
Rom J Morphol Embryol 2016, 57(2):361–366 

ISSN (print) 1220–0522      ISSN (online) 2066–8279 

RREEVVIIEEWW  

Molecular mechanisms underlying neurodevelopmental 
disorders, ADHD and autism 

GEORGE MIHAI BĂDESCU1), MĂDĂLINA FÎLFAN1–3), RALUCA ELENA SANDU2,3), ROXANA SURUGIU2,3), 
OVIDIU CIOBANU2,4), AUREL POPA-WAGNER3,5) 

1)2nd Psychiatry Clinical Hospital, University of Medicine and Pharmacy of Craiova, Romania 
2)Department of Functional Sciences and Center of Clinical and Experimental Medicine,  
University of Medicine and Pharmacy of Craiova, Romania 

3)Neurobiology of Aging Group, University of Medicine and Pharmacy of Craiova, Romania 
4)Forensic Psychiatry Clinic, University of Basel, Switzerland 
5)Department of Psychiatry, University of Medicine Rostock, Germany 

Abstract 
Neurodevelopmental disorders such as attention deficit hyperactivity disorder and autism represent a significant economic burden, which 
justify vigorous research to uncover its genetics and developmental clinics for a diagnostic workup. The urgency of addressing attention 
deficit hyperactivity disorder comorbidities is seen in the chilling fact that attention deficit hyperactivity disorder (ADHD), mood disorders, 
substance use disorders and obesity each increase the risk for mortality. However, data about comorbidity is mainly descriptive, with 
mechanistic studies limited to genetic epidemiological studies that document shared genetic risk factors among these conditions. Autism 
and intellectual disability affects 1.5 to 2% of the population in Western countries with many individuals displaying social-emotional agnosia 
and having difficulty in forming attachments and relationships. Underlying mechanisms include: (i) dysfunctions of neuronal miRNAs;  
(ii) deletions in the chromosome 21, subtelomeric deletions, duplications and a maternally inherited duplication of the chromosomal region 
15q11-q13; (iii) microdeletions in on the long (q) arm of the chromosome in a region designated q21.1 increases the risk of delayed 
development, intellectual disability, physical abnormalities, and neurological and psychiatric problems associated with autism, schizophrenia, 
and epilepsy and weak muscle tone (hypotonia); (iv) interstitial duplications encompassing 16p13.11. 
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 Introduction 

Being a prevalent neurodevelopmental disorder beginning 
in childhood, attention deficit hyperactivity disorder (ADHD) 
is often the entry point into a trajectory defined by a risk 
for co-morbid conditions through childhood into adulthood 
(up to 85% comorbidity present in adult ADHD [1] and 
detrimental outcome regarding health and socioeconomic 
status. With ~5% prevalence in childhood and ~3% in 
adulthood, ADHD is among the most common psychiatric 
disorders [2]. Throughout life, symptoms of ADHD include 
hyperactivity, inattention, impulsivity, executive function 
deficits and emotional dysregulation. Comorbid conditions 
develop along the developmental trajectory and are a 
hallmark of adult ADHD. Importantly, they are a major 
determinant of disease burden. ADHD presages mood 
(~60%), anxiety (~30%), and substance use disorders 
(~45%) [1]. Forty-five percent of children with ADHD 
suffer from moderate to severe sleep problems [3], rising 
to 85% in adults with ADHD [4]. Finally, obesity is 
well known to be a sequel of ADHD ~40% [5], with all 
its negative health outcomes such as metabolic syndrome 
and cardiovascular disease [6]. Thus, a large proportion 
of children with ADHD continue to experience negative 
consequences of their disease in the form of comorbid 
conditions. With ADHD forming the entry (point) into 
such a negative developmental trajectory, it is therefore 
also a crucial starting point for mechanistic research 

directed at prediction and treatment, with significant 
potential to impact public health, reduce burden of disease, 
and prevent individual suffering. 

Currently, there are two major hypotheses that have 
been advanced to explain molecular mechanisms underlying 
ADHD and its comorbidities, (i) the dopaminergic dys-
balance and (ii) alterations in the circadian system. 

 Dopaminergic dysbalance in the nigro-
striatal, meso-limbic, and meso-frontal 
systems 

There is ample evidence at genetic, pharmacological, 
neuroimaging and neuropsychological levels that dys-
regulation of the dopamine system plays a key role in 
the pathophysiology of ADHD [7]. Importantly, the role 
of dopamine in mood disorders (especially in anhedonic 
behavior) and substance abuse also is well-established [8]. 
This has been also extended to obesity [9]. The neuro-
psychological mechanism that links dopamine to these 
disorders is the reward processing system [10]. However, 
the relationship between the reward system, ADHD and 
its comorbidities has not yet been addressed systematically 
[11–13]. 

