. Furthermore, we did not measure protein 

levels of these peptide and changes in mRNA expression may not directly translate to 

changes in protein levels.

Further evidence in humans support a role for Agrp in AN. The Ala67Thr polymorphism in 

the Agrp gene has been associated with greater risk of developing AN (Vink et al., 2001). 

Functional analysis of this polymorphism in a cell line showed that this polymorphism did 

not lead to dysfunction of Agrp’s ability to inhibit alpha-MSH induced activation of the 

MC4 receptor (de Rijke et al., 2005b), suggesting that this polymorphism may indirectly 

affect food intake via other actions of Agrp signaling in AN patients. Our finding of altered 

Agrp expression in rats vulnerable to weight loss in the ABA paradigm may allow for 

mechanistic studies to determine the exact role Agrp has in AN.

In addition to a lack of up-regulation of Agrp following ABA, the passive PNS rats were 

also characterized by a lack of increased expression of orexin in the LH. Prior studies report 

conflicting results of ABA on orexin expression, both increased and not altered Orexin 
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expression has been reported (Scheurink et al., 2010) (de Rijke et al., 2005a). Our current 

data suggest that whether or not LH orexin expression increases during ABA may depend on 

the stress-coping style of the rats used, which may explain some of the variable results 

reported in the literature.

Given the similarities in expression profiles of Agrp and orexin in response to starvation in 

the ABA-PNS-PAS rats one may speculate whether alteration in the expression of these two 

genes may have overlapping origins. Orexin 1 receptors are found on approximately 90% of 

Npy/Agrp expressing neurons (Backberg et al., 2002), suggesting that alterations in orexin 

activity may impact Agrp levels. In addition, melanocortin (MC) receptors are found in the 

LH, and although MC-4 receptors are not expressed on orexin neurons (Cui et al., 2012), 

administration of MTII, an MC-3/4-receptor agonist in the LH has been shown to increase c-

fos activity in orexin expressing neurons (Cui et al., 2012), suggesting either a direct 

activation of MC-3 or MC-4 on these neurons or an indirect activation through MC-

receptors expressed on other LH neurons leading to modulation of orexin activity by the 

melanocortin pathway. Taken together these data suggest that the Agrp and orexin systems 

may closely interact and that alterations of expression of either of both of these genes may 

underlie the ABA-vulnerable phenotype of the ABA-PNS-PAS rat.

There were no group differences in Pomc or Npy expression levels. Agrp and Npy are co-

localized in arcuate nucleus neurons and both signal appetite and therefore changes in Npy 

expression in response to fasting are often concomitant with changes in Agrp 

expression(Hahn et al., 1998). Although in response to fasting, both Npy and Agrp 

expression are typically both increased, in response to acute stress differential effects on Npy 

and Agrp expression have been reported. Kas and colleagues showed an increase in Npy 

expression 2 hrs following acute foot-shock stress, whereas Agrp expression was decreased 

(Kas et al., 2005). Given previously reported differences in stress responsivity between 

control and PNS rats (Weinstock, 2007) as well as between passive and proactive rats 

(Koolhaas et al., 1999), it is reasonable that exposure to ABA may have induced a stronger 

stress response in the PNS-PAS rats and thereby reduced fasting induced Agrp over-

expression in this group. It is however unlikely that increased corticosterone levels drive 

ABA vulnerability in the ABA PNS-PAS group, as corticosterone levels were increased to a 

similar degree in all ABA rats.

ABA has been shown to increase circulating corticosterone levels, at least at the end of the 

light phase prior to food access. At this time point Crh expression in the PVN was also 

increased in ABA rats, suggesting increased activation of the HPA-axis prior to food access. 

Whether ABA increases HPA-axis activity at other time period remains to be studied. 

However, changes in HPA-axis activity do not seem to predict vulnerability for weight loss 

during ABA, as no correlation between weight loss and either corticosterone or Crh 

expression levels was observed. We did show increased Crh expression in PNS-PAS rats, 

however, this elevation was however not related to ABA exposure.

A potential mechanism underlying altered gene expression is DNA methylation (DNAm). 

