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Abstract: A core yet understudied symptom of autism is aberrant eating behaviour, including ex-

tremely narrow food preferences. Autistic individuals often refuse to eat despite hunger unless pre-

ferred food is given. We hypothesised that, apart from aberrant preference, underfeeding stems 

from abnormal hunger processing. Utilising an adult male VPA rat, a model of autism, we examined 

intake of ‘bland’ chow in animals maintained on this diet continuously, eating this food after fasting 

and after both food and water deprivation. We assessed body weight in adulthood to determine 

whether lower feeding led to slower growth. Since food intake is highly regulated by brain pro-

cesses, we looked into the activation (c-Fos immunoreactivity) of central sites controlling appetite 

in animals subjected to food deprivation vs. fed ad libitum. Expression of genes involved in food 

intake in the hypothalamus and brain stem, regions responsible for energy balance, was measured 

in deprived vs. sated animals. We performed our analyses on VPAs and age-matched healthy con-

trols. We found that VPAs ate less of the ‘bland’ chow when fed ad libitum and after deprivation 

than controls did. Their body weight increased more slowly than that of controls when maintained 

on the ‘bland’ food. While hungry controls had lower c-Fos IR in key feeding-related areas than 

their ad libitum-fed counterparts, in hungry VPAs c-Fos was unchanged or elevated compared to 

the fed ones. The lack of changes in expression of feeding-related genes upon deprivation in VPAs 

was in contrast to several transcripts affected by fasting in healthy controls. We conclude that hun-

ger processing is dysregulated in the VPA rat. 
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1. Introduction 

Autism spectrum disorder (ASD) incorporates a cluster of symptoms, including im-

paired social interactions, communication difficulties, repetitive behaviours and intellec-

tual disability. The umbrella term ‘spectrum’ includes a range of psychiatric and neuro-

logical (structural and functional) anomalies with varying severity. The underlying causes 

are diverse and encompass over 140 known genetic polymorphisms, immunological dis-

orders and metabolic abnormalities, environmental factors and fetal chemical insults, all 

resulting in neurodevelopmental abnormalities with strikingly similar phenotypic symp-

tomology. 
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Importantly, an increasing body of evidence suggests that dysregulation of neuro-

transmitters and neuropeptides plays an important role in neurodevelopmental abnor-

malities in ASD and contributes to behavioural impairments. Previous studies by Ziemin-

ska and others examined neurotransmitter changes in a rat model of valproic acid-in-

duced autism and found that fetal VPA insult extensively disrupts early brain develop-

ment and neurotransmitter balance [1-4]. 

One of the core and yet understudied symptoms of ASD is aberrant eating behaviour. 

This trait is so common that Leo Kanner, who coined the term ‘autism’, defined it as one 

of the characteristic ASD anomalies in the first paper describing the disorder [5]. Children 

with ASD have a five-fold greater risk of developing eating behavioural issues, with picky 

eating being most common [6]. The peculiar eating practices include dietary selectivity [7-

9], rigidity, preference for specific foods and the manner in which they are served [7,10-

12]. Altered sensory processing, social stimuli, food texture and composition, and presen-

tation all affect the willingness of individuals with ASD to eat [10,12]. To add to the com-

plexity of the problem, reward processing is altered in ASD. Lower density of the meso-

limbic pathways has been described and—thus far—functionally linked with maladaptive 

responsiveness of the reward system to pleasant social cues in ASD [13]. In their fMRI 

study examining the neural basis of primary food-reward processing in ASD, Cascio and 

colleagues presented mildly hungry subjects with imagery of palatable food and found 

the anterior cingulate cortical (ACC) and insular activation to be higher in response to 

these cues [14]. ASD individuals receiving a monetary incentive upon correct responses 

to a given target paradigm display elevated activity in the left anterior cingulate gyrus 

[15]. 

Altered inflammatory responses have been observed in individuals with ASD [16,17] 

and this observation has been further corroborated in animal models of ASD [18-21], along 

with elevated oxidative stress responses.  

Valproic acid (VPA) at a therapeutic level has neuroprotective properties, as demon-

strated by Chuang and colleagues in a series of studies in vitro [22] and in animal models 

[23-25]. However, prenatal exposure to VPA at a high dose can lead to an imbalance in 

redox status [26] and elevated pro-inflammatory cytokines [26]. 

Under pro-inflammatory conditions and/or under oxidative stress, the regulation of 

neurotransmitter and neuropeptide release may become altered and, in turn, may lead to 

aberrant changes in their modulation in response to environmental variation (in this case, 

food deprivation). One significant player in the regulation of inflammatory responses in 

the brain is IL6, which is reported to be elevated in the VPA animal model of ASD [27]. 

Interestingly, IL6 in the hypothalamus also regulates energy homeostasis and protects 

against obesity [28,29]. 

Feeding abnormalities have also been reported in the very scarce feeding-related 

studies utilising animal models of ASD. For example, Buchner et al. [30] found that the 

body weight consequences of a mutation of the axonal differentiation and guidance pro-

tein, Cntnap2, in mouse were greatly modified by the availability of a palatable diet. Fu-

kuhara et al. reported that mice with a Mecp2-null mutation, a protein essential for normal 

neuronal functioning, exposed to a tasty diet exhibited extreme hyperphagia, associated 

with changes in dopamine system gene expression in the reward circuit [31]. Mice heter-

ozygous for the postsynaptic neurotransmitter receptor targeting protein, Nbea, gene 

overconsumed sucrose and fat and were hyper-sensitive to a hypophagic action of nal-

trexone [32]. Finally, overconsumption of palatable sugar, saccharin and milk solutions 

occurred in rats whose autism was induced by in utero exposure to valproic acid (VPA) 

[33]. 

One of the most puzzling aspects of the extreme food selectivity in ASD is that it 

occurs despite leading to immediate and long-term problems, from gastrointestinal symp-

toms (including constipation, diarrhoea and abdominal discomfort) to severe micronutri-

ent deficiencies and malnutrition. Importantly, this extreme selectivity—as reported by 

parents of children with the syndrome—involves refusal of acceptance of any other but 
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the preferred food even after a period of energy deprivation, effectively becoming self-

imposed food restriction. In fact, initial observation suggested that VPA ASD rats main-

tained on ‘bland’ chow eat amounts of this chow below what their healthy counterparts 

ingest [33]. 

This striking ability of ASD individuals to not eat despite fasting (unless preferred 

food is given) led us to hypothesise that, apart from aberrant reward mechanisms, this 

maladaptive behaviour is underpinned by abnormal hunger processing. Therefore, in the 

current set of studies utilising a common model of ASD, i.e., an adult male VPA rat, we 

investigated in detail the intake of ‘bland’ standard laboratory chow diet in animals main-

tained on this diet continuously, eating this food after a period of energy deprivation as 

well as after energy and water deprivation. We also assessed water intake, and we studied 

changes in body weight increases in adulthood to examine whether this lower food intake 

came with a cost of a slower growth trajectory. Since food intake is highly regulated by 

brain processes, we looked into activation (defined through c-Fos immunoreactivity) of 

key central sites responsible for feeding control in animals subjected to food deprivation 

vs. ad libitum-fed rats. Finally, we measured expression of select genes involved in food 

intake in the hypothalamus and brain stem (thus, two main regions responsible for energy 

intake) in deprived vs. sated animals. We performed our analyses in VPA animals as well 

as their age-matched healthy controls. 

2. Materials and Methods 

2.1. Animals 

The experiments were conducted on Sprague-Dawley rats. The animals were housed 

in Plexiglas cages with wire tops in a temperature-controlled (22 °C) animal room with a 

12:12 light:dark cycle (lights on at 07:00). Standard laboratory chow pellets (Sharpes, New 

Zealand; energy density: 3.6 kcal/g) and tap water were available ad libitum unless stated 

otherwise. Animals were treated in accordance with the National Institute of Health 

Guide for the Care and Use of Laboratory Animals. The University of Waikato Animal 

Ethics Committee approved the procedures described herein (Protocol# 1088). 