Food and cocaine cues activate similar dopamine 
D2/D3 receptor dependent pathways [14]. Further, in 
obese subjects the striatal dopamine receptor levels are 
low [9] and amphetamine-elicited dopamine release was 
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not seen in obese subjects. Resembling the blunted 
amphetamine response, dopamine release after a meal was 
strong correlated with body mass index (BMI). Likewise, 
a carbohydrate rich meal was associated with increases 
in dopamine in normal weight individuals but with 
decreases in obese participants [15]. While aerobic exercise 
is known to modulate body weight, it is becoming 
increasingly that exercise also has a potential role in 
combating drug addiction [16]. The efficacy of exercise 
in drug use appears to rely upon its interference with 
dopaminergic neurotransmission. At gene level, mouse 
lines bred for hyperactivity and obesity both exhibit 
differential gene expression relevant to the function of 
dopamine system [17]. Importantly, aerobic exercise also 
increases the efficacy of methylphenidate in ADHD [18]. 
Similarly, in an animal model of ADHD, regular treadmill 
exercise alleviated hyperactivity along with increasing 
striatal tyrosine hydroxylase expression [19]. 

 Alterations in the circadian system 

Circadian rhythms are driven by CLOCK genes and 
their interaction with external ‘zeitgebers’ such as light, 
food intake, and physical activity/exercise. Circadian 
rhythms sleep and CLOCK genes form another patho-
physiological link between ADHD and its comorbidities: 
disturbed circadian rhythm and altered sleep are a key 
feature of ADHD [20, 21]. CLOCK genes regulate weight 
changes, especially of obese patients, and obesity in turn 
alters the circadian expression of CLOCK genes. The 
importance of altered circadian rhythms in mood disorders 
is well established, and there is a close link between 
circadian CLOCKs and mood-related behaviors. Finally, 
both anxiety disorders and substance use disorders (SUDs) 
have been linked to CLOCK genes. ADHD medication 
often improves sleep efficiency and can specifically alter 
CLOCK gene expression [19]. Therefore, insight into 
the alterations of circadian rhythms in ADHD and its 
relation to the comorbidities opens up the perspective of 
novel therapeutic modulation of biological systems. 

Disturbances in the circadian rhythm may have dramatic 
effects on our health. Circadian rhythms abnormalities are 
associated with key and common psychiatric conditions, 
such as mood disorders. As circadian disturbances are  
at the core of depression, normalizing circadian rhythm 
may be a fruitful avenue for new therapeutic targets in 
depression [22, 23]. The circadian system ensures the 
generation and maintenance of self-sustained, ~24-hour 
oscillations in physiological and behavioral processes 
that are linked to internal and environmental changes, 
predominantly by daily changes in light intensity. Circadian 
rhythms are sustained at the molecular level by a series 
of interconnected transcription–translation feedback loops 
that control the expression of clock genes comprising 
the molecular circadian clock [24]. The rhythm signals 
propagated from suprachiasmatic nuclei are subject to a 
transcriptional–translational feedback loop provided by 
core clock genes including CLOCK (circadian locomotor 
output cycles kaput), BMAL (brain and muscle ARNT-
like-1), PER (period) and CRY (cryptochrome), and orphan 
nuclear hormone receptors REV-ERB alpha (encoded by 
Nr1d1) and Ror alpha. The circadian expression of these 
genes is regulated through E/E boxes (CACGTG/CACGTT 

sequence), REV-ERB alpha/ROR (retinoic acid-related 
orphan receptor) response element (RRE), and DBP/ 
E4BP4 binding element (D box) in their promoter regions. 
First, the CLOCK and BMAL proteins dimerize and bind 
to E-boxes present in the promoter region of period genes 
(Per1, Per2, and Per3) and cryptochrome genes (Cry1 
and Cry2) to induce their expression. Subsequently, the 
PER and CRY proteins form a repressor complex in the 
cytoplasm and relocate to the nucleus where they inhibit 
the genes induced by the CLOCK/BMAL protein complex, 
including their own transcription, forming a negative 
feedback loop. The cycle restarts approximately 24 hours 
later, upon degradation of PER proteins. Additional inter-
locking loops involve clock-controlled transcription factors 
such as D site of albumin promoter (DBP) and REV-
ERBa whose expression is primarily activated by the 
CLOCK:BMAL1 heterodimer. REV-ERBa represses Bmal1 
transcription by directly binding to the ROR elements 
(ROREs) in the Bmal1 promoter, which adds robustness 
to the clock. However, the ROR/REV/Bmal1 loop was 
found not to be necessary for basic clock function, its 
plausible role is to control rhythmic transcription of clock 
output genes [25]. 

