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Introduction
Attention deficit and hyperactivity disorder 
(ADHD) is classified as a heterogeneous 
neurodevelopmental disorder manifested by 
varying levels of hyperactivity, impulsivity, 
and inattention in humans. According 
to some estimates, the prevalence of 
ADHD has increased up to 30% in the 
last 20  years.[1] Although ADHD is a 
common and highly inherited disease, its 
genetic etiology is not yet fully known. 
Many studies have shown the genetic 
predisposition of ADHD but estimate 
that  the heritability of ADHD ranges from 
50% to 80% and is  not known for sure.[2‑6] 
The 1999 General Surgery Academy report 
on child mental health notifies “For most 
children with ADHD, the overall effects 
of these existing gene abnormalities 
appear negligible. This shows that these 
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Abstract
Attention deficit and hyperactivity disorder  (ADHD) is a neurodevelopmental and neuropsychiatric 
disorder that appears as a subset of attention deficit and different subspecies in which both occur 
together and is generally observed in childhood. Pharmacological agents such as atomoxetine and 
methylphenidate, which are widely used against the disease, appear with different and important 
side effects. Since the causes of the disease are not clearly understood, many studies are carried 
out on various animal models in order to both understand the etiology and develop new treatment 
models. In this review, a holistic approach to ADHD will be presented and advances in animal 
models, neuroimaging, neurodevelopmental, and neurochemical conditions will be presented using 
different perspectives. It is very important to understand how different animal models are effective 
in the development of pharmacological agents. In addition, comparing ADHD with different types 
of disease can detect similarities and further strengthen the etiological basis. Our major proposal 
is to draw attention to the further development of animal models related to the importance of the 
thalamus, which officially sees a filter of perception. Different animal models are needed to do all 
this because the disease is not fully modeled, except for the symptoms of ADHD. The current review 
will conclude that none of the currently discussed models meet all the necessary validation criteria, 
but that newly created genetic models, therapeutic strategies, and the disease mechanism may be 
radically important points.
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nongenetic factors are also important.” [7] As 
our genes have not changed significantly 
over a thousand years, these “non‑genetic 
factors” should explain the increased 
incidence of ADHD. Some of the roles that 
the environment can play in ADHD can be 
listed as follows: maternal obesity, maternal 
smoking, chaotic families, maternal stress 
during pregnancy, and inconsistent‑harsh 
parenting.[8,9] In addition, nutrition can 
be classified as an environmental factor 
and has a critical importance for fetal 
development. Recent studies show a strong 
link between nutrition during pregnancy 
and the risk of having a child with 
neuropsychiatric diseases such as anxiety, 
depression, and ADHD.[10]

Patients with ADHD are generally defined 
in three ADHD subtypes; the first is 
mostly the inattentive subtype (most 
commonly seen in girls), the second is 
the predominantly hyperactive/  impulsive 
subtype (most commonly in boys), 
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and the third is the combined subtype (i.e., includes 
both   inattention and hyperactivity).[11] Especially 
psychostimulants  (such as methylphenidate  [MPH], 
atomoxetine, pemoline, and d‑amphetamine) are used in 
their treatment.[12] There is great interest in developing 
specific animal models to outline specific forms of ADHD 
in order to develop specific therapeutic strategies outside 
of these treatments. ADHD is a neurobehavioral disorder 
of childhood and is characterized by deterioration in 
children’s behavior. The diagnosis of this disease is 
based on behavior. Therefore, when validating an ADHD 
model, it should be based on behavior in the same way. 
The general characteristics of an ADHD model can be 
listed as follows: it must be compatible with a theoretical 
rationale for ADHD (construct validity), predict previously 
unknown aspects of ADHD behavior, genetics, and 
neurobiology in clinical settings  (predictive validity), 
and simulate the basic behavioral characteristics of the 
disease  (appearance validity).[13] The prevalence of ADHD 
is increasing worldwide, and although it is available for 
drug interventions, definitive treatment has not been found 
because most of the underlying etiology is still unknown[14] 
and underlying deficiencies include hyperactivity, attention 
deficit, and impaired neurocognitive events.[15]

The aim of this review is to overview ADHD animal 
models to show the new studies of treatment strategies, 
to draw attention to the lack of animal models used in the 
development of effective diagnosis and treatment methods 
for ADHD, and to provide recommendations along with 
critical deficiencies.

The place of developmental cognitive neuroscience in 
attention deficit and hyperactivity disorder

The tasks of the frontal lobe are to line up incoming 
information, associate current experiences with past 
experiences, monitor behavior, suppress inappropriate 
reactions and   plan for future purposes. These are also 
called executive functions of the frontal lobe. At the core 
of executive functions is the ability to initiate, maintain, 
inhibit attention, and draw attention in another direction. 
Therefore, a frontal lobe dysfunction can cause disturbances 
in impulse control, attention, and/or cognitive activities.[16]

How are actions planned by the brain?