2.2. Sodium Valproate Exposure 

A well-established procedure (including the choice of VPA dose) was followed to 

generate VPA offspring [34-37]. Adult female Sprague-Dawley rats were mated overnight 

with age-matched Sprague-Dawley males (approximately 5–6 months old). Vaginal 

smears were stained with 1% crystal violet to detect spermatozoa and upon identification 

of spermatozoa, the date was designated as E0.5. Females received a single intraperitoneal 

(i.p.) injection of either 500 mg/kg sodium valproate (Sigma) or isovolumetric physiolog-

ical saline (0.9% NaCl) i.p. on E12.5. Female rats treated with sodium valproate were 

healthy—similar to previous reports—and no significant difference between the litter 

sizes of sodium valproate-treated animals and those of controls was found. Females were 

allowed to nurse and raise their offspring until weaning on postnatal day (PND) 25. So-

dium valproate-exposed offspring (from here on referred to as VPA animals) had no ma-

jor morphological anomaly. However, in line with previous reports on VPA rats, approx-

imately 12% of males developed crooked tails showing mild neural tube defects induced 

by prenatal VPA exposure [38]. Some VPA animals developed transient chromodacryor-

rhea, which was of no major concern [35]. Because autism is more pronounced in males 

[39,40], we used only males in the experiments. 

2.3. Confirmation of ASD-like Traits in VPA Rats 

In order to ensure that the prenatal VPA treatment indeed produced an ASD-like 

phenotype in the offspring, we performed select behavioural tests to identify relevant 

traits consistent with earlier reports on the VPA model of ASD. These tests were selected 

from the standard battery of behavioural approaches to identify autistic traits in VPA 
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animals (for reference, see [34,41,42]). The tests used in our strategy to confirm the ASD 

phenotype included open field tests for social interactions and the elevated plus maze test 

for assessment of anxiety-like behaviour. The collective outcome of these ASD trait anal-

yses confirmed that our VPA cohort indeed exhibited a set of abnormal behaviours in 

concert with the predicted phenotype. 

2.3.1. Open Field Test for Social Interactions  

A modified version of the behavioural test described previously by [34] was used, in 

which a control and a VPA rat (PND 35) were placed in an open arena of 44 × 44 cm di-

mensions for nine minutes and all sessions were recorded. Social interactions such as sniff-

ing, licking, crawling over or under, mounting, anogenital inspections and approaching 

or following a healthy conspecific were scored for every animal participating in the ex-

periments.  

2.3.2. Elevated-Plus Maze Test  

In order to assess exploration of a novel environment, a modified version of a previ-

ously published protocol was followed [40], in which each rat (PND 30–35) was initially 

placed into the open field arena for 5 min before being placed in the elevated plus maze 

for another 5 min. The maze was elevated 50 cm above the ground and had two open arms 

and two closed arms of 50 × 10 × 40 cm dimensions. The arms were opposite each other 

and there was an open roof arrangement. The rat was always placed at the centre of the 

plus maze facing an open arm. The maze was cleaned with 70% ethanol before and after 

each rat was placed inside. The time spent and number of entries into the open arm was 

noted, along with the time spent in the closed arms for every rat. An entry into the open 

arm was defined as both paws being on or beyond the boundary of the closed arms. To 

assess whether the observation was merely a collateral effect of anxiety owing to a novel 

environment, self-grooming time was also evaluated as a parameter of anxiety-like be-

haviour [41].  

2.4. Feeding Studies  

2.4.1. Ad Libitum Standard Chow and Water Intake in VPA Rats versus Healthy Con-

trols 

Animals (n = 19/group, PND86, male, BW: ctrl 415.8 ± 8.6 g and VPA 398.7 ± 8.4) were 

individually housed and were allowed unrestricted access to standard laboratory chow 

and tap water. Chow and water were changed daily. During the time of the change, the 

amount of consumed water and food in the previous 24 h was recorded (chow and water 

bottles were weighed and the amounts subtracted from the values recorded 24 h earlier).  

2.4.2. Energy Deprivation-Induced Feeding 

Individually housed animals (the same cohort as described in Section 2.4.1) were de-

prived of chow overnight (water was available at all times). On the next day at 10:00 AM, 

chow was returned to the cages and chow and water intakes were measured after two 

hours of re-feeding. 

2.4.3. Feeding after Overnight Food and Water Deprivation 

As a follow up to Experiment 2.4.2. (after a period of one week without any treat-

ment), we wished to investigate whether concurrent deprivation of food and water af-

fected feeding or drinking in VPA rats. Thus, individually housed rats had no access to 

food or water at night. At 10:00 on the next day, both tap water and standard chow were 

returned to cages and consumption was measured after 2 h.  
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2.4.4. Body Weight Trajectory 

Animals (n = 19/group) were maintained from weaning until PND225 on an ad libi-

tum standard chow and water diet and their body weights were assessed weekly through-

out that period.  

2.5. Neuronal Activation in Hungry vs. Fed Animals 

2.5.1. Deprivation and Tissue Dissection  

In the feeding studies described above we found that while VPA and control rats 

drank similar amounts of water, VPAs ate less of the standard laboratory chow after dep-

rivation. In this study, we therefore wished to investigate changes in neuronal activation 

in feeding-related brain sites between hungry and ad libitum-fed rats. We investigated c-

Fos immunoreactivity (IR; a marker of neuronal activation) in healthy control rats and in 

the VPA cohort, either having been deprived of food overnight or having unrestricted 

access to chow during this time.  

An independent cohort of animals (n = 10/group) was deprived of chow for 16 h with 

ad libitum access to water (referred to as ‘deprived’). Animals with ad libitum access to 

chow and water were used as reference (referred to as ‘ad libitum’; n = 9–10/group). Ani-

mals were anaesthetised with single i.p. administration of 35% urethane dissolved in 0.9% 

saline. Toe-pinch and palpebral reflexes were checked and transcardial perfusion was per-

formed with 50 mL of saline followed by 500 mL of 4% paraformaldehyde in phosphate 

buffered saline (pH 7.4). Brains were excised and post-fixed overnight in the same alde-

hyde-based fixative at 4 °C. 60 μm-thick coronal sections were cut with a vibratome (Leica, 

Germany) and processed as free-floating sections for immunostaining of the protein in 

question (c-Fos). Immunohistochemistry for simultaneous detection of oxytocin and c-Fos 

was also performed from the same set of sections.  

2.5.2. Immunohistochemistry 

Immunohistochemistry was performed following the protocol previously published 

with some modifications [42].  

Sections were rinsed in 50 nM tris-buffered saline (TBS, pH 7.4–7.6), and then pre-

treated for 10 min in 3% H2O2, 10% methanol (diluted in TBS) at room temperature. After 

rinsing in TBS, they were preincubated for 1 h at room temperature followed by incuba-

tion at 4 °C for 48 h in primary rabbit-anti-Fos antibody (diluted 1:1500; Synaptic Systems, 

Australia). Sections were washed in TBS and incubated for 1 h at room temperature in 

biotinylated-secondary goat-anti-rabbit antibody (1:400; Vector Laboratories). Following 

four washes in TBS, sections were incubated for 1 h with avidin–biotin peroxidase com-

plex (1:800; Elite Kit, Vector Laboratories). The medium for all incubations was a solution 

of 0.25% gelatin and 0.5% Triton X-100 in TBS. The peroxidase in the tissues was visualised 

with 0.05% diaminobenzidine (DAB, Sigma), 0.01% H2O2 and 0.3% nickel sulfate (15–20-

min incubation). Sections were washed four times in TBS to stop the reaction, mounted 

onto gelatin-coated slides, air-dried overnight, dehydrated in ascending concentrations of 

ethanol followed by xylene, and embedded in Entellan (Merck KGaA, Darmstadt, Ger-

many).  

Bright field images of immunohistochemically stained brain sections were acquired 

using an OMAX digital microscope camera attached to a Nikon Eclipse 400 microscope. 

Images were not processed digitally before or after the analysis; however, care was taken 

that the brightness, contrast and resolution of photographs used in software-based Fos-

positive nuclear profile counting (Nikon NIS Elements image software) were similar. The 

number of Fos-positive nuclei per 1 mm2 was counted bilaterally for each neuroanatomi-

cal region of interest using ImageJ (Fiji), with boundaries defined according to the Paxinos 

and Watson brain atlas. Since the analysis of c-Fos immunoreactivity was conducted per 

mm2 of each site, the actual comparison of the activation levels reflected the density rather 

than the raw number of Fos-positive neurons. Therefore, any potential morphological 
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changes (not evaluated here as c-Fos immunohistochemistry is not an appropriate method 

for combination with morphological analyses) did not impact the overall values reported 

here. 

Image acquisition process, resolution and aspect ratio were kept constant using the 

same setup as described above. The number of total oxytocin-positive cells, cells with co-

localised oxytocin and c-Fos and c-Fos per mm2 were counted using ImageJ. The percent-

age of active oxytocin cells was calculated as well.  