 Circadian dysfunction in ADHD 

Chronic sleep-onset insomnia has been shown to be 
associated with childhood and adult ADHD. In ADHD 
children, sleep onset insomnia has been associated with 
a phase delay in the Dim Light Melatonin Onset (DLMO). 
Such a phase delay in the DLMO has recently also been 
reported in adult ADHD patients with chronic sleep onset 
insomnia [26]. ADHD is associated with changes in 
diurnal preference towards greater eveningness. Abnormal 
circadian melatonin secretion has been associated with 
childhood and adult ADHD. Baird et al. [20] recently 
examined for the first time circadian rhythmicity simul-
taneously at the molecular, endocrine and behavioral levels 
in adults with ADHD as well as age- and sex-matched 
controls. Circadian rhythms were measured by means of 
actigraphy, by self-sampling of oral mucosa for assessment 
of rhythmic expression of the clock genes BMAL1 and 
PER2, and by estimation of salivary cortisol and melatonin 
levels. BMAL1 and PER2 showed circadian rhythmicity 
in controls with this being lost in the ADHD group. 
Cortisol rhythms were significantly phase delayed in the 
ADHD group. These findings indicate that adult ADHD 
is associated with a circadian desynchrony that in turn 
may lead to decreased sleep duration and quality. 

 Non-pharmacological approaches  
in ADHD: bright light therapy and 
physical activity 

Against the background of a substantial circadian 
dysfunction in children and adults with ADHD, first 
studies have examined the potential of chronotherapeutic 
approaches such as light therapy (LT) in ADHD and 
explored the effect of ADHD medications upon the 
circadian clock. LT has evolved as a non-invasive agent 
for the treatment of seasonal affective disorder and more 
recently for major depressive disorder as well. LT is safe, 
cost-effective and high patient compliant. Physiologically, 
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when administered in the early morning, LT has been shown 
to have an effect by suppressing melatonin production 
and thereby advancing circadian rhythms. Moreover, 
morning exposure to bright light decreases cortisol levels 
that usually peak after waking-up. Hence, with morning 
light administration, timing of sleep can be shifted, and 
circadian rhythms can be stabilized. Three weeks of LT 
morning bright LT in 29 ADHD adults were associated 
with a significant reduction in both subjective and objective 
measures of core ADHD pathology, with the strongest 
predictor of improvement being phase advances of the 
circadian rhythm [27]. 

Exercise and physical activity have well known health 
benefits. Physical therapy increases plasma brain-derived 
neurotrophic factor (BDNF) levels in non-frail and pre-
frail elderly women suggests that BDNF may not only 
be a marker of frailty but could play a relevant neuro-
protective role in the context of frailty syndrome [28]. 
Mechanistically, exercise is associated with increased 
levels of serum BDNF enhanced hippocampal neurogenesis, 
monoamine neurotransmission and synaptic growth [29]. 
BDNF is thought to mediate exercise-related neuroplasticity 
[30] and is a potential biological moderator or mediator 
of antidepressant response [31]. 

Exercise is efficacious as a monotherapy [32, 33] as 
well as in combination with other treatments for depression 
[34] when used as a first step treatment. For mental 
disorders, the therapeutic effects of exercise have also 
been described for anxiety disorders but also for dementia 
and mild cognitive impairment. It is thought that physical 
activity releases dopamine in the brain improving attention 
and cognition and therefore may be used to regulate 
hyperactivity, and improve concentration in patients with 
ADHD (Figure 1). 

 
Figure 1 – ADHD and autism may be caused by various 
factors: genetic, environmental or comorbidities. 

Polymorphisms in molecular clock genes not only 
show an association with the disorder but also seem to 
influence response to treatment and symptomatology 
characteristics. Melatonin levels are reported to be 
suppressed in bipolar disorder, with phase advances of 
the melatonin rhythm associated with mania and phase 
delays with depressive episodes or euthymia [35]. 

Since Brown et al. [36] demonstrated that primary cells 
from skin biopsies are ideal for surrogate measurements 
for assessing circadian phenotypes, a number of subsequent 
studies done in patients have confirmed the potential use 
of fibroblast explants to examine circadian rhythms and 

clock gene expression in insomnia and psychiatric disorders 
[37]. 

An estimated 4.4% of the adult population suffers from 
ADHD, with over 70% of these individuals experiencing 
insomnia. Even groups of ADHD subjects who do not 
report sleep problems often manifest clinically significant 
insomnia [38]. Although converging evidence shows that 
the dopamine system (DA) and circadian rhythm (CIRCA) 
dysregulation predispose to co-morbidity, the present state 
of knowledge largely relies on small studies. Exogenous 
melatonin is commonly used to treat insomnia in ADHD, 
but study results regarding its efficacy are conflicting 
[39]. Another study of chronobiological treatments for 
ADHD demonstrated that advancing the circadian phase 
in ADHD subjects by use of morning bright light therapy 
is strongly correlated with improvement in core ADHD 
symptoms [27]. However, this study has not been repli-
cated with objective measures of circadian phase. Chrono-
biological treatments, such as bright light therapy and are 
gaining momentum with the use of total sleep deprivation 
to advance circadian phase in manic bipolar subjects in 
order to stabilize mood [40]. 

 Autism and mental retardation 

Intellectual disability affects 1.5 to 2% of the population 
in Western countries [41]. Intellectual disability is one 
of the main causes of handicap and is characterized by 
impaired intellectual functioning and repetitive and res-
tricted interests and behavior as expressed in conceptual, 
social and practical adaptive skills originating in the first 
three years of infancy and last throughout adulthood. 
Many individuals with autism display social-emotional 
agnosia and have difficulty in forming attachments and 
relationships. 