The prefrontal cortex  (PFC) is  the region where attention, 
perception, perceptual analysis, abstract thinking, and 
social behaviors are controlled and converted into 
behaviors; briefly, it organizes the senses from all lobes 
and converts them into behaviors  (works in collaboration 
with amygdala and thalamus). As shown in Figure  1, 
through glutamatergic  and dopaminergic activity, this 
information is transferred to each other by providing 
communication between neurons.[17,18] Primary motor 
cortex is the region where all calculations and decisions 
are made before a move is made  (stop and think before 

doing). Then, the synaptic neurons  (carrying information) 
are coming to the premotor cortex, then choosing the 
appropriate movement  (the region of choosing the right 
move after realizing that it should stop and think). After 
deciding on the appropriate movement, the transition to the 
application to the motor motion area is the primary motor 
area.[19] Managerial functions are motor planning, directing 
attention, changing cognitive sets, monitoring, and adapting 
behavior through attention and process memory and are 
associated with the dopaminergic activity.[17]

The importance of thalamus in attention deficit and 
hyperactivity disorder animal modeling

There are a number of nuclei in the thalamus, and these 
nuclei control the information from the surrounding lobes 
in the postsynaptic connections due to their ganglion 
feature. They act as an association region in transforming 
into behavior and reflect the information to the PFC in the 
conduct of the behavior as a motor. If neurodevelopmental 
nutrition disorders, especially neurochemical activity 
disorders with dopaminergic activity, have occurred in the 
PFC, symptoms that usually occur with ADHD, such as 
incompatibility in emotional response, inability to inhibit 
impulses, neglect of the consequences of their behavior, 
excessive mobility, restlessness and disturbance in attention 
occurs.[17,20] Anterior cingulate gyrus (ACG) located just above 
it, helps manage the organization by disabling irrelevant 
information and enables us to continue our attention. ACG 
acts as a filter for incoming data, separating and classifying 
information.   Furthermore, ACG is the center of our brain’s 
attention and has a connection with the hippocampus, where 
our long‑term memory resides, through a thick fiber node 
called the cingulum. Moreover, the thalamus translates the 
information reflected from all these regions by sending to the 
motor activity of the behavior into the frontal cortex.[21‑23]

Based on these, for the most suitable animal model of 
ADHD the  criteria and recommendation can be made as 
below:

Figure 1: Relationship between dopamine transporter and growth factor. 
The importance of dopamine transporter in driving cellular activation in 
the postsynaptic membrane and the importance of working in cooperation 
with growth factors[18]
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1.	 The model must fit a theoretical rationale for 
ADHD  (construct validity): Two principle behavioral 
processes that are claimed to be major constitutive 
components in ADHD etiology, prereinforced behavior 
ought to be demonstrated

2.	 The model should imitate the fundamental behavioral 
characteristics  (visual validity) of ADHD, impulsivity 
ought not be present at the beginning and should develop 
gradually over the long run, continuous attention deficit 
ought not be observed only when stimuli appeared at 
wide intervals over time, hyperactivity ought not be 
observed

3.	 The model should be neurodevelopmental, a 
prehereditary model

4.	 The model ought to anticipate new parts of 
ADHD conduct, hereditary qualities, and 
neurobiology (predictive validity).[24]

Although there is a human‑like effect in the rodent brain 
in ADHD, this biochemical balance is different from each 
other since the thalamus and ACG in the human brain 
are more developed. In particular, dopaminergic neurons 
project from the ventral tegmental area and substantia nigra 
to the prefrontal cortex and then to the dorsal striatum. The 
filtering center in these projected neurons is the ACG, but 
in ADHD models, the models may be inadequate because 
this part is underestimated [Figure 2].[25]

The importance of imaging studies in animal modeling

Anatomical differences were found in people with this 
diagnosis in imaging studies. Among the detected findings, 
differences such as PFC, orbitofrontal cortex, basal ganglia, 
some parts of the corpus callosum, cerebellum shrinkage, 
and thus decreased functionality were found.[26‑30] Total 
brain volume also decreases, especially in individuals with 
ADHD.[25,31] Studies are carried out to determine whether 
this reduced volume is due to the neuronal network, or 
genetically based or related to brain neurochemistry, and 

animal models that are suitable for this research started to be 
created. Clinical proof focuses to some degree to diminished 
capacity of the striatum, but it is not well understood 
how specific genes are expressed differently and do not 
predispose to ADHD how they shape striatal physiology.[32] 
The PFC includes the anterior cingulate cortex (ACC), and 
this area plays major roles in learning  (knowledge) and 
cognition.[32‑35] For this reason, PFC hypoactivation and 
disinhibition  (malfunctioning) can cause PFC‑related 
cognition degradation.[36] Medial PFC  (mPFC) and ACC 
are regions associated with preparatory attention in which 
phasic responses are both inhibitory and stimulating; this 
suggests that differential afferent regulation in putative 
PFC pyramidal cells is important for the preparation step. 
It also receives dopaminergic inputs from the ventral 
tegmental area, which is necessary for optimal cognitive 
function in the deep layers found in the rat PFC. Thus, 
the neurotransmitter dopamine  (DA) is a neuromodulator 
of mPFC function, and it can be concluded that DA 
receptor transcripts are expressed more densely in the V‑VI 
layers than other superficial or intermediate layers of the 
mPFC.[37,38]