The following areas were analysed (in parentheses, anterior–posterior ranges of 

bregma levels of sections used to analyse each site are shown): Nacc Core—nucleus ac-

cumbens core (1.28–0.96); Nacc Shell—nucleus accumbens shell (1.28–0.96); AP—area 

postrema (−13.92 to −14.16); ARC—arcuate nucleus (−2.16 to −2.52); BLA—basolateral 

amygdala (−2.64 to −2.92); CEA—central nucleus of the amygdala (−2.64 to −2.92); DMH—

dorsomedial nucleus of the hypothalamus (−3.00 to −3.24); DMNV—dorsal motor nucleus 

of the vagus (−13.76 to −14.16); NTS—nucleus of the solitary tract (−13.76 to −14.16); PVN—

paraventricular nucleus of the hypothalamus (−1.56 to −1.92); SON—supraoptic nucleus 

(−0.96 to −1.2); VMH—ventromedial nucleus (−3.00 to −3.24); VTA—ventral tegmental 

area (−6.72 to −6.84). 

2.6. Gene Expression in Hungry vs. Fed Animals 

2.6.1. Deprivation and Dissection of Hypothalamus and Brainstem  

This study was designed to investigate expression of feeding-related genes in the hy-

pothalamus and brain stem of VPA and control rats that were either hungry or had unre-

stricted access to food. Experimentally naive control and ASD animals were divided into 

two groups each. One group (n = 10–12/group) had ad libitum access to standard chow 

and water, whereas the other was deprived of food overnight prior to being sacrificed by 

decapitation (n = 9–12/group) at 10:00 the next morning. Hypothalami and brainstems 

were dissected and immersed in RNAlater (Ambion, Thermo Fisher Scientific, Auckland, 

New Zealand) for 2 h at room temperature and the samples were then frozen at −80 °C 

until further processing. 

2.6.2. rtPCR Protocol and Data Analysis 

A standard protocol for sample preparation and rtPCR was used, following a proto-

col previously described [43]. Tissues kept in RNAlater were homogenised in 400 µL Tri-

zol (Ambion), after which 80 µL chloroform was added and samples were centrifuged at 

room temperature for 10 min at 10,000× g. The clear phase containing the total RNA was 

isolated and precipitated using 0.5 mL isopropanol in an ice bath for 10 min followed by 

centrifugation at 4 °C for 20 min at 10,000× g. The aqueous phase was carefully removed, 

keeping the pellets intact. The pellets were washed in 300 µL ethanol by centrifuging at 4 

°C for 10 min at 10,000× g. The supernatant was removed carefully and the pellets were 

air dried. 

Pellets were dissolved in 8 µL DEPC water and 1 µL DNAse buffer (dNature). Sam-

ples were then incubated with 1 µL DNAse (dNature) per reaction at 37 °C for 30 min 

followed by inactivation of DNAse with ‘stop buffer’ (dNature), incubating at 67 °C for 

10 min. Removal of DNA was confirmed via PCR using HOT FIREPol Blend Master Mix 

(dNature), followed with agarose gel electrophoresis. Concentrations of RNA were meas-

ured (µg/ul) with a nanodrop. 

cDNA was synthesised from RNA samples with iScript Advanced cDNA synthesis 

kit (BioRad). Quantification and purity of cDNA was determined using a Qubit 4 fluo-

rometer (Invitrogen) and nanodrop. Quantitative real-time PCR reactions were performed 

in duplicate. An amount of 4 µL of 25 ng/µL cDNA template was used per transcript along 

with 1 µL of forward and reverse primers (5 µM) specific to that transcript (Table 1), 10 

µL iTaq Universal SYBR Green Supermix (BioRad) and 4 µL MilliQ water. Expression of 

housekeeping genes (Histone H3.3, TBP, Tubulin β3) was used to analyse normalization 
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factors. MilliQ water was used as a template for negative controls for each transcript. 

NCBI-BLAST® was used to check the specificity of the primer pairs in silico prior to setting 

up the reactions. 

The amplification protocol was as follows: denaturation at 95 °C for 15 min, followed 

by 45 cycles of 15 s at 95 °C, 15 s at the primer-specific annealing temperature and 30 s at 

72 °C. Thermal profiles of the amplified transcripts were visualised using melt peaks 

where Tm analysis of the negative value of the change in relative fluorescence units (RFU) 

over the change in temperature (°C) was plotted (−dRFU/dT) to determine specificity of 

the primers in accordance with a given transcript and primer dimer.  

2.6.3. List of Primers 

Table 1. List of all primers used in rtPCR experiments. 

Housekeeping Genes 

Gene Forward Reverse 

TBP 5′-AGAACAATCCAGATACAGCA-3′ 5′-GGGAACTTCACATCACAGCTC-3′ 

Tubulin β 5′-TGCTGGCCATTCAGAGTAAGA-3′ 5′-ACTCAGACACCAGGTCGTTCA-3′ 

Actin b 5’-AGTGTGACGTTGACATCCGT-3’ 5’-TGCTAGGAGCCAGAGCAGTA-3’ 

Genes of interest 

Gene Forward Reverse 

AgRP 5′- CAGAGTTCTCAGGTCTAAGTC-3′ 5′-TTGAAGAAGCGGCAGTAGCAC-3′ 

BDNF 5′-TGCAGGGGCATAGCAAAAGG-3′ 5′-CTTATGAATCGCCAGCCAATTCTC-3′ 

Catalase 5′-GGCTCTCACATAGCTGCCAA-3′ 5′-TTACTGGTGAGGCTTGTGCC-3′ 

COMT 5′-TGTGTGCGGAACCTAAACGA-3′ 5′-GAAGGTCGCGTGTTCCAGTA-3′ 

D2R 5′-ACCTGTCCTGGTACGATGATG-3′ 5′-GCATGGCATAGTAGTTGTAGTGG-3′ 

DCX 5′-TCGTAGTTTTGATGCGTTGC-3′ 5′-GCTTTCCCCTTCTTCCAGTT-3′ 

Ddc1 5′-ATGTGGCGTCATGTGTGTCT-3′ 5′-CACGGCCACACAAAGAACAG-3′ 

GABARA1 5′-GGCTTGGGAGAGCGTGTAAC-3′ 5′-CGTGACCCATCTTCTGCCAC-3′ 

GAD67 5′-GTGGCGTAGCCCATGGATG-3′ 5′-ACTGGTGTGGGTGGTGGAAG-3′ 

IL6 5′- CTGCAAGAGACTTCCATCCAG-3′ 5′- AGTGGTATAGACAGGTCTGTTGG-3′ 

KOR 5′-AGACCGCAACAACATCTACAT-3′ 5′-GCACAGAACATCTCCAAAAGG-3′ 

MC3R 5’-TCCGATGCTGCCTAACCTCT-3’ 5’-GGATGTTTTCCATCAGACTGACG-3’ 

MC4R 5’-CTTATGATGATCCCAACCCG-3’ 5’-GTAGCTCCTTGCTTGCATCC-3’ 

MOR 5′-CGGACTCGGTAGGCTGTAAC-3′ 5′-CCTGCCGCTCTTCTCTGG-3′ 

OXT 5′-GACGGTGGATCTCGGACTGAA-3′ 5′-CGCCCCTAAAGGTATCATCACAAA-3′ 

OXTR 5′-GATCACGCTCGCCGTCTA-3′ 5′-CCGTCTTGAGTCGCAGATTC-3′ 

POMC 5′-CAGGACCTCACCACGGAAAG-3′ 5′-GTTCATCTCCGTTGCCTGGA-3′ 

PSD95 5′-CTTCTCAGCCATCGTAGAGG-3′ 5′-GAGAGGTCTTCAATGACACG-3′ 

Shank3 5′-TACAGCACTTGGAGCACCTG-3′ 5′-GTAATTGCGGACGTCCTTGT-3′ 

Synapsin1 5′-CACCAGGATGAAGACAAGCA-3′ 5′-GTCGTTGTTGAGCAGGAGGT-3′ 

VGlut2 

5′-

CGTGAAGAATGGCAGTATGTCTTC-

3′ 

5′-

TGAGGCAAATAGTGCATAAAATATGACT

-3′ 

2.7. Data Analysis 

Data from the food intake experiments were analysed via GraphPad Prism using in-

dependent two-sample Student’s t-tests considering homoscedastic distribution, as outli-

ers were excluded from analysis using Grubb’s test of extreme studentised deviate. Sig-

nificance level was set at p ≤ 0.05.  