Autism spectrum disorders with symptoms ranging 
from mild to severe forms have been estimated to affect 
as many as one in 100 to one in 150 children [42, 43]. 
Autism is characterized by marked difficulties in behavior, 
impaired social relationships, difficulty in perceiving the 
emotional state of others, or even expressing emotions. 
Also, there are autistic people who speak fluently, others 
who are speech impaired. Many individuals with autism 
spectrum disorders have significant limitations in intel-
lectual functioning, and need substantial social and educa-
tional support. Therefore, autism and intellectual disability 
together represent a significant economic burden, which 
justify vigorous research to uncover its genetics and 
developmental clinics for a diagnostic workup. 

Intensive investigations during the past decade have 
established connection between structural chromosomal 
abnormalities and autism spectrum disorder (ASD) pheno-
types and led to the discovery of chromosomal copy-
number changes and single-nucleotide changes in patients 
with intellectual disability and autism. However, the vast 
majority of subjects do not have a genetic diagnosis that 
would allow a prediction of recurrence risk to the family 
and a better management of the disease. MicroRNAs 
(miRNAs) are small endogenous RNA molecules that can 
simultaneously influence the expression of multiple genes 
at post-transcriptional level. 

It has become increasingly evident that dysfunctions of 
neuronal miRNAs influence the pathogenicity of genomic 
changes. A recently published study highlighted that miRNAs 
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are components of both the genetic architecture as well 
as biological pathways that mediate the effects of primary 
genetic deficits in autism. Five miRNAS were previously 
reported in ASD and three of them were required for 
neuronal function [44]. Study has reported that three 
(miRNA-7, miRNA-9, miRNA-106b) out of 84 miRNAs 
were associated with neurodegenerative disorders and 
one with intellectual disability (miRNA-9) [45–47]. 
Altogether, these data suggest a possible role of miRNA 
copy-number change in cognition and/or copy-number 
variation (CNV)-mediated developmental delay. 

The Down syndrome is a developmental disorder 
that was the first recognized as a cause of intellectual 
disability due to changes in chromosomal copy-number 
and was caused by an extra-copy of chromosome 21 [48]. 
Now it is firmly established that some patients with 
intellectual disability also had deletions in the chromo-
some 21, subtelomeric deletions, duplications and a mater-
nally inherited duplication of the chromosomal region 
15q11-q13 [49–52]. Likewise 1q21.1 microdeletion occurs 
on the long (q) arm of the chromosome in a region 
designated q21.1 increases the risk of delayed develop-
ment, intellectual disability, physical abnormalities, and 
neurological and psychiatric problems associated with 
autism, schizophrenia, and epilepsy and weak muscle 
tone (hypotonia) [51–58]. Finally, 16p13.11 microdupli-
cation syndrome is a recently described syndrome asso-
ciated with an increased risk of a range of neuropsychi-
atric disorders, including intellectual disability, autism 
and ADHD. This syndrome is caused by interstitial 
duplications encompassing 16p13.11 [53, 54, 59–61]. 

Most children with microcephaly, a condition that is 
present at birth, also have a small brain and intellectual 
disability. Recently, a mutation in the gene Tubb5 has now 
been linked to microcephaly [62]. Some genetic disorders 
that cause microcephaly are inherited in an X-linked 
fashion and mutations in more than 90 X-linked genes 
are known to cause intellectual disability in 10% of 
carriers [63]. 

 Conclusions 

The urgency of addressing ADHD’s comorbidities is 
seen in the chilling fact that ADHD, mood disorders, 
SUDs and obesity each increase the risk for mortality. 
However, underlying mechanistic studies are lacking. 
Autism and intellectual disability together represent a 
significant economic burden, which justify vigorous 
research to uncover its genetics and developmental clinics 
for a diagnostic workup. Underlying mechanisms include: 
(i) dysfunctions of neuronal miRNAs; (ii) deletions in 
the chromosome 21, subtelomeric deletions, duplications 
and a maternally inherited duplication of the chromosomal 
region 15q11-q13; (iii) microdeletions in on the long (q) 
arm of the chromosome in a region designated q21.1 
increases the risk of delayed development, intellectual 
disability, physical abnormalities, and neurological and 
psychiatric problems associated with autism, schizophrenia, 
and epilepsy and weak muscle tone (hypotonia); (iv) 
interstitial duplications encompassing 16p13.11. 

Conflict of interests 
The authors declare that they have no conflict of 

interests. 

References 
[1] Jacob CP, Romanos J, Dempfle A, Heine M, Windemuth-

Kieselbach C, Kruse A, Reif A, Walitza S, Romanos M, 
Strobel A, Brocke B, Schäfer H, Schmidtke A, Böning J, 
Lesch KP. Co-morbidity of adult attention-deficit/hyperactivity 
disorder with focus on personality traits and related disorders 
in a tertiary referral center. Eur Arch Psychiatry Clin Neurosci, 
2007, 257(6):309–317. 