DNAm modulates gene transcription without altering the DNA sequence itself (Auclair and 

Weber, 2012) and prenatal stress has been shown to alter DNAm (Boersma et al., 2014b; 
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Palacios-Garcia et al., 2015; Paternain et al., 2012; Schraut et al., 2014). We considered 

whether PNS exposure altered DNAm of the Agrp gene. However, the Agrp gene only has 

one CpG position making it an unlikely target for DNAm. Other epigenetic alterations, like 

histone modifications could play a role, but investigation of these epigenetic modifications is 

more complex and will require additional studies.

Investigation of DNAm of the orexin (Hcrt) gene in the LH revealed no differences between 

the experimental groups in DNAm at CpGs within the promoter region of the gene. 

However, several CpGs within a CpG island of the gene were differentially methylated in 

ABA compared to SED rats. Interestingly, these differences were selectively observed 

within proactive coping rats, whereas DNAm in passive rats was not altered by ABA. 

Increased DNAm is typically associated with decreases in mRNA expression. However, this 

is dependent on the nature of the factor binding at or around the CpG of interest. There is 

limited information on transcription factor binding within the Hcrt gene in rats. The Hcrt 

gene is highly conserved between human and rat, and thus we evaluated transcription factor 

binding within the human HCRT gene using ENCODE. Although several transcription 

factors bind at the region homologous to the CpG island in rat, one of the most interesting 

factors binding is transcription repressor CCCTC-binding factor (CTCF). The role of CTCF 

within the HCRT gene has not been studied, but this gene has been shown to repress insulin-

like growth factor 2 (IGF2) gene expression (reviewed in (Ohlsson et al., 2001). 

Furthermore, this transcription factor localizes with cohesin across the genome and affects 

higher-order chromatin structure (Lee and Iyer, 2012). Based on this, one may speculate that 

increased DNAm at the CpG island induced by ABA in proactive rats may have inhibited 

binding of CTCF thereby increasing mRNA expression of the orexin gene.

Investigation of DNAm of the Pomc promoter region did not reveal differences associated 

with ABA, PNS exposure, or stress coping style. This was unexpected since clear ABA 

effects on gene expression were shown, and previous studies revealed differences in this 

region in response to dietary modulations (Marco et al., 2014). Similarly differences in Crh 

expression were not related to changes in DNAm of the Crh promoter region. It is possible 

that DNAm at other sites within in these genes may modulate gene expression. 

Alternatively, gene expression may have been altered through other mechanisms like histone 

modifications.

As expected, we observed higher levels of corticosterone and decreased insulin levels at 

sacrifice in all ABA rats. Furthermore, we also showed decreased leptin and increased 

ghrelin levels in ABA-PRO rats, consistent with their significant body weight loss. In 

contrast, passive coping ABA rats did not have altered leptin or ghrelin levels, suggesting 

impaired response to starvation in the passive coping rats. Nevertheless, these impaired 

leptin and ghrelin response to starvation do not lead to disrupted eating behavior, unless the 

rat was exposed to prenatal stress.

Since hyperactivity and subsequent hypophagia during ABA have been hypothesized to be 

related to reward pathways (Scheurink et al., 2010), we investigated differences in dopamine 

related gene expression in this model. Overall, we showed that ABA is associated with 

decreased mRNA expression of both Drd1 and Drd2 receptors in the nucleus accumbens. 
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However, the decrease in dopamine receptor expression was not correlated to the degree of 

body weight loss during ABA. Furthermore, no differences in Th or Slc6a3 were observed in 

the VTA. This may suggest that exposure to ABA does not alter dopaminergic output from 

the VTA to its target areas. A limitation of this study is that only mRNA expression was 

measured. It is possible that weight loss vulnerability is associated with altered sensitivity of 

the dopamine receptors during ABA exposure. Food restriction for example has been shown 

to increase the behavioral response to a Drd2 agonist, suggesting increased receptor 

sensitivity under these conditions (Collins et al., 2008). Further research is needed to assess 

whether vulnerability to weight loss during ABA is associated with altered dopamine 

receptor sensitivity.