Body weight was measured to normalise the food intake. Body weight between 

groups was analysed using independent two-sample Student’s t-tests considering homo-

scedastic distribution. Area under the curve was calculated and an independent two-sam-

ple Student’s t-test was used to analyse the data. 
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Densities of Fos-positive nuclear profiles (per mm2) were averaged per individual, 

and then per group. Data between the two groups (control ad lib vs. control deprived and 

ASD ad lib vs. ASD deprived) in each cohort were compared using independent two-

sample Student’s t-tests considering homoscedastic distribution. Values were considered 

significantly different for p ≤ 0.05.  

Analyses of rtPCR data utilised BioRad CFX Manager software (BioRad); rtPCR re-

sults were normalised with housekeeping genes and the ΔCq values were analysed with 

a Student’s t-test. Values were considered significantly different when p ≤ 0.05. 

3. Results 

Prior to undertaking the feeding studies, we conducted select behavioural tests in 

order to confirm that the VPA rats generated by the in utero pharmacological challenge 

indeed displayed a set of traits characteristic of autism. In those feeding-unrelated behav-

ioural tests, VPA rats showed less interest in social interactions with conspecifics, which 

is in line with reduced sociality in autism spectrum disorder. The social interactions 

scored in our pre-test included sniffing, licking, crawling over or under, mounting, and 

approaching or following the conspecific, which showed a cumulative decrease in these 

socially driven behaviours (F = 1.411, df = 36, p = 0.0357). Separately evaluated anogenital 

inspections revealed no differences between VPA and control animals (Figure 1A). Sub-

jected to the elevated plus maze (EPM), VPA animals spent a significantly larger amount 

of time in the closed arm (F = 1.53576, df = 36, p = 0.0013) with fewer entries into (F = 

1.35718, df = 36, p < 0.0001), and less time spent in the open arm (F = 1.53576, df = 36, p = 

0.0013), compared to controls (Figure 1B–D). 

 

Figure 1. (A) Cumulative social interactions including sniffing, licking, crawling over or under, 

mounting, approaching or following the conspecific were assessed over a temporal window of nine 

minutes. ASD animals showed a significantly lower number of interactions. Anogenital inspections, 

evaluated separately, showed no significant difference. (B) Elevated Plus Maze. Time spent in the 

open arm, closed arm and (C) number of entries to the open arms were recorded. ASD rats spent a 

greater percentage of time in the closed arms and entered the open arms less often than controls. 
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(D) No significant difference was detected in self-grooming duration. Data are expressed as mean ± 

SEM, n = 19/group. * p < 0.05, ** p < 0.01, *** p < 0.001. 

rtPCR analysis of gene expression profiles showed that IL6 was upregulated (F = 

5.162, df = 17, p = 0.0303) in hungry control animals compared to fed controls, while we 

did not see any change in the gene expression of IL6 in the VPA animals upon fasting. A 

similar pattern was observed with VGLUT2 expression (F = 1.451, df = 17, p = 0.0071), and 

Ddc1 expression was increased in hungry control rats (F = 1.09, df = 17, p = 0.0035), but 

decreased in VPA animals (F = 2.48115, df = 21, p = 0.0062) Finally, while there was no 

change in COMT expression between fed and hungry control animals, it was mildly 

down-regulated in unfed VPA animals compared to their fed counterparts (Figure 2).  

 

Figure 2. Gene expression changes in neurotransmitter receptors, oxidative stress and inflammatory 

markers analysed in (A) fed and unfed control animals and (B) fed and unfed VPA animals. 

COMT—Catechol-O-Methyltransferase, D2R—Dopamine Receptor D2, DCX—Doublecortin, 

Ddc1—DOPA decarboxylase, GABARA1—γ-aminobutyric acid type A receptor, GAD67—gluta-

mate decarboxylase 1, IL6—Interleukin 6, PSD95—discs large MAGUK scaffold protein 4 (Dlg4), 

VGLUT2—vesicular glutamate transporter 2. Data are expressed as mean ± SEM, n = 9–10/group. * 

p < 0.05, ** p < 0.01. 

Body weight analysis in adult VPA rats from PND 60 to PND 225 revealed a reduced 

area under the curve (AUC) (70,118.94 ± 858.85 for healthy animals versus 66,928.55 ± 

803.65 in VPA animals; p = 0.015). A follow-up time point analysis showed differences in 

the rate of body weight increase in adult VPA rats compared to controls: while between 

PND60 and PND170 this did not reach significance, from PND170 onwards, VPA animals 

weighed less than controls (Figure 3).  
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Figure 3. Body weight of adult ASD animals was significantly lower than that of healthy controls. 

Data are expressed as mean ± SEM, n = 19/group. * p < 0.05, ** p < 0.01. 

Consistent with the body weight trajectory, ad libitum chow intake in VPA animals 

was significantly lower than in controls (F = 1.2, df = 36, p = 0.00087), as was deprivation-

induced chow consumption regardless of whether only chow (F = 1.4, df = 36, p = 0.0145) 

or both chow and water (F = 1.48, df = 36, p = 3.71558 x 10-05) were withheld from the 

animals during the overnight fast. In all of these scenarios, water intake was similar be-

tween the VPAs and controls. It should be noted that chow intake experiments were con-

ducted between PND68 and PND86; thus, during the timeframe when body weight dif-

ferences were not yet significant (Figure 4). 

 

Figure 4. (A) 24-h chow intake of ad libitum-fed animals was significantly reduced in ASD rats. (B) 

Within 2 h of re-feeding after overnight chow deprivation, ASD animals exhibited significantly 

lower chow intake with no significant difference in water consumption. (C) Chow intake during 2 

h of re-feeding after overnight chow and water deprivation was significantly reduced in VPA ani-

mals compared to healthy controls, while water intake was unaffected. Data are expressed as aver-

age intake ± SEM, n = 19/group. * p < 0.05, p < 0.01, *** p < 0.001. 

The analysis of c-Fos immunoreactivity (IR) in overnight-deprived versus ad libitum-

fed rats in the healthy control cohort showed that compared to ad libitum-fed rats, the 

fasted animals had lower c-Fos IR levels in the PVN (F = 1.282, df = 15, p = 0.0038) and 

SON (F = 141.695, df = 15, p = 0.0085) as well as the CeA (F = 6.584, df = 14, p = 0.0011), and 

a strong trend towards reduced c-Fos IR in the Nacc Shell (F = 1.757, df = 15, p = 0.052). We 

also observed higher c-Fos IR in the BLA (F = 2.755, df = 16, p = 0.0051; Figures 5 and 7-9).  
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Figure 5. c-Fos immunoreactivity in ad libitum-fed and food-deprived healthy control animals. (A) 

PVN—paraventricular nucleus of the hypothalamus, SON—supraoptic nucleus, ARC—arcuate nu-

cleus, LHA—lateral hypothalamic area, DMH—dorsomedial hypothalamus, VMH—ventromedial 

hypothalamus, PBN—parabrachial nucleus, NTS—nucleus of the solitary tract, AP—area postrema, 

DMNV—dorsal motor nucleus of the vagus, (B) Nacc Shell—Nucleus accumbens shell, Nacc Core—

Nucleus accumbens core, BLA—basolateral amygdala, CeA—Central nucleus of the amygdala, 

VTA—ventral tegmental area, BNST—bed nucleus of the stria terminalis. Data are expressed as 

mean ± SEM, n = 9–10/group.  p < 0.05, ** p < 0.01. 

Surprisingly, unlike in healthy controls, in VPA fasted rats compared to ad libitum-

fed VPAs, we did not see changes between the fed and deprived state in the PVN or SON. 

On the other hand, ARC c-Fos IR increased in deprived VPA rats (F = 1.317, df = 18, p = 

0.0032). Furthermore, we noted an increase instead of a decrease in the Nacc Shell and 

CeA c-Fos IR (F = 2.453, df = 17, p = 0.035 and F = 30.994, df = 17, p = 0.022, respectively; 

Figures 6–9). 
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Figure 6. c-Fos immunoreactivity in ad libitum-fed and food deprived VPA animals. (A) PVN—

paraventricular nucleus of the hypothalamus, SON—supraoptic nucleus, ARC—arcuate nucleus, 

LHA—lateral hypothalamic area, DMH—dorsomedial hypothalamus, VMH—ventromedial hypo-

thalamus, PBN—parabrachial nucleus, NTS—nucleus of the solitary tract, AP—area postrema, 

DMNV—dorsal motor nucleus of the vagus, (B) Nacc Shell—Nucleus accumbens shell, Nacc Core—

Nucleus accumbens core, BLA—basolateral amygdala, CeA—Central nucleus of the amygdala, 

VTA—ventral tegmental area, BNST—bed nucleus of the stria terminalis. Data are expressed as 

mean ± SEM, n = 9–10/group. * p < 0.05, ** p < 0.01. 