[2] Faraone SV, Biederman J. What is the prevalence of adult 
ADHD? Results of a population screen of 966 adults. J Atten 
Disord, 2005, 9(2):384–391. 

[3] Sung V, Hiscock H, Sciberras E, Efron D. Sleep problems in 
children with attention-deficit/hyperactivity disorder: prevalence 
and the effect on the child and family. Arch Pediatr Adolesc 
Med, 2008, 162(4):336–342. 

[4] Yoon SY, Jain UR, Shapiro CM. Sleep and daytime function 
in adults with attention-deficit/hyperactivity disorder: subtype 
differences. Sleep Med, 2013, 14(7):648–655. 

[5] Cortese S, Ramos Olazagasti MA, Klein RG, Castellanos FX, 
Proal E, Mannuzza S. Obesity in men with childhood ADHD: 
a 33-year controlled, prospective, follow-up study. Pediatrics, 
2013, 131(6):e1731–e1738. 

[6] Nigg JT. Attention-deficit/hyperactivity disorder and adverse 
health outcomes. Clin Psychol Rev, 2013, 33(2):215–228. 

[7] Del Campo N, Chamberlain SR, Sahakian BJ, Robbins TW. 
The roles of dopamine and noradrenaline in the patho-
physiology and treatment of attention-deficit/hyperactivity 
disorder. Biol Psychiatry, 2011, 69(12):e145–e157. 

[8] Gorwood P. Neurobiological mechanisms of anhedonia. 
Dialogues Clin Neurosci, 2008, 10(3):291–299. 

[9] van de Giessen E, Celik F, Schweitzer DH, van den Brink W, 
Booij J. Dopamine D2/3 receptor availability and amphetamine-
induced dopamine release in obesity. J Psychopharmacol, 
2014, 28(9):866–873. 

[10] Schultz W. Updating dopamine reward signals. Curr Opin 
Neurobiol, 2013, 23(2):229–238. 

[11] Weiland BJ, Heitzeg MM, Zald D, Cummiford C, Love T, 
Zucker RA, Zubieta JK. Relationship between impulsivity, 
prefrontal anticipatory activation, and striatal dopamine release 
during rewarded task performance. Psychiatry Res, 2014, 
223(3):244–252. 

[12] Hoogman M, Onnink M, Cools R, Aarts E, Kan C, Arias 
Vasquez A, Buitelaar J, Franke B. The dopamine transporter 
haplotype and reward-related striatal responses in adult 
ADHD. Eur Neuropsychopharmacol, 2013, 23(6):469–478. 

[13] Adcock RA, Thangavel A, Whitfield-Gabrieli S, Knutson B, 
Gabrieli JD. Reward-motivated learning: mesolimbic activation 
precedes memory formation. Neuron, 2006, 50(3):507–517. 

[14] Tomasi D, Wang GJ, Wang R, Caparelli EC, Logan J, 
Volkow ND. Overlapping patterns of brain activation to food 
and cocaine cues in cocaine abusers: association to striatal 
D2/D3 receptors. Hum Brain Mapp, 2015, 36(1):120–136. 

[15] Wang GJ, Tomasi D, Convit A, Logan J, Wong CT, Shumay E, 
Fowler JS, Volkow ND. BMI modulates calorie-dependent 
dopamine changes in accumbens from glucose intake. PLoS 
One, 2014, 9(7):e101585. 

[16] Lynch WJ, Peterson AB, Sanchez V, Abel J, Smith MA. 
Exercise as a novel treatment for drug addiction: a neuro-
biological and stage-dependent hypothesis. Neurosci Biobehav 
Rev, 2013, 37(8):1622–1644. 

[17] Mathes WF, Nehrenberg DL, Gordon R, Hua K, Garland T Jr, 
Pomp D. Dopaminergic dysregulation in mice selectively bred 
for excessive exercise or obesity. Behav Brain Res, 2010, 
210(2):155–163. 

[18] Choi JW, Han DH, Kang KD, Jung HY, Renshaw PF. Aerobic 
exercise and attention deficit hyperactivity disorder: brain 
research. Med Sci Sports Exerc, 2015, 47(1):33–39. 

[19] Ji ES, Kim CJ, Park JH, Bahn GH. Duration-dependence of 
the effect of treadmill exercise on hyperactivity in attention 
deficit hyperactivity disorder rats. J Exerc Rehabil, 2014, 
10(2):75–80. 

[20] Baird AL, Coogan AN, Siddiqui A, Donev RM, Thome J. Adult 
attention-deficit hyperactivity disorder is associated with 
alterations in circadian rhythms at the behavioural, endocrine 
and molecular levels. Mol Psychiatry, 2012, 17(10):988–995. 

[21] Philipsen A, Hornyak M, Riemann D. Sleep and sleep disorders 
in adults with attention deficit/hyperactivity disorder. Sleep 
Med Rev, 2006, 10(6):399–405. 