DA release can activate G‑protein‑coupled receptors 
such as D2‑like  (D2, D3, and D4) and D1‑like  (D1 and 
D5) DA receptors. While the D1‑like receptor‑mediated 
pathway enables Gs‑type G proteins, which are stimulus (s) 
and positively bind to adenylate cyclase  (AC), to be 
activated; however, the D2‑like receptor‑mediated 
pathway enables inhibitor  (i) and G‑type G proteins 
that are negatively bound to AC to be activated. 
Briefly, activation of the DA receptor‑mediated 
pathway provides regulation of adenosine‑cyclic 
monophosphate  (cAMP)‑concentration‑dependent 
signaling pathways. In addition, cAMP activates protein 
kinase A  (PKA), which is known to play an important 
role in neuronal synaptic plasticity.[39,40] One of the basic 
pathophysiological models of ADHD studied to date is 
the hypo‑dopaminergic hypothesis. In this context, it is 
well known that too low or too high D1 stimulation levels 
can impair memory and attention behaviors and lead to 
diseases.[36,41,42] Imaging studies can also provide us wide 
information about reaching the most possible result that 
can be achieved on comparing different animal models in 
different therapeutic effects. Furthermore, radiolabeling 
studies have showed that both cocaine and MPH share 
analogous forms of attachment within the dopaminergic 
system  (e.g., nucleus accumulators, etc.) involved in 
repeated substance use and euphoria.[43‑45]

The importance of animal modeling

The most frequently cited principles of animal models 
were proposed by McKinney and Bunney[46] about 
50  years ago. According to what has been known since 
1969, an animal model to be ideally classified should be 
similar to the disorder to be modeled in terms of etiology, 

Figure 2: Molecular neurochemistry and anatomy of attention deficit and 
hyperactivity disorder in rodent brain. Dopaminergic neurons and glutamate 
neurons connect up to the prefrontal cortex. While both types of neurons 
have an excitatory effect from the ventral tegmental area and substantia 
Nigra (SN, A9) to the citriatum, GABA neurons have an inhibitory effect 
from the thalamus to the citriatum and nucleus accumbus[25]
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symptomatology, biochemistry, and treatment.[46] Animal 
models offer many advantages when studying diseases. 
A  few of them are as follows: For brain‑based diseases, 
they provide the opportunity to work on simpler nervous 
systems, exhibit easily interpretable behaviors, offer an 
easily controlled environment, provide genetic homogeneity, 
and allow various interventions that cannot be performed 
on humans. On the other hand, in animal models of ADHD, 
it has appeared as a crucial tool for understanding the 
contribution of maternal nutrition to prenatal programming, 
the development of three macronutrients  (protein, fats, and 
carbohydrates), and subsequent neuropsychiatric disorders. 
Therefore, the importance of exposure periods reflecting 
the neurodevelopmental stages of human gestation in 
emphasizing the translational aspects of animal models is 
very important. Nutritional programming of neurobehavioral 
disorders constitutes a solid basis of preclinical studies; 
in addition to neurodevelopmental disorders due to 
neurodevelopment, synaptogenesis, and synaptic plasticity, 
changes in risk assessment and response have also been 
observed.[11] According to the findings from previous 
studies, several rodent models led to the emergence of 
ADHD‑like symptoms, including DA receptor 4 (D4R)‑KO 
mice, DA transporter  (DAT)‑knockout  (KO) mice, and 
spontaneous hypertensive rats  (SHR). In addition, a 
hyperactive mouse line was established through phenotypic 
selection performed over multiple generations, according to 
a new animal model. Consequently, the relatively simple 
nervous systems of rodent models enabled the identification 
of neurobiological changes underlying certain aspects 
of ADHD behavior. In this way, the formation of animal 
models is important and needs to be studied further.[47‑51]

Pedigree differences in animal models

The results obtained in behavioral pharmacology studies 
with genetic interventions raised the question whether there 
may be differences in basal and postintervention responses 
in models depending on the lineage of animals, and there 
may also be differences in ADHD models due to lineage. 
As an example, the most studied ADHD model is the SHR 
showing inattention, hyperactivity, and impulsivity,[52] but 
the behaviorally SHR model known to be limited in two 
significant respects:
1.	 The animal model was bred for hypertension, so to 

separate the factors that result from the hyperactivity of 
hypertension

2.	 SHR does not have a suitable control type to statistically 
determine whether phenotypic differences between lines 
are associated with hyperactivity or other factors.

The control strain Wistar‑Kyoto  (WKY) rat, commonly 
used in this direction, shows activity levels below other 
rats, so it has been proposed and used as a model of 
depression.[53‑56] On the other hand, studies of animal 
models of three different lineages compared, due to the 
lack of receptors shed light on the selection of the correct 

lineage to better treat and understand the disease. For 
example, comparing the ideal animal models  (SHRs) for 
ADHD subtypes, WKY rats, and behavioral differences 
between Sprague‑Dawley  (SD) rats, the SHR model is 
an ideal animal model for the mixed subtypes of ADHD. 
Especially glucocorticoid receptor (GR) functions have an 
important place in ADHD models behavior. On the other 
hand, further studies are required to determine whether 
WKY rats can be used as an ideal model for ADHD. The 
existing GR agonist can effectively correct nonselective 
attention and spontaneous activity in SHR rodent models.[57]

The Animal Models of Attention Deficit and 
Hyperactivity Disorder
The most widely used Napoli high and low inducible 
rat lines have been used on the basis of behavioral 
arousal  (Làt‑maze) versus novelty since 1976.[58] The 
five‑preferred series reaction time task  (5CSRTT) is also 
a psychologically used laboratory behavioral test.[59] Poor 
performers in the five‑prefer serial reaction time task and 
Napoli high excitability rats are more useful models for 
ADHD compared to other animal models which focus on 
less important signs of hyperactivity. Furthermore, it may 
have limited value   due to ADHD‑like behavior is shown 
or are manufactured in a way but that does not lead to a 
clinical diagnosis of ADHD in humans. This behavioral 
ADHD does not meet the criteria for animal models and is 
therefore excluded from the current review. These excluded 
animal models include the Napoli highly excitable rat, the 
WKY Hyperactive rat, the acallosal mouse, the hyposexual 
rat, the PCB‑exposed rat, the lead‑exposed mouse, and the 
rat reared in social isolation. With these excluded models, 
new models have started to be created. SHR meets most of 
the validation criteria and provides good comparison with 
clinical ADHD cases.