 

Figure 7. Photomicrographs depicting hypothalamic c-Fos IR. PVN—paraventricular nucleus of the 

hypothalamus, SON—supraoptic nucleus, ARC—arcuate nucleus, 3v—3rd ventricle, otr—optic 

tract. 

P	=	0.054	



Genes 2022, 13, 259 13 of 19 
 

 

 

Figure 8. Photomicrographs depicting c-Fos IR in the amygdala. BLA—basolateral amygdala, 

CeA—Central nucleus of the amygdala. 

 

Figure 9 Photomicrographs depicting hypothalamic c-Fos IR in the Nacc Shell. 

RtPCR analysis of gene expression profiles in the hypothalamus and brain stem in 

healthy controls revealed that healthy food-deprived rats had upregulated hypothalamic 

AgRP and MOR expression compared to fed controls (F = 1.157, df = 17, p = 0.000287 and 

F = 1.498, df = 15, p = 0.000295, respectively), while hypothalamic OXT mRNA expression 

was decreased in deprived animals (F = 1.316, df = 15, p = 0.0397). Brainstem gene expres-

sion analysis revealed an increase in OXTR mRNA levels in unfed animals (F = 1.422, df = 

15, p = 0.025).  

Importantly, none of these genes’ expression levels differed between fed and unfed 

VPA animals and, instead, only brainstem MC3R expression in unfed VPA animals 

showed a trend toward statistical significance (F = 1.606, df = 18, p = 0.057; Figure 10). 
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Figure 10. Differential gene expression patterns (A) in the hypothalamus of ad libitum-fed and food-

deprived healthy control animals, (B) in the brainstem of ad libitum-fed and food-deprived healthy 

control animals, (C) in the hypothalamus of ad libitum-fed and food-deprived VPA animals and (D) 

in the brainstem of ad libitum-fed and food-deprived VPA animals. AgRP—agouti related protein, 

MC4R—melanocortin 4 receptor, MC3R—melanocortin 3 receptor, POMC—pro-opiomelanocortin, 

OXT—oxytocin, OXTR—oxytocin receptor, Shank3—SH3 And Multiple Ankyrin Repeat Domains 

3, MOR—mu-opioid receptor, KOR—kappa-opioid receptor, BDNF—brain-derived neurotrophic 

factor. Data are expressed as mean ± SEM, n = 9–10/group. * p < 0.05, p < 0.01, *** p < 0.001. 

4. Discussion 

That the VPA rats responded with a less avid consummatory behaviour response 

when challenged with energy deprivation is of importance for understanding the patho-

physiology of appetite dysregulation in ASD. This is because one of the greatest daily 

challenges for caregivers of individuals with ASD relates to providing a balanced diet that 

is accepted by a person under their assistance [44,45]. Acceptance of varied diets is very 

low in individuals with ASD [44,46-48]. To some extent, this is driven by sensory dysreg-

ulation. Indeed, high-functioning adults with ASD have been reported to avoid foods due 

to hypersensitivities to certain dietary item characteristics, such as taste, texture, smell or 

temperature [49]. Consequently, ASD individuals often receive a very limited diet con-

sisting of a narrow range of their preferred foods. Intuitively, in the obesogenic environ-

ment in which highly palatable and caloric yet nutritionally substandard food is readily 

available, this often leads to overweightness or obesity. Interestingly, data show that 

many individuals with ASD are also underweight: a persistent avoidance of non-pre-

ferred food items in strategies that attempt to incorporate varied diets contributes to this 

phenomenon [50,51]. In fact, as shown in case reports, calorie self-restriction in ASD can 

at times be so severe that it requires medical intervention [52]. 

By using the VPA animal model of autism, Klockars et al. have recently reported that 

VPA rats overconsume sugar, saccharin and milk solutions [33], liquid diets that are 

highly preferred by rodents (see, e.g., [43,53]), whereas intake of a less palatable cornstarch 

solution is unaffected. The outcome of that study well reflected the phenomenon of re-

ward hypersensitivity in humans. On the other hand, the current set of results showed 

that consumption of nutritious yet ‘bland’ standard laboratory chow was significantly 

lower in VPA ASD rats than in their healthy counterparts, thereby exemplifying reduced 

energy intake in autistic individuals upon presentation of non-preferred food. Im-

portantly, this reduction was evident regardless of paradigm. In ad libitum-fed animals, 

chow consumption was approximately 15% lower than in controls. This reduction was 

P	=	0.057	
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chronic and persisted despite the fact that it translated into a reduced rate of body weight 

increase in these animals compared to their non-ASD conspecifics. Furthermore, VPA rats 

ate approximately 20% less than controls after an overnight period of energy deprivation 

(irrespective of whether water was or was not present during the period of having no 

access to chow). Thus, ASD animals consumed less both over the course of a meal when 

feeding was induced by a strong stimulus of energy deficit, and over 24 h periods of un-

restricted access to chow when feeding was self-regulated.  

On the other hand, we did not see any difference in water intake between VPA and 

control rats. This was regardless of whether water consumption was measured in the ad 

libitum setting or in the meal scenarios prior to which water had been removed along with 

food or only food had been removed. Since drinking behaviour is typically affected by 

food consumption, one would expect water intake to be somewhat lower in VPAs as well. 

However, it should be noted that human studies have identified autism as a condition in 

which excessive water consumption occurs quite often in children and adults [54]. Thus, 

the lack of decline in water drinking in VPA rats, even though they were eating less food, 

was consistent with the findings in humans.  

Changes in the energy state of the organism (i.e., hunger versus satiety) are associ-

ated with changes in both brain activation and expression of genes, the latter especially 

within the hypothalamus and brain stem, the two regions that are key for the regulation 

of energy homeostasis. Here, we showed for the first time that VPA animals did not show 

a typical set of neuronal activation and gene expression patterns between the hungry and 

ad libitum-fed (sated) states. 

Our gene expression analysis of inflammatory markers revealed that IL6 expression 

increased in healthy animals upon food deprivation, while we did not observe this change 

in VPA animals. Interestingly, IL6 has also been shown to improve glucose homeostasis 

and reduce body weight in obese animals [29,55], which points to its active involvement 

in food intake regulation [56] and may potentially amount to an orchestrated interplay of 

neuronal and glial cells in the context of neuroprotection [57], which is not observed in 

VPA animals and possibly feeds into the general pro-inflammatory environment of autis-

tic brains. Furthermore, while no changes in COMT expression were observed between 

fed and hungry control animals, we found a decrease in the food-deprived VPA group. 

Importantly, Hersrud and Stoltenberg identified a correlation between COMT/dopamine 

dysregulation and maladaptive eating behaviour in undergraduate college women [58]. 

Earlier reports utilizing c-Fos immunohistochemistry showed that in hungry animals 

that are not anticipating a meal, the level of neuronal activation is significantly lower in 

many hypothalamic and extrahypothalamic sites, including the PVN and SON, than in 

refed or ad libitum-fed counterparts [59,60]. In the healthy control cohort of rats, we found 

that fasting indeed led to lower c-Fos expression in the PVN, SON, NAcc Shell (trend at p 

= 0.052) and CeA. The only site where c-Fos was elevated was the BLA, which possibly 

represented a higher motivational drive to search for food, other emotional aspects of fast-

ing or the interplay between motivational and homeostatic feeding mechanisms [61,62]. 