Molecular mechanisms underlying neurodevelopmental disorders, ADHD and autism 

 

365

[22] Kasper S, Hajak G, Wulff K, Hoogendijk WJ, Montejo AL, 
Smeraldi E, Rybakowski JK, Quera-Salva MA, Wirz-Justice AM, 
Picarel-Blanchot F, Baylé FJ. Efficacy of the novel anti-
depressant agomelatine on the circadian rest-activity cycle 
and depressive and anxiety symptoms in patients with major 
depressive disorder: a randomized, double-blind comparison 
with sertraline. J Clin Psychiatry, 2010, 71(2):109–120. 

[23] Coogan AN, Thome J. Chronotherapeutics and psychiatry: 
setting the clock to relieve the symptoms. World J Biol 
Psychiatry, 2011, 12(Suppl 1):40–43. 

[24] Dibner C, Schibler U, Albrecht U. The mammalian circadian 
timing system: organization and coordination of central and 
peripheral clocks. Annu Rev Physiol, 2010, 72:517–549. 

[25] Reppert SM, Weaver DR. Coordination of circadian timing 
in mammals. Nature, 2002, 418(6901):935–941. 

[26] Van Veen MM, Kooij JJ, Boonstra AM, Gordijn MC, Van 
Someren EJ. Delayed circadian rhythm in adults with attention-
deficit/hyperactivity disorder and chronic sleep-onset insomnia. 
Biol Psychiatry, 2010, 67(11):1091–1096. 

[27] Rybak YE, McNeely HE, Mackenzie BE, Jain UR, Levitan RD. 
An open trial of light therapy in adult attention-deficit/hyper-
activity disorder. J Clin Psychiatry, 2006, 67(10):1527–1535. 

[28] Coelho FM, Pereira DS, Lustosa LP, Silva JP, Dias JM, 
Dias RC, Queiroz BZ, Teixeira AL, Teixeira MM, Pereira LS. 
Physical therapy intervention (PTI) increases plasma brain-
derived neurotrophic factor (BDNF) levels in non-frail and pre-
frail elderly women. Arch Gerontol Geriatr, 2012, 54(3):415–
420. 

[29] Dishman RK, Hales DP, Pfeiffer KA, Felton GA, Saunders R, 
Ward DS, Dowda M, Pate RR. Physical self-concept and self-
esteem mediate cross-sectional relations of physical activity 
and sport participation with depression symptoms among 
adolescent girls. Health Psychol, 2006, 25(3):396–407. 

[30] Griffin EW, Bechara RG, Birch AM, Kelly AM. Exercise 
enhances hippocampal-dependent learning in the rat: evi-
dence for a BDNF-related mechanism. Hippocampus, 2009, 
19(10):973–980. 

[31] Schmidt HD, Duman RS. The role of neurotrophic factors in 
adult hippocampal neurogenesis, antidepressant treatments 
and animal models of depressive-like behavior. Behav Phar-
macol, 2007, 18(5–6):391–418. 

[32] Blumenthal JA, Babyak MA, Doraiswamy PM, Watkins L, 
Hoffman BM, Barbour KA, Herman S, Craighead WE, Brosse AL, 
Waugh R, Hinderliter A, Sherwood A. Exercise and pharma-
cotherapy in the treatment of major depressive disorder. 
Psychosom Med, 2007, 69(7):587–596. 

[33] Dunn AL, Trivedi MH, Kampert JB, Clark CG, Chambliss HO. 
Exercise treatment for depression: efficacy and dose response. 
Am J Prev Med, 2005, 28(1):1–8. 

[34] Trivedi MH, Greer TL, Grannemann BD, Church TS, Galper DI, 
Sunderajan P, Wisniewski SR, Chambliss HO, Jordan AN, 
Finley C, Carmody TI. TREAD: TReatment with Exercise 
Augmentation for Depression: study rationale and design. 
Clin Trials, 2006, 3(3):291–305. 

[35] Dallaspezia S, Benedetti F. Melatonin, circadian rhythms, and 
the clock genes in bipolar disorder. Curr Psychiatry Rep, 2009, 
11(6):488–493. 

[36] Brown SA, Kunz D, Dumas A, Westermark PO, Vanselow K, 
Tilmann-Wahnschaffe A, Herzel H, Kramer A. Molecular 
insights into human daily behavior. Proc Natl Acad Sci U S A, 
2008, 105(5):1602–1607. 

[37] Lippert J, Halfter H, Heidbreder A, Röhr D, Gess B, Boentert M, 
Osada N, Young P. Altered dynamics in the circadian 
oscillation of clock genes in dermal fibroblasts of patients 
suffering from idiopathic hypersomnia. PLoS One, 2014, 9(1): 
e85255. 