Model of attention deficit and hyperactivity disorder 
due to dopamine transporter gene deficiency

DAT carrier KO mice are important as one of the few 
transgenic animal models of developed ADHD disease. It 
is a model developed according to the suggested role of 
DA in ADHD. Administering the specific MPH drug to this 
model reduces hyperactivity and improves learning in both 
DAT‑KO mice and patients with ADHD. This model was 
also created by combining heterozygous pairs of C57BL/6J 
strain DAT‑KO mice to produce wild type and homozygous 
DAT‑KO animals.[60]

Attention deficit and hyperactivity disorder model due 
to increased ataxin‑7 gene expression

Ataxin‑7  (Atxn7) has been proven to be a gene associated 
with hyperactivity. In a study, mice overexpressing an 
Atxn7 gene (Atxn7 OE) were created to investigate whether 
increased expression of Atxn7 in the brain is associated 
with ADHD‑like behavior. When looking at the methods 
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used, immunofluorescence and quantitative real‑time 
polymerase chain reaction  (RT‑PCR) methods confirmed 
the overexpression of the Atxn7 gene and protein in the 
PFC and striatum (STR) of Atxn7 OE mice, and Atxn7 OE 
mice showed hyperactivity, but did not show impulsivity. 
In particular, the ADHD drug atomoxetine  (administered 
intraperitoneally 3 mg/kg) reduced ADHD disease‑like 
behavior and Atxn7 gene expression in the PFC and STR 
of these modeled mice. These findings show that this drug 
plays a role in the pathophysiology of Atxn7. It has also 
been revealed that Atxn7 OE mice can be used as one of 
the hyperactive‑impulsive phenotypes of the ADHD animal 
model. This study also provides valuable information on 
the potential genetic basis of ADHD, which is not fully 
known. As is known, ADHD can mostly be detected 
behaviorally. The emergence of genetic foundations has an 
important place in terms of science.[61]

Model of attention deficit and hyperactivity disorder 
linked to dopamine concentration and receptors

Discovering genes is important in ADHD. Studies in this 
direction have found several relationships between various 
monoaminergic genes and polymorphisms in ADHD. These 
include genes and polymorphisms such as DA D1, D4, 
and D5 receptor  (DRD1, DRD4, and DRD5) genes, DA 
norepinephrine  (NE), a2‑adrenoceptor gene, and serotonin 
transporter (DAT1, SERT1, and NET1).[62,63] In these models, 
the system was functionally disrupted, and in some animal 
models, extracellular DA concentrations and upregulated 
postsynaptic DA D1 receptors  (DRD1) decreased while 
others increased extracellular DA concentrations. DA 
pathways are suggested for ADHD models. However, DA 
release of DA stimulation is impaired in these models, 
which is associated with impaired DA delivery. The 
aspects of its behavior in ADHD models may be due to the 
imbalance between decreased dopaminergic and increased 
noradrenergic regulation of neural circuits involving PFC. 
The aspects of its behavior in ADHD models may be 
due to the imbalance between decreased dopaminergic 
and increased noradrenergic regulation of neural circuits 
involving PFC. There is evidence that psychostimulants 
can reduce motor activity by increasing serotonin levels, 
which increases the importance of these drugs in ADHD. 
Besides explaining the neurobiology of ADHD and its 
relationship with genes, these animal models can also be 
used to test new drugs that can be used to alleviate ADHD 
symptoms. These include new psychosocial additions to 
be found. One of the approaches that can be applied to 
model the symptoms of ADHD in experimental animals 
is to damage the dopaminergic pathways using 6‑OH‑DA 
in developing rats. The pathophysiological mechanism of 
ADHD is not fully known, as previously mentioned. In 
particular, the role of synaptic transmission systems is not 
fully understood. However, due to the downregulation of 
DA D1‑like receptor pathways of GABAergic interneurons 
in ACC, the results obtained with the SHR animal 

model in the studies performed show that; dopaminergic 
activity stands out when looking at the differences in DA 
modulation of GABAergic transmission recorded from V 
layer pyramidal cells compared to WKY rats in the control 
of SHR    animal models. In WKY rats, both miniature 
and spontaneous inhibitors increase the frequency of 
postsynaptic currents  (for example, mIPSCs and sIPSCs, 
respectively), although this failure to work in SHRs 
brings along the inadequacy of the model. Similarly, the 
neuronal network amplitude of amplified IPSCs  (eIPSCs) 
increased by DA in WKY rats comparing to SHRs. DA 
also increased the amplitude of unitary IPSCs  (uIPSCs) 
that were larger than SHR patterns in WKY rats. Based 
on the observations made in the study, it can be concluded 
that D1‑like receptor pathways hold promise in ADHD 
as potential regulators mediating these modulating 
effects.[64] In another study, atomoxetine’s therapeutic 
effects on motor activity were studied. The expression of 
the DA D2 receptor with atomoxetine and the effects on 
ADHD was investigated. Young male SHR was used. As a 
result, it was observed that daily atomoxetine at a dose of 
1 mg/kg continuously improved the motor activity. Thus, it 
was found that treatment with atomoxetine significantly (in 
a dose‑dependent manner) decreased DA D2 expression in 
the hypothalamus of the PFC, striatum, and SHRs. In other 
words, hyperactivity in young SHRs can be improved by 
treating with the drug atomoxetine via DA D2 receptors, 
which is important for ADHD disease.[65] On the other hand, 
not only DA receptors but also other receptor mechanisms 
are important in ADHD modeling and many mechanisms 
depend on the receptors.