On the other hand, in the VPA cohort, we did not see any hunger-associated decrease in 

any of the sites included in our study. In fact, we saw higher c-Fos IR in the ARC, CeA, 

BLA (trend at p = 0.054) and NAcc Shell, although—interestingly—average densities of 

Fos-positive nuclei in ad libitum-fed VPAs were similarly low to the densities in the hun-

gry control cohort. While it remains to be elucidated whether the Fos pattern in ad libitum-

fed VPAs reflected the overall lower food intake in these animals compared to controls or 

whether the lack of change in, e.g., hypothalamic activity underpinned VPAs’ weaker 

feeding response after deprivation, it is clear that the autistic animals’ feeding circuit was 

differently affected by the energy status of the animal. The notion of aberrant processing 

of the energy status in VPAs is further supported by the analysis of select feeding-related 

genes in the hypothalamus and brain stem. This is particularly relevant considering the 

fact that healthy controls showed significant changes in mRNA levels of genes associated 

with orexigenic (such as AgRP, mu-opioid receptor) and anorexigenic (oxytocin and 
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oxytocin receptor) processes [63], whereas in VPA animals, only the melanocortin3 recep-

tor transcript approached but did not reach (p = 0.057) significance. 

One should note that the current paper focuses entirely on central processing of food 

intake and brain mechanisms that underpin hunger and satiety. However, ASD is charac-

terised by abnormalities in not only the central nervous system, but also in—among oth-

ers—the gastrointestinal system. In fact, ASD individuals are likely to have digestive is-

sues, from constipation to diarrhoea [64-66], and the symptomology has been linked to 

both functional gut changes and microbiome alterations [65,67]. Thus, when considering 

brain data related to feeding, it should not be neglected that the brain integrates infor-

mation derived from the gut directly (e.g., via vagal input) or indirectly (via endocrine 

communication). Therefore, the observed brain changes might not be the primary, but 

rather the secondary consequence of broader anomalies associated with ASD. 

5. Conclusions 

In sum, we conclude that adult male VPA animals ate less of the ‘bland’ chow when 

fed ad libitum as well as after deprivation. Their body weight increased more slowly than 

controls when maintained on this standard ‘bland’ food. While hungry control rats had 

lower c-Fos IR in key feeding-related areas than their ad libitum-fed counterparts, in hun-

gry VPAs c-Fos was unchanged or elevated compared to the fed counterparts. The lack of 

changes in expression of feeding-related genes upon deprivation in VPAs was in contrast 

to several transcripts affected by fasting in healthy controls. This relative ‘unresponsive-

ness’ of the central circuits to changes in the energy status of the VPA organism may be 

an underlying factor in aberrant processing of hunger/satiation upon presentation of 

foods that do not belong to the preferred category. 

Author Contributions: Conceptualization, A.K. and P.K.O.; methodology, T.P., K.J.L. and C.A.M.; 

formal analysis, T.P.; P.K.O. and A.K..; data curation, T.P., A.K. and P.K.O.; writing—original draft 

preparation, A.K., T.P. and P.K.O.; writing—review and editing, A.K., P.K.O. and T.P.; visualization, 

T.P., A.K. and P.K.O.; supervision, A.K. and P.K.O.; project administration, A.K. and P.K.O.; fund-

ing acquisition, A.K. and P.K.O. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This research was funded by the Waikato Medical Research Foundation Emerging Re-

searcher Grant 2021. 

Institutional Review Board Statement:  The animal study protocol was approved by the Waikato 

Animal Ethics Committee at the University of Waikato (protocol #1088, approved 29 September 

2020). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Dufour-Rainfray, D.; Vourc'h, P.; Le Guisquet, A.M.; Garreau, L.; Ternant, D.; Bodard, S.; Jaumain, E.; Gulhan, Z.; Belzung, C.; 

Andres, C.R.; et al. Behavior and serotonergic disorders in rats exposed prenatally to valproate: a model for autism. Neurosci 

Lett 2010, 470, 55-59, doi:10.1016/j.neulet.2009.12.054. 

2. Lakhanpal, D.; Kaur, G. Valproic acid alters GnRH-GABA interactions in cycling female rats. Cell Mol Neurobiol 2007, 27, 1069-

1083, doi:10.1007/s10571-007-9201-x. 

3. Baf, M.H.; Subhash, M.N.; Lakshmana, K.M.; Rao, B.S. Sodium valproate induced alterations in monoamine levels in different 

regions of the rat brain. Neurochem Int 1994, 24, 67-72, doi:10.1016/0197-0186(94)90130-9. 

4. Zieminska, E.; Toczylowska, B.; Diamandakis, D.; Hilgier, W.; Filipkowski, R.K.; Polowy, R.; Orzel, J.; Gorka, M.; Lazarewicz, 

J.W. Glutamate, Glutamine and GABA Levels in Rat Brain Measured Using MRS, HPLC and NMR Methods in Study of Two 

Models of Autism. Front Mol Neurosci 2018, 11, 418, doi:10.3389/fnmol.2018.00418. 

5. Kanner, L. Autistic disturbances of affective contact. Acta Paedopsychiatr 1968, 35, 100-136. 



Genes 2022, 13, 259 17 of 19 
 

 

6. Sharp, W.G.; Berry, R.C.; McCracken, C.; Nuhu, N.N.; Marvel, E.; Saulnier, C.A.; Klin, A.; Jones, W.; Jaquess, D.L. Feeding 

problems and nutrient intake in children with autism spectrum disorders: a meta-analysis and comprehensive review of the 

literature. J Autism Dev Disord 2013, 43, 2159-2173, doi:10.1007/s10803-013-1771-5. 

7. Bandini, L.G.; Anderson, S.E.; Curtin, C.; Cermak, S.; Evans, E.W.; Scampini, R.; Maslin, M.; Must, A. Food selectivity in children 

with autism spectrum disorders and typically developing children. J Pediatr 2010, 157, 259-264, doi:10.1016/j.jpeds.2010.02.013. 

8. Diolordi, L.; del Balzo, V.; Bernabei, P.; Vitiello, V.; Donini, L.M. Eating habits and dietary patterns in children with autism. Eat 

Weight Disord 2014, 19, 295-301, doi:10.1007/s40519-014-0137-0. 

9. Williams, P.G.; Dalrymple, N.; Neal, J. Eating habits of children with autism. Pediatr Nurs 2000, 26, 259-264. 

10. Gray, H.L.; Chiang, H.M. Brief Report: Mealtime Behaviors of Chinese American Children with Autism Spectrum Disorder. J 

Autism Dev Disord 2017, 47, 892-897, doi:10.1007/s10803-016-2993-0. 

11. Zickgraf, H.F.; Richard, E.; Zucker, N.L.; Wallace, G.L. Rigidity and Sensory Sensitivity: Independent Contributions to Selective 

Eating in Children, Adolescents, and Young Adults. J Clin Child Adolesc Psychol 2020, 1-13, doi:10.1080/15374416.2020.1738236. 

12. Strand, M. Eggs, sugar, grated bones: colour-based food preferences in autism, eating disorders, and beyond. Med Humanit 

2021, 47, 87-94, doi:10.1136/medhum-2019-011811. 

13. Supekar, K.; Kochalka, J.; Schaer, M.; Wakeman, H.; Qin, S.; Padmanabhan, A.; Menon, V. Deficits in mesolimbic reward 

pathway underlie social interaction impairments in children with autism. Brain 2018, 141, 2795-2805, doi:10.1093/brain/awy191. 

14. Cascio, C.J.; Foss-Feig, J.H.; Heacock, J.L.; Newsom, C.R.; Cowan, R.L.; Benningfield, M.M.; Rogers, B.P.; Cao, A. Response of 

neural reward regions to food cues in autism spectrum disorders. J Neurodev Disord 2012, 4, 9, doi:10.1186/1866-1955-4-9. 

15. Schmitz, N.; Rubia, K.; van Amelsvoort, T.; Daly, E.; Smith, A.; Murphy, D.G. Neural correlates of reward in autism. Br J 

Psychiatry 2008, 192, 19-24, doi:10.1192/bjp.bp.107.036921. 

16. Stubbs, E.G.; Crawford, M.L. Depressed lymphocyte responsiveness in autistic children. J Autism Child Schizophr 1977, 7, 49-55, 

doi:10.1007/BF01531114. 

17. Croonenberghs, J.; Bosmans, E.; Deboutte, D.; Kenis, G.; Maes, M. Activation of the inflammatory response system in autism. 

Neuropsychobiology 2002, 45, 1-6, doi:10.1159/000048665. 

18. Brigida, A.L.; Schultz, S.; Cascone, M.; Antonucci, N.; Siniscalco, D. Endocannabinod Signal Dysregulation in Autism Spectrum 

Disorders: A Correlation Link between Inflammatory State and Neuro-Immune Alterations. Int J Mol Sci 2017, 18, 

doi:10.3390/ijms18071425. 