[38] Kissling C, Retz W, Wiemann S, Coogan AN, Clement RM, 
Hünnerkopf R, Conner AC, Freitag CM, Rösler M, Thome J. 
A polymorphism at the 3’-untranslated region of the CLOCK 
gene is associated with adult attention-deficit hyperactivity 
disorder. Am J Med Genet B Neuropsychiatr Genet, 2008, 
147(3):333–338. 

[39] van Geijlswijk IM, Korzilius HP, Smits MG. The use of exo-
genous melatonin in delayed sleep phase disorder: a meta-
analysis. Sleep, 2010, 33(12):1605–1614. 

[40] Benedetti F, Bernasconi A, Blasi V, Cadioli M, Colombo C, 
Falini A, Lorenzi C, Radaelli D, Scotti G, Smeraldi E. Neural 
and genetic correlates of antidepressant response to sleep 
deprivation: a functional magnetic resonance imaging study 

of moral valence decision in bipolar depression. Arch Gen 
Psychiatry, 2007, 64(2):179–187. 

[41] Mefford HC, Batshaw ML, Hoffman EP. Genomics, intellectual 
disability, and autism. N Engl J Med, 2012, 366(8):733–743. 

[42] Chakrabarti S, Fombonne E. Pervasive developmental disorders 
in preschool children. JAMA, 2001, 285(24):3093–3099. 

[43] Chakrabarti S, Fombonne E. Pervasive developmental dis-
orders in preschool children: confirmation of high prevalence. 
Am J Psychiatry, 2005, 162(6):1133–1141. 

[44] Vaishnavi V, Manikandan M, Tiwary BK, Munirajan AK. 
Insights on the functional impact of microRNAs present in 
autism-associated copy number variants. PLoS One, 2013, 
8(2):e56781. 

[45] Doxakis E. Post-transcriptional regulation of alpha-synuclein 
expression by mir-7 and mir-153. J Biol Chem, 2010, 285(17): 
12726–12734. 

[46] Wang H, Liu J, Zong Y, Xu Y, Deng W, Zhu H, Liu Y, Ma C, 
Huang L, Zhang L, Qin C. miR-106b aberrantly expressed in 
a double transgenic mouse model for Alzheimer’s disease 
targets TGF-β type II receptor. Brain Res, 2010, 1357:166–174. 

[47] Xu XL, Zong R, Li Z, Biswas MH, Fang Z, Nelson DL, Gao FB. 
FXR1P but not FMRP regulates the levels of mammalian brain-
specific microRNA-9 and microRNA-124. J Neurosci, 2011, 
31(39):13705–13709. 

[48] Lejeune J, Gautier M, Turpin R. Etudes des chromosomes 
somatique de neuf enfants mongoliens. CR Hebd Seances 
Acad Sci, 1959, 248(11):1721–1722. 

[49] Hogart A, Wu D, LaSalle JM, Schanen NC. The comorbidity 
of autism with the genomic disorders of chromosome 
15q11.2-q13. Neurobiol Dis, 2010, 38(2):181–191. 

[50] Ballif BC, Sulpizio SG, Lloyd RM, Minier SL, Theisen A, 
Bejjani BA, Shaffer LG. The clinical utility of enhanced sub-
telomeric coverage in array CGH. Am J Med Genet A, 2007, 
143A(16):1850–1857. 

[51] Knight SJ, Regan R, Nicod A, Horsley SW, Kearney L, 
Homfray T, Winter RM, Bolton P, Flint J. Subtle chromosomal 
rearrangements in children with unexplained mental retardation. 
Lancet, 1999, 354(9191):1676–1681. 

[52] Ravnan JB, Tepperberg JH, Papenhausen P, Lamb AN, 
Hedrick J, Eash D, Ledbetter DH, Martin CL. Subtelomere 
FISH analysis of 11 688 cases: an evaluation of the frequency 
and pattern of subtelomere rearrangements in individuals 
with developmental disabilities. J Med Genet, 2006, 43(6): 
478–489. 

[53] Mefford HC, Cooper GM, Zerr T, Smith JD, Baker C, Shafer N, 
Thorland EC, Skinner C, Schwartz CE, Nickerson DA, Eichler EE. 
A method for rapid, targeted CNV genotyping identifies rare 
variants associated with neurocognitive disease. Genome Res, 
2009, 19(9):1579–1585. 

[54] Ullmann R, Turner G, Kirchhoff M, Chen W, Tonge B, 
Rosenberg C, Field M, Vianna-Morgante AM, Christie L, 
Krepischi-Santos AC, Banna L, Brereton AV, Hill A, Bisgaard AM, 
Müller I, Hultschig C, Erdogan F, Wieczorek G, Ropers HH. 
Array CGH identifies reciprocal 16p13.1 duplications and 
deletions that predispose to autism and/or mental retardation. 
Hum Mutat, 2007, 28(7):674–682. 