Sprague ‑  Dawley acute dopamine depletion model in 
rats

McDougall et  al.[66] used a protocol in 2005, 2 h 
apart rodents from the tyrosine hydroxylase inhibitor 
α‑methyl‑DL‑p‑tyrosine  (AMPT) group get two 
intraperitoneal injections of AMPT (25 mg/kg each). After, 
locomotor activity was detected for 30  min to validate the 
animal models which placed in open‑field boxes to monitor.

Due to   the effects of TAT‑DATNT, animals were placed in 
open field boxes for 15 min after induction of DA depletion. 
The animals were then given an intracranial injection of 40 
nmol of TAT or TATT‑DATNT. The rodents were returned 
to the open field rooms for 60‑min recording session. As a 
result, the TAT‑DATNT peptide improved spontaneous and 
locomotor behavior in SHR rats.[66,67]

The model of primary cortical astrocyte culture

In the DAT mutant and knock‑out models in which 
astrocytes are cultured, the findings of neurogenesis, the 
importance of the GABAergic system on the nutrition of 
the region and neuronal networks, and the relationship 
between glial GABA and cortical tonic inhibition with the 
disease have clearly been revealed.[68]
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Naples high volatility model

The Naples high volatility  (NHE)   model is a different 
model used to demonstrate ADHD. These rodents have 
a balanced cortical and an upgraded limbic cycle in 
their cerebrums. NHE rats show the distinctive roles of 
the dorsal  (lower coding of repetitive stimulus‑reward 
relationships to a habit) and ventral  (increased value 
is given to true primary reward) striatum. As a result, 
this model has emerged as a model that can be used for 
gambling disease in ADHD and revealed that the dynamics 
in the reward system can be associated with reduced 
attention to pathological gambling.[69]

Model of attention deficit and hyperactivity disorder 
in constitutive adhesion G protein‑coupled receptor L3 
knockout mice

Adhesion G protein‑coupled receptor L3  (LPHN3 and 
ADGR  L3) has been associated with ADHD in several 
ways. In a study, the characteristics  (impulsivity, gait, 
locomotive activity, recognition memory, sociability 
and visuospatial, anxiety‑like behavior, and aggression) 
were investigated in mice with ADGRL3 deficiency in 
many behavioral areas related to ADHD. As a result, the 
combination of behavioral and transcriptomic findings has 
been confirmed to be an experimental animal model of 
ADHD in constitutive ADGRL3 KO mice. According to 
the data obtained, changes in gene expression in the DA 
system provide information to support the interspecies link 
between ADGRL3 inactivation and the abnormal function 
of the DA system. It also supports and justifies studies 
in ADGRL3 transgenic animals to reveal significant and 
biologically relevant gene expression changes in the PFC 
and striatum. In addition, future transgenic animal models 
created using more different techniques as CRISPR‑Cas9 
will lead to the generation of variants as ADGRL3 
associated with disease. In this case, it is thought that 
specific noncoding polymorphisms in this gene can provide 
more detailed information about how the ADHD model can 
emerge.[70]

Other genetic factors

Other genes that are effective in ADHD etiology are in 
the serotonergic system: Adrenergic receptor genes such 
as tryptophan hydroxylase gene, dopa decarboxylase gene, 
alpha 1C (ADRA 1C), and alpha 2C (ADRA 2C), are the step 
of a third stimulus in serotonin synthesis.   In addition, not 
only genetics but also receptor and enzyme activity encoded 
by genes are important. Furthermore, DA neurochemistry 
is very important in ADHD neurophysiology, and there 
are five DA receptors. The enzyme that catalyzes the D3 
receptor is DA B Hydroxylase, tyrosine hydroxylase for 
the D4 receptor, catechol‑O‑methyl‑transferase for the 
D5 receptor, and monoamine oxidase catalyzes the DAT 
gene, and its receptors. In addition, a relationship was 
found between the 5‑HTT  (serotonin transporter) gene 

and ADHD.[71,72] It has been shown that the A1 allele of 
the DA D2 receptor gene  (DRD2) known to be located 
on chromosome 8  (on the long arm) may be important in 
ADHD. The A1 allele was detected in 46.2% of patients 
with ADHD, and it was stated that this gene plays a role 
in ADHD as a modifier rather than an etiological factor. 
While the D2 receptor is also observed in the striatum, it is 
found in moderate amounts in the hippocampus, amygdala, 
and thalamus. It is known that the D2 receptor is at a low 
level in the PFC.[73] In individuals with ADHD, it has been 
reported that single‑photon emission computed tomography 
is associated with DA‑carrying receptors.[74‑76] An even 
lower than normal level of DA in humans causes various 
neurodegenerative disorders and ADHD.[77] When it is at a 
higher level than normal, it causes other disorders due to 
abnormal functioning brain functions, and the DRD2 gene, 
one of the five receptors of DA, has the effect of the Taq 
A1 Allele (rs1800497 polymorphism).[78] All of these genes 
constitute the epigenetic mechanisms of ADHD because 
these receptors provide mRNA stabilization and form the 
neurodevelopmental basis in the PFC. The production 
of new neurons from the mother’s womb to adulthood 
and the epigenetic mechanisms that are integrated with 
dopaminergic activity are tried to be elucidated by various 
imaging and physiological examinations and animals are 
made through these models. When looking at the neuron 
cell, the protein and gene expressions required for the 
formation and development of neuronal networks can also 
be maintained with the help of neurochemistry by the work 
of these receptors and genes, and histone modifications 
are also required to be studied at the molecular level. The 
conclusion that can be drawn from this is that more animal 
studies are needed for ADHD on genetic factors.