19. Pangrazzi, L.; Balasco, L.; Bozzi, Y. Oxidative Stress and Immune System Dysfunction in Autism Spectrum Disorders. Int J Mol 

Sci 2020, 21, doi:10.3390/ijms21093293. 

20. Yenkoyan, K.; Harutyunyan, H.; Harutyunyan, A. A certain role of SOD/CAT imbalance in pathogenesis of autism spectrum 

disorders. Free Radic Biol Med 2018, 123, 85-95, doi:10.1016/j.freeradbiomed.2018.05.070. 

21. Manivasagam, T.; Arunadevi, S.; Essa, M.M.; SaravanaBabu, C.; Borah, A.; Thenmozhi, A.J.; Qoronfleh, M.W. Role of Oxidative 

Stress and Antioxidants in Autism. Adv Neurobiol 2020, 24, 193-206, doi:10.1007/978-3-030-30402-7_7. 

22. Chuang, Y.F.; Yang, H.Y.; Ko, T.L.; Hsu, Y.F.; Sheu, J.R.; Ou, G.; Hsu, M.J. Valproic acid suppresses lipopolysaccharide-induced 

cyclooxygenase-2 expression via MKP-1 in murine brain microvascular endothelial cells. Biochem Pharmacol 2014, 88, 372-383, 

doi:10.1016/j.bcp.2014.02.004. 

23. Kim, H.J.; Rowe, M.; Ren, M.; Hong, J.S.; Chen, P.S.; Chuang, D.M. Histone deacetylase inhibitors exhibit anti-inflammatory 

and neuroprotective effects in a rat permanent ischemic model of stroke: multiple mechanisms of action. J Pharmacol Exp Ther 

2007, 321, 892-901, doi:10.1124/jpet.107.120188. 

24. Chen, X.; Wang, H.; Zhou, M.; Li, X.; Fang, Z.; Gao, H.; Li, Y.; Hu, W. Valproic Acid Attenuates Traumatic Brain Injury-Induced 

Inflammation in Vivo: Involvement of Autophagy and the Nrf2/ARE Signaling Pathway. Front Mol Neurosci 2018, 11, 117, 

doi:10.3389/fnmol.2018.00117. 

25. Chen, J.Y.; Chu, L.W.; Cheng, K.I.; Hsieh, S.L.; Juan, Y.S.; Wu, B.N. Valproate reduces neuroinflammation and neuronal death 

in a rat chronic constriction injury model. Sci Rep 2018, 8, 16457, doi:10.1038/s41598-018-34915-5. 

26. Gassowska-Dobrowolska, M.; Cieslik, M.; Czapski, G.A.; Jesko, H.; Frontczak-Baniewicz, M.; Gewartowska, M.; Dominiak, A.; 

Polowy, R.; Filipkowski, R.K.; Babiec, L.; et al. Prenatal Exposure to Valproic Acid Affects Microglia and Synaptic Ultrastructure 

in a Brain-Region-Specific Manner in Young-Adult Male Rats: Relevance to Autism Spectrum Disorders. Int J Mol Sci 2020, 21, 

doi:10.3390/ijms21103576. 

27. Mirza, R.; Sharma, B. Benefits of Fenofibrate in prenatal valproic acid-induced autism spectrum disorder related phenotype in 

rats. Brain Res Bull 2019, 147, 36-46, doi:10.1016/j.brainresbull.2019.02.003. 

28. Bobbo, V.C.; Engel, D.F.; Jara, C.P.; Mendes, N.F.; Haddad-Tovolli, R.; Prado, T.P.; Sidarta-Oliveira, D.; Morari, J.; Velloso, L.A.; 

Araujo, E.P. Interleukin-6 actions in the hypothalamus protects against obesity and is involved in the regulation of neurogenesis. 

J Neuroinflammation 2021, 18, 192, doi:10.1186/s12974-021-02242-8. 

29. Lopez-Ferreras, L.; Longo, F.; Richard, J.E.; Eerola, K.; Shevchouk, O.T.; Tuzinovic, M.; Skibicka, K.P. Key role for hypothalamic 

interleukin-6 in food-motivated behavior and body weight regulation. Psychoneuroendocrinology 2021, 131, 105284, 

doi:10.1016/j.psyneuen.2021.105284. 

30. Buchner, D.A.; Geisinger, J.M.; Glazebrook, P.A.; Morgan, M.G.; Spiezio, S.H.; Kaiyala, K.J.; Schwartz, M.W.; Sakurai, T.; Furley, 

A.J.; Kunze, D.L.; et al. The juxtaparanodal proteins CNTNAP2 and TAG1 regulate diet-induced obesity. Mamm Genome 2012, 

23, 431-442, doi:10.1007/s00335-012-9400-8. 



Genes 2022, 13, 259 18 of 19 
 

 

31. Fukuhara, S.; Nakajima, H.; Sugimoto, S.; Kodo, K.; Shigehara, K.; Morimoto, H.; Tsuma, Y.; Moroto, M.; Mori, J.; Kosaka, K.; et 

al. High-fat diet accelerates extreme obesity with hyperphagia in female heterozygous Mecp2-null mice. PLoS One 2019, 14, 

e0210184, doi:10.1371/journal.pone.0210184. 

32. Olszewski, P.K.; Rozman, J.; Jacobsson, J.A.; Rathkolb, B.; Stromberg, S.; Hans, W.; Klockars, A.; Alsio, J.; Riserus, U.; Becker, L.; 

et al. Neurobeachin, a regulator of synaptic protein targeting, is associated with body fat mass and feeding behavior in mice 

and body-mass index in humans. PLoS Genet 2012, 8, e1002568, doi:10.1371/journal.pgen.1002568. 

33. Klockars, A.; Pal, T.; Levine, A.S.; Olszewski, P.K. Neural Basis of Dysregulation of Palatability-Driven Appetite in Autism. 

Curr Nutr Rep 2021, 10, 391-398, doi:10.1007/s13668-021-00368-y. 

34. Schneider, T.; Przewlocki, R. Behavioral alterations in rats prenatally exposed to valproic acid: animal model of autism. 

Neuropsychopharmacology 2005, 30, 80-89, doi:10.1038/sj.npp.1300518. 

35. Favre, M.R.; Barkat, T.R.; Lamendola, D.; Khazen, G.; Markram, H.; Markram, K. General developmental health in the VPA-rat 

model of autism. Front Behav Neurosci 2013, 7, 88, doi:10.3389/fnbeh.2013.00088. 

36. Schiavi, S.; Iezzi, D.; Manduca, A.; Leone, S.; Melancia, F.; Carbone, C.; Petrella, M.; Mannaioni, G.; Masi, A.; Trezza, V. Reward-

Related Behavioral, Neurochemical and Electrophysiological Changes in a Rat Model of Autism Based on Prenatal Exposure to 

Valproic Acid. Front Cell Neurosci 2019, 13, 479, doi:10.3389/fncel.2019.00479. 

37. Rinaldi, T.; Silberberg, G.; Markram, H. Hyperconnectivity of local neocortical microcircuitry induced by prenatal exposure to 

valproic acid. Cereb Cortex 2008, 18, 763-770, doi:10.1093/cercor/bhm117. 

38. Kim, K.C.; Kim, P.; Go, H.S.; Choi, C.S.; Park, J.H.; Kim, H.J.; Jeon, S.J.; Dela Pena, I.C.; Han, S.H.; Cheong, J.H.; et al. Male-

specific alteration in excitatory post-synaptic development and social interaction in pre-natal valproic acid exposure model of 

autism spectrum disorder. J Neurochem 2013, 124, 832-843, doi:10.1111/jnc.12147. 

39. Werling, D.M.; Geschwind, D.H. Understanding sex bias in autism spectrum disorder. Proc Natl Acad Sci U S A 2013, 110, 4868-

4869, doi:10.1073/pnas.1301602110. 

40. Pellow, S.; File, S.E. Anxiolytic and anxiogenic drug effects on exploratory activity in an elevated plus-maze: a novel test of 

anxiety in the rat. Pharmacol Biochem Behav 1986, 24, 525-529, doi:10.1016/0091-3057(86)90552-6. 

41. Spadaro, P.A.; Flavell, C.R.; Widagdo, J.; Ratnu, V.S.; Troup, M.; Ragan, C.; Mattick, J.S.; Bredy, T.W. Long Noncoding RNA-

Directed Epigenetic Regulation of Gene Expression Is Associated With Anxiety-like Behavior in Mice. Biol Psychiatry 2015, 78, 

848-859, doi:10.1016/j.biopsych.2015.02.004. 