Taken together our data suggest that insufficient up-regulation of the orexin (Hcrt) and Agrp 

genes during ABA may have contributed to greater suppression of food intake and greater 

body weight loss specifically in ABA-PNS-PAS rats. Overall these data suggest that we can 

identify a vulnerable subpopulation with a characteristic behavioral and physiological 

profile. This model therefore has the potential to be used for the discovery of biomarkers of 

weight loss vulnerability and may help gain a better understanding of brain pathways 

involved in weight loss during AN. As such further studies using this model may facilitate 

early identification of susceptible individuals and the development of better targeted 

treatment options for AN patients.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Rats exposed to prenatal stress and characterized by passive stress coping are more 

vulnerable for weight loss during ABA

Passive coping rats do not increase leptin or ghrelin in response to ABA

Passive coping PNS rats lack up-regulation of Agrp and Orexin expression after ABA

The differences in mRNA expression during ABA may be mediate by DNA methylation 

differences.
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Figure 1. Body weight, food intake, and running wheel activity of SED and ABA rats
A: Body weight of control and ABA as expressed as a percentage of baseline body weight. * 

indicates a significant difference between ABA and control rats. # indicates a significant 

difference between passive-coping PNS ABA rats and all other groups p<0.05. B: Food 

intake of control and ABA rats as expressed as a percentage of baseline food intake. * 

indicates a significant difference between ABA and control rats. # indicates a significant 

difference between passive-coping PNS ABA rats and all other groups p<0.05. C: Running 

wheel activity in control passive ABA and RW rats. *indicates a significant difference 
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between RW and ABA rats of the same group p<0.05. D: Running wheel activity in control 

proactive ABA and RW rats. *indicates a significant difference between RW and ABA rats 

of the same group p<0.05. E: Running wheel activity in prenatal stress passive ABA and 

RW rats. *indicates a significant difference between RW and ABA rats of the same group 

p<0.05. F: Running wheel activity in prenatal stress passive ABA and RW rats. *indicates a 

significant difference between RW and ABA rats of the same group p<0.05. There were no 

significant difference in running activity at t=0 (Proactive control ABA = 7577 ± 500, 

Proactive Control RW = 7801 ± 1656, Passive control ABA = 8547 ± 1159, Passive control 

RW = 10283 ± 1034, Proactive PNS ABA = 6928 ± 1166, Proactive PNS RW = 9978 ± 

1142, Passive PNS ABA = 9578 ± 1032, and Passive PNS RW = 8153 ± 1121 revolutions/

day).
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Figure 2. Plasma hormone levels in control and ABA rats
A: Plasma corticosterone levels. B: Plasma leptin levels. C: plasma insulin levels. D: 
plasma ghrelin levels. * indicates a significant difference between SED and ABA rats 

p<0.05.
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Figure 3. mRNA expression energy balance related peptides in the, paraventricular nucleus of 
the hypothalamus (PVN), arcuate nucleus of the hypothalamus (ARC) and lateral hypothalamus 
(LH) in control and ABA rats
A: Corticotrophin releasing hormone (Crh) expression in PVN. B: Neuropeptide Y (Npy) 

expression in ARC. C: Proopiomelanocortin (Pomc) expression in ARC. D: Agouti-related 

peptide (Agrp) expression in ARC. E: Orexin (Hcrt) expression in LH. * indicates a 

significant difference between SED and ABA rats p<0.05.
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Figure 4. mRNA expression energy balance related peptides in the, paraventricular nucleus of 
the hypothalamus (PVN), arcuate nucleus of the hypothalamus (ARC) and lateral hypothalamus 
(LH) in ad lib. fed and 24hr food restricted rats
A: Corticotrophin releasing hormone (Crh) expression in PVN. B: Neuropeptide Y (Npy) 

expression in ARC. C: Proopiomelanocortin (Pomc) expression in ARC. D: Agouti-related 

peptide (Agrp) expression in ARC. E: Orexin (Hcrt) expression in LH. * indicates a 

significant difference between ad lib. fed and 24hr food restricted rats p<0.05.
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Figure 5. DNA methylation in the Hypothalamus
A: DNA methylation of the Crh promoter region in the paraventricular nucleus. # indicates a 

significant difference between proactive SED and Passive SED rats. B: DNA methylation of 

the Pomc promoter region in the arcuate nucleus. C: DNA methylation of the Hcrt promoter 

region in the lateral hypothalamus. D: DNA methylation of the Hcrt CpG-island region in 

the lateral hypothalamus. * indicates a significant difference between proactive SED and 

proactive ABA rats.
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