Potential Therapeutics in Attention Deficit and 
Hyperactivity Disorder Treatment
Since ADHD is defined as a neurocognitive disease 
with behavioral symptoms as inattention, hyperactivity, 
impulsivity, and working memory defects, the 
neurocognitive approach in animal models makes a very 
important contribution to the development of treatment 
modulation. The most common mechanism of treatment 
known for this disease includes stimulant drugs  (e.g., 
MPH and atomoxetine), and the mechanism is blocking 
the DAT and increases synaptic DA.[79,80] While these 
pharmacological agents are beneficial in this disease, they 
cause a variety of side effects, including risks for future 
substance use disorders in ADHD patients. For this reason, 
studies with various active substances were carried out in 
animal models to create new treatment options.

In a study, it was used an interfering peptide (TAT‑DATNT) 
to cleave a protein complex composed of the interaction 
between DAT and the DA D2 receptor  (D2R). Locomotor 
behavior was found to be increased in SD rats. It has 
been found that the degradation of D2R‑DAT increases 
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the level of extracellular DA, especially when in  vivo 
high‑performance liquid chromatography and microdialysis 
are used. More importantly, the TAT‑DATNT peptide 
significantly reduced hyperactivity and   improved 
spontaneous transition behavior in the SHR model in 
a common ADHD animal model. A  different way of 
regulating the activity  (i.e., other than direct inhibition by 
a DAT inhibitor) of dopaminergic neurotransmission and 
DAT and a potential target site for the future development 
of ADHD treatments are presented in this study.[67] Given 
DA dysregulation and the effect of DAT on ADHD, better 
results can be demonstrated by comparing whether the 
D2R‑DAT protein complex is a suitable treatment target 
for ADHD in different animal models. Consequently, this 
study investigated whether the TAT‑DATNT peptide would 
have any beneficial effect on ADHD‑like symptoms  (i.e., 
impaired working memory and hyperactivity) in the widely 
used rat model of D2R‑DAT disorder, ADHD SHR, and 
positive results were found. Likewise, studies with different 
proteins can be said to be promising. In another study, 
the SHR ADHD rat model was used and morphological 
changes were tried to be found during in vitro development 
of frontal cortical neurons in comparison with the control 
group WKY rats and the effects of adenosine A2A  (A2AR 
and A1R), A1, and caffeine receptors signals were 
investigated. Cortical neurons cultured from WKY rat and 
SHR treated with caffeine or A1R and A2AR agonists 
or antagonists after analyzed by immunostaining for tau 
proteins (microtubule‑associated protein) and protein 2.

Furthermore, the involvement of PI3K, not PKA signaling, 
was evaluated in this study. Importantly, frontal cortical 
neurons have been isolated for the first time from the 
ADHD model, which has been shown to cause impairments 
in differentiation and growth. It increases the potential 
of caffeine and A2AR receptors as an adjuvant for the 
treatment of ADHD, showing that A2AR and caffeine can 
act as a neuronal level capable of maintaining the growth of 
ADHD neurons.[81] Agents that can be used to increase the 
effects of different drugs that can be produced for ADHD 
in the future have been revealed.    Furthermore, in another 
study, male SHRs  (4  weeks old) and normal control WKY 
rats were used to find expression profiles of lncRNAs in the 
hippocampus from an ADHD model using SHRs, and rat 
brains were subjected to some testing. Microarray analysis 
technology was used to determine the expression profiles of 
lncRNAs and mRNAs in SHRs and WKY rats;   then, the 
differentially expressed lncRNAs were verified by RT‑PCR. 
Gene Ontology  (GO) and pathway analysis  (for expressed 
mRNAs or nearby genes) was used to determine the possible 
functions of lncRNAs in ADHD disease. In results, a total of 
267 differentially expressed 311 mRNAs and lncRNAs (123 
downregulated and 144 upregulated) were identified in 
SHRs compared to WKY rats. RT‑PCR analysis was used 
on selected 15 lncRNAs and was confirmed. GO and Kyoto 
Encyclopedia of Genes and Genome pathway analyzes have 

shown that irregular lncRNAs in the brain play a role in 
neuronal function and maintenance, as well as development 
processes. The close relationship between differentially 
expressed lncRNAs and mRNAs was revealed by 
co‑expression network analysis. In addition, the expression 
analysis system of disordered lncRNAs, downstream genes, 
and the organization of memory and learning showed 
that lncRNA NONRATT0006598.2 is associated with the 
Baiap2 gene, which may be involved in ADHD progression. 
The findings have the potential to contribute significantly 
to the advance of ADHD disease and to find possible 
therapeutic targets for lncRNAs and mRNAs and ADHD 
treatment.[82] LncRNAs  (transcripts with not translated into 
protein and their lengths exceeding 200 nucleotides) and 
protein‑encoding mRNAs could have a potential therapeutic 
effect for future ADHD therapy. In another study, the effect 
of catalpols  (ingredient of Rehmanniae radix preparata, a 
Chinese medicinal herb) behavior and neurodevelopment on 
the ADHD SHR animal model were investigated. SHR was 
divided into some groups such as the SHR group, catalpol 
group  (daily 50 mg/kg), MPH group  (daily 2 mg/kg), 
and WKY rat group. With the findings obtained from this 
study, it was revealed that catalpol can effectively improve 
hyperactive and impulsive behavior and that catapol in 
ADHD can improve spatial learning and memory in SHR, 
which is a widely recognized animal model.[83] Hence, 
the Chinese traditional herb was found to be an effective 
therapeutic for AHDH. Studies have been conducted except 
for bioactive compounds found as therapeutic agents that 
can be used in ADHD treatment.