[55] Hannes FD, Sharp AJ, Mefford HC, de Ravel T, Ruivenkamp CA, 
Breuning MH, Fryns JP, Devriendt K, Van Buggenhout G, 
Vogels A, Stewart H, Hennekam RC, Cooper GM, Regan R, 
Knight SJ, Eichler EE, Vermeesch JR. Recurrent reciprocal 
deletions and duplications of 16p13.11: the deletion is a risk 
factor for MR/MCA while the duplication may be a rare benign 
variant. J Med Genet, 2009, 46(4):223–232. 

[56] de Kovel CG, Trucks H, Helbig I, Mefford HC, Baker C, Leu C, 
Kluck C, Muhle H, von Spiczak S, Ostertag P, Obermeier T, 
Kleefuss-Lie AA, Hallmann K, Steffens M, Gaus V, Klein KM, 
Hamer HM, Rosenow F, Brilstra EH, Trenité DK, Swinkels ME, 
Weber YG, Unterberger I, Zimprich F, Urak L, Feucht M, 
Fuchs K, Møller RS, Hjalgrim H, De Jonghe P, Suls A, Rückert IM, 
Wichmann HE, Franke A, Schreiber S, Nürnberg P, Elger CE, 
Lerche H, Stephani U, Koeleman BP, Lindhout D, Eichler EE, 
Sander T. Recurrent microdeletions at 15q11.2 and 16p13.11 
predispose to idiopathic generalized epilepsies. Brain, 2010, 
133(Pt 1):23–32. 

[57] Heinzen EL, Radtke RA, Urban TJ, Cavalleri GL, Depondt C, 
Need AC, Walley NM, Nicoletti P, Ge D, Catarino CB, Duncan JS, 
Kasperaviciūte D, Tate SK, Caboclo LO, Sander JW, Clayton L, 
Linney KN, Shianna KV, Gumbs CE, Smith J, Cronin KD, 
Maia JM, Doherty CP, Pandolfo M, Leppert D, Middleton LT, 



George Mihai Bădescu et al. 

 

366 

Gibson RA, Johnson MR, Matthews PM, Hosford D, Kälviäinen R, 
Eriksson K, Kantanen AM, Dorn T, Hansen J, Krämer G, 
Steinhoff BJ, Wieser HG, Zumsteg D, Ortega M, Wood NW, 
Huxley-Jones J, Mikati M, Gallentine WB, Husain AM, 
Buckley PG, Stallings RL, Podgoreanu MV, Delanty N, 
Sisodiya SM, Goldstein DB. Rare deletions at 16p13.11 
predispose to a diverse spectrum of sporadic epilepsy 
syndromes. Am J Hum Genet, 2010, 86(5):707–718. 

[58] Mefford HC, Muhle H, Ostertag P, von Spiczak S, Buysse K, 
Baker C, Franke A, Malafosse A, Genton P, Thomas P, 
Gurnett CA, Schreiber S, Bassuk AG, Guipponi M, Stephani U, 
Helbig I, Eichler EE. Genome-wide copy number variation in 
epilepsy: novel susceptibility loci in idiopathic generalized and 
focal epilepsies. PLoS Genet, 2010, 6(5):e1000962. 

[59] Kirov G, Grozeva D, Norton N, Ivanov D, Mantripragada KK, 
Holmans P; International Schizophrenia Consortium; Wellcome 
Trust Case Control Consortium, Craddock N, Owen MJ, 
O’Donovan MC. Support for the involvement of large copy 

number variants in the pathogenesis of schizophrenia. Hum 
Mol Genet, 2009, 18(8):1497–1503. 

[60] Ramalingam A, Zhou XG, Fiedler SD, Brawner SJ, Joyce JM, 
Liu HY, Yu S. 16p13.11 duplication is a risk factor for a wide 
spectrum of neuropsychiatric disorders. J Hum Genet, 2011, 
56(7):541–544. 

[61] Grozeva D, Conrad DF, Barnes CP, Hurles M, Owen MJ, 
O’Donovan MC, Craddock N, Kirov G; WTCCC. Independent 
estimation of the frequency of rare CNVs in the UK population 
confirms their role in schizophrenia. Schizophr Res, 2012, 
135(1–3):1–7. 

[62] Ngo L, Haas M, Qu Z, Li SS, Zenker J, Teng KS, Gunnersen JM, 
Breuss M, Habgood M, Keays DA, Heng JI. TUBB5 and its 
disease-associated mutations influence the terminal differ-
entiation and dendritic spine densities of cerebral cortical 
neurons. Hum Mol Genet, 2014, 23(19):5147–5158. 

[63] Ropers HH. Genetics of early onset cognitive impairment. 
Annu Rev Genomics Hum Genet, 2010, 11:161–187. 

 
 
 
 
 
 
Corresponding author 
Ovidiu Ciobanu, Department of Functional Sciences and Center of Clinical and Experimental Medicine, University 
of Medicine and Pharmacy of Craiova, 2 Petru Rareş Street, 200349 Craiova, Romania; Phone +40351–443 500, 
e-mail: ovidiu.ciobanu@upkbs.ch 
 
 
 
 
 
 
Received: December 12, 2015 

Accepted: June 8, 2016 
 
 