42. Head, M.A.; Jewett, D.C.; Gartner, S.N.; Klockars, A.; Levine, A.S.; Olszewski, P.K. Effect of Oxytocin on Hunger Discrimination. 

Front Endocrinol (Lausanne) 2019, 10, 297, doi:10.3389/fendo.2019.00297. 

43. Klockars, A.; Wood, E.L.; Gartner, S.N.; McColl, L.K.; Levine, A.S.; Carpenter, E.A.; Prosser, C.G.; Olszewski, P.K. Palatability 

of Goat's versus Cow's Milk: Insights from the Analysis of Eating Behavior and Gene Expression in the Appetite-Relevant Brain 

Circuit in Laboratory Animal Models. Nutrients 2019, 11, doi:10.3390/nu11040720. 

44. Postorino, V.; Sanges, V.; Giovagnoli, G.; Fatta, L.M.; De Peppo, L.; Armando, M.; Vicari, S.; Mazzone, L. Clinical differences in 

children with autism spectrum disorder with and without food selectivity. Appetite 2015, 92, 126-132, 

doi:10.1016/j.appet.2015.05.016. 

45. Curtin, C.; Hubbard, K.; Anderson, S.E.; Mick, E.; Must, A.; Bandini, L.G. Food selectivity, mealtime behavior problems, spousal 

stress, and family food choices in children with and without autism spectrum disorder. J Autism Dev Disord 2015, 45, 3308-3315, 

doi:10.1007/s10803-015-2490-x. 

46. Chistol, L.T.; Bandini, L.G.; Must, A.; Phillips, S.; Cermak, S.A.; Curtin, C. Sensory Sensitivity and Food Selectivity in Children 

with Autism Spectrum Disorder. J Autism Dev Disord 2018, 48, 583-591, doi:10.1007/s10803-017-3340-9. 

47. Sharp, W.G.; Postorino, V.; McCracken, C.E.; Berry, R.C.; Criado, K.K.; Burrell, T.L.; Scahill, L. Dietary Intake, Nutrient Status, 

and Growth Parameters in Children with Autism Spectrum Disorder and Severe Food Selectivity: An Electronic Medical Record 

Review. J Acad Nutr Diet 2018, 118, 1943-1950, doi:10.1016/j.jand.2018.05.005. 

48. Esteban-Figuerola, P.; Canals, J.; Fernandez-Cao, J.C.; Arija Val, V. Differences in food consumption and nutritional intake 

between children with autism spectrum disorders and typically developing children: A meta-analysis. Autism 2019, 23, 1079-

1095, doi:10.1177/1362361318794179. 

49. Kinnaird, E.; Norton, C.; Pimblett, C.; Stewart, C.; Tchanturia, K. Eating as an autistic adult: An exploratory qualitative study. 

PLoS One 2019, 14, e0221937, doi:10.1371/journal.pone.0221937. 

50. Bolte, S.; Ozkara, N.; Poustka, F. Autism spectrum disorders and low body weight: is there really a systematic association? Int 

J Eat Disord 2002, 31, 349-351, doi:10.1002/eat.10015. 

51. Sedgewick, F.; Leppanen, J.; Tchanturia, K. Autistic adult outcomes on weight and body mass index: a large-scale online study. 

Eat Weight Disord 2020, 25, 795-801, doi:10.1007/s40519-019-00695-8. 

52. Lucarelli, J.; Pappas, D.; Welchons, L.; Augustyn, M. Autism Spectrum Disorder and Avoidant/Restrictive Food Intake Disorder. 

J Dev Behav Pediatr 2017, 38, 79-80, doi:10.1097/DBP.0000000000000362. 

53. Herisson, F.M.; Brooks, L.L.; Waas, J.R.; Levine, A.S.; Olszewski, P.K. Functional relationship between oxytocin and appetite for 

carbohydrates versus saccharin. Neuroreport 2014, 25, 909-914, doi:10.1097/wnr.0000000000000201. 

54. Mills, R.; Wing, L. Excessive drinking of fluids in children and adults on the autism spectrum: a brief report. Advances in Autism 

2015, 1, 51-60, doi:10.1108/AIA-08-2015-0014. 



Genes 2022, 13, 259 19 of 19 
 

 

55. Timper, K.; Denson, J.L.; Steculorum, S.M.; Heilinger, C.; Engstrom-Ruud, L.; Wunderlich, C.M.; Rose-John, S.; Wunderlich, 

F.T.; Bruning, J.C. IL-6 Improves Energy and Glucose Homeostasis in Obesity via Enhanced Central IL-6 trans-Signaling. Cell 

Rep 2017, 19, 267-280, doi:10.1016/j.celrep.2017.03.043. 

56. Pazos, P.; Lima, L.; Casanueva, F.F.; Dieguez, C.; Garcia, M.C. Interleukin 6 deficiency modulates the hypothalamic expression 

of energy balance regulating peptides during pregnancy in mice. PLoS One 2013, 8, e72339, doi:10.1371/journal.pone.0072339. 

57. Qin, B.; Zhou, Z.; He, J.; Yan, C.; Ding, S. IL-6 Inhibits Starvation-induced Autophagy via the STAT3/Bcl-2 Signaling Pathway. 

Sci Rep 2015, 5, 15701, doi:10.1038/srep15701. 

58. Hersrud, S.L.; Stoltenberg, S.F. Epistatic interaction between COMT and DAT1 genes on eating behavior: a pilot study. Eat Behav 

2009, 10, 131-133, doi:10.1016/j.eatbeh.2009.01.003. 

59. Angeles-Castellanos, M.; Aguilar-Roblero, R.; Escobar, C. c-Fos expression in hypothalamic nuclei of food-entrained rats. Am J 

Physiol Regul Integr Comp Physiol 2004, 286, R158-165, doi:10.1152/ajpregu.00216.2003. 

60. Johnstone, L.E.; Fong, T.M.; Leng, G. Neuronal activation in the hypothalamus and brainstem during feeding in rats. Cell Metab 

2006, 4, 313-321, doi:10.1016/j.cmet.2006.08.003. 

61. Sun, X.; Kroemer, N.B.; Veldhuizen, M.G.; Babbs, A.E.; de Araujo, I.E.; Gitelman, D.R.; Sherwin, R.S.; Sinha, R.; Small, D.M. 

Basolateral amygdala response to food cues in the absence of hunger is associated with weight gain susceptibility. J Neurosci 

2015, 35, 7964-7976, doi:10.1523/JNEUROSCI.3884-14.2015. 

62. Simmons, D.A.; Neill, D.B. Functional interaction between the basolateral amygdala and the nucleus accumbens underlies 

incentive motivation for food reward on a fixed ratio schedule. Neuroscience 2009, 159, 1264-1273, 

doi:10.1016/j.neuroscience.2009.01.026. 

63. Olszewski, P.K.; Cedernaes, J.; Olsson, F.; Levine, A.S.; Schioth, H.B. Analysis of the network of feeding neuroregulators using 

the Allen Brain Atlas. Neurosci Biobehav Rev 2008, 32, 945-956, doi:10.1016/j.neubiorev.2008.01.007. 

64. Madra, M.; Ringel, R.; Margolis, K.G. Gastrointestinal Issues and Autism Spectrum Disorder. Child Adolesc Psychiatr Clin N Am 

2020, 29, 501-513, doi:10.1016/j.chc.2020.02.005. 

65. Settanni, C.R.; Bibbo, S.; Ianiro, G.; Rinninella, E.; Cintoni, M.; Mele, M.C.; Cammarota, G.; Gasbarrini, A. Gastrointestinal 

involvement of autism spectrum disorder: focus on gut microbiota. Expert Rev Gastroenterol Hepatol 2021, 15, 599-622, 

doi:10.1080/17474124.2021.1869938. 

66. Holingue, C.; Newill, C.; Lee, L.C.; Pasricha, P.J.; Daniele Fallin, M. Gastrointestinal symptoms in autism spectrum disorder: A 

review of the literature on ascertainment and prevalence. Autism Res 2018, 11, 24-36, doi:10.1002/aur.1854. 

67. Adams, J.B.; Borody, T.J.; Kang, D.W.; Khoruts, A.; Krajmalnik-Brown, R.; Sadowsky, M.J. Microbiota transplant therapy and 

autism: lessons for the clinic. Expert Rev Gastroenterol Hepatol 2019, 13, 1033-1037, doi:10.1080/17474124.2019.1687293. 

 

 