On the other hand, it turned out that a physical acoustic 
noise with the effect of external exposure can create a 
different effect that can treat this disease. This study was 
conducted on the SHR model of ADHD investigated 
how acoustic noise affects brain activity. Neuronal 
immunohistochemical staining and markers of plasticity, 
ΔFosB, and Ca2/calmodulin‑dependent protein kinase II of 
Wistar rats (n = 24) and SHR (n = 16) were evaluated after 
the exposure to repeated ambient silence or acoustic noise. 
Furthermore, SHR  (n  =  6) was repeatedly treated with 
MPH. As a result, it showed that the applied acoustic noise 
shifts a decreased neuronal activity in the core accumulator, 
tuberomammillary nucleus, and dorsolateral PFC in SHR to 
normal activity levels in mated rats. This result can explain 
why noise is selectively beneficial in ADHD.[84] In this 
way, studies carried in animal models of ADHD, and the 
positive results obtained seem to have potential therapeutic 
properties in the future. These results should be supported 
by further studies and phase studies should be started.

Pharmacological Effects and Animal Models
There are many medications used to treat ADHD. These 
drugs are known to affect different mechanisms and the 
use of these drugs in different ways has been tested in 
experimental animals. Current drugs used for the treatment 
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of this disease function mostly by regulating brain DA 
and/or NE levels. For example, MPH, the most effective 
and frequently prescribed drug for ADHD, functions as a 
psychostimulant that stimulates DA release in the central 
nervous system and inhibits its reuptake, thus enhancing 
the temporal and spatial presence of DA at postsynaptic 
receptors. On the other hand, as a nonstimulant drug, 
atomoxetine is also widely used in ADHD and different 
neural diseases with its NE reuptake inhibitor function. 
The reduction of ADHD symptoms by atomoxetine could 
possibly be associated with levels of NE and DA in 
the PFC, as well as its effects on cognition and arousal 
in attention. These mechanisms may be mediated by 
activation of NE a‑2 and/or DA D1 receptors.[34,85‑89] In 
addition, recently, it can be said that both atomoxetine and 
MPH cause an increase in cortical histamine release in rats, 
and it was observed that MPH was more effective when 
these two substances were compared in this study.[84] One 
study found that atomoxetine supports the hypothesis that it 
can evolve cognitive function. The drug atomoxetine  (NE 
reuptake inhibitor) was involved in histamine release, and 
it is found that it can be used for the treatment of cognitive 
deficits associated with neuropsychiatric disorders and 
ADHD.[90] There are also reports in contrast to MPH given 
at low doses and at high doses. SHR cannot offer the same 
therapeutic effects on hyperactivity behavior in rats.

Therefore, similar observations were made in SHR rats at 
a high dose  (comparing with the other) of TAT‑DATNT 
(4.0 nmol) by trying different dose effects, on hyperactivity 
a U‑shaped dose‑response curve was seen in SHR, 
but when given much higher than this dose, MPH, 
on the contrary, it increases excessive dopaminergic 
neurotransmission and fulfills the stimulating effects 
observed in SHR rats.[67,91,92] Although WKY rats reported 
higher levels of DAT in the striatum of SHR rats at 
2 weeks of age compared to WKY rats when compared to 
a control strain for SHR rats,[93] there was no significant 
difference in overall D2R or DAT levels between SHR 
and WKY rats. TAT‐DATNT administered in the same 
dose and had no effect on locomotor activity in WKY 
rats. Unlike it had dopaminergic effect on the SD rat 
strain. On the other hand, TAT‑DATNT has been found 
to be dose‑dependent and likewise, the effects of MPH 
on WKY rats are dose dependent.[94,95] On the other hand, 
L‑threo‑dihydroxyphenylserine  (L‑DOPS) for ADHD 
is a NE prodrug that increases brain NE and DA levels. 
A  study aimed to measure the effects of this drug on 
ADHD‑like behaviors in rats and its effects on PFC and 
DA neurons in the ventral tegmental region. Therefore, 
behavioral tests and electrophysiological tests were applied 
on rats. In addition to the L‑DOPS drug, the peripheral 
amino acid decarboxylase inhibitor benserazide  (BZ) 
also participated in the experiments in this study. In 
conclusion, in behavioral tests, BZ  +  L‑DOPS improved 
the hyperactivity, impulsive action, and inattention of 

adolescent SHRs (SHR/NCrl) (well‑validated animal model 
of combined ADHD type). BZ  +  L‑DOPS also resulted 
in impulsive selection and reduction of impulsive action 
in Wistar rats, but did not improve inattention of Wistar 
Kyoto rats  (WKY/NCrl)  (predominantly inattentive type 
proposed model). It was emphasized that the L‑DOPS drug 
has effects on PFC and DA neurons and BZ  +  L‑DOPS 
can be an alternative treatment for ADHD.[96]   According 
to positive results from the studies, it is important to 
understand how the drugs are effective and how they show 
effects with combined therapies. Therefore, more studies 
should be conducted, and new treatment strategies for 
ADHD should be investigated.

The Importance of Animal Modeling in Other 
Diseases That May Occur with Attention Deficit 
and Hyperactivity Disorder
ADHD is a disease that can be seen together in different 
diseases. First, it can be seen with different mental and 
cognitive disorders  (difficult to learn, abnormal social 
behavior, anxiety, and depression), but on the other 
hand, it has been found that it may also be associated 
with other diseases.[97] Most of the mechanisms and 
causes of the different disorders in the presence of this 
disease are unknown. Studies have been conducted to 
determine these and further studies are needed. ADHD 
was frequently reported in children with allergic rhinitis in 
screenings.[98‑100] A study was conducted by Suzuki et al.[101] 
after the classical model of 6 hydroxydopamine (6‑OHDA) 
of Heffner and Seiden[102] was created.[101,102] They found 
that the 6‑OHDA treatment treated the rats and the rat 
group treated with 6‑OHDA had more than 6‑fold higher 
locomotor hyperactivity on a postnasal day 46 compared 
with controls. They reported that they showed an increase. 
In this study, the impairment of hyperactivity was also 
observed in rats with 6‑OHDA lesions.[100] In addition, 
it has been suggested that rats with 6‑OHDA lesions 
have difficulty coping with sleep induction, suggesting 
difficulty in sleep induction in ADHD, in line with the 
previous reports.[103] With the application of publication 
therapies for ADHD in animal models, information is also 
obtained on whether they will cause other diseases in the 
future. Despite the clinical efficacy of pharmacological 
therapeutics, concerns remain about probable drug use and 
the risks, so more studies should conduct to eliminate these 
concerns.[104‑106] It was investigated whether the function 
of glutamatergic α‑amino‑3‑hydroxy‑5‑methyl‑4‑isoxaz
olepropionic acid receptors  (AMPARs) and expression 
change in ADHD SHR models; AMPAR‑mediated 
synaptic transmission was observed in hippocampal 
excitatory synapses on hippocampal slices in SHR models. 
Immunogold labeling densities of AMPAR subunits 
GluA2/3 and GluA1 were measured. They showed that this 
reduced AMPAR‑mediated synaptic transmission in stratum 
and stratum radiatum origins  (in CA3‑CA1 pyramidal cell 
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synapses) on SHRs compared to control rats. In result is 
shown, in part, that learning changes in individuals with 
ADHD in AMPAR dysfunction, which probably involves 
molecular changes in the hippocampus, and this is an 
important detail. Napoli high volatility  (NHE) model is an 
animal model utilized in displaying ADHD using. These 
rodents have a balanced cortical and an upgraded limbic 
cycle in their cerebrums. ADHD and its accompanying 
pathological gambling include similar deficiencies of 
prefrontal‑striatal dialogue. In one study, experiments were 
conducted to reveal whether NHE rats  (NRB compared 
to normal randomly bred rats) are a useful model for 
the gambling vulnerability that exists in ADHD. Results 
obtained in NHE rats show the distinctive roles of 
the dorsal  (lower coding of repetitive stimulus‑reward 
relationships with a habit) and ventral  (increased value 
to true primary reward) striatum. As a result, it has been 
revealed that the dynamics in the reward system can be 
associated with decreased attention versus pathological 
gambling.[69,107]

Also, Fragile X syndrome  (FXS) is caused by a mutation 
in the X‑linked gene FMR1. FMR1 encodes the fragile X 
mental retardation protein, an RNA binding protein that 
regulates protein synthesis. In FXS syndrome commonly 
ADHD and ADHD‑related symptoms are seen. In a study 
of α2‑agonists clonidine and clonidine witch normally used 
in ADHD, was tested on FXS. FMR1 KO mice  (emerges 
as inherited form of mental retardation) were used. 
Findings found that clonidine is a stimulus to combine with 
behavioral therapies based on positive reinforcement and 
changes procedural behavior.[108] With different diseases, 
ADHD can occur and as seen in this previous study some 
properties that have good effects on ADHD can help 
recovery in other diseases. 

Investigating the causes of these different disorders and 
deficiencies with studies conducted is an important factor 
in finding new treatment options. When recent studies are 
examined, the effects of disorders such as allergic rhinitis, 
AMPAR dysfunction, FXS, and pathological gambling 
in animal models have been examined. In this way, new 
treatment opportunities can be improved both for the other 
diseases and ADHD. For  example, based on the appearance 
of AMPAR dysfunction, different targeted treatment models 
can be created for the treatment of ADHD.

Behavioral Analysis and Tests in Attention 
Deficit and Hyperactivity Disorder Animal 
Modeling
It is very important to apply behavioral tests as a 
complement to the experimental method in studies aimed 
at elucidating treatment or disease mechanism for brain 
diseases. The reason for this is that the brain is a part that 
reflects all our operational activities that make up us, unlike 
diseases, in other body parts, and we have the chance to 

analyze this reflection with the best behavior patterns. There 
are many tests and observations in terms of behavioral 
interpretation for ADHD. In order to question the accuracy 
of the modeling, they also offer the opportunity to comment 
on the clinical comparison with the patient and on the 
questions of whether it can treat the disease symptomatically 
or how it can design it to completely eradicate the disease. 
These tests, in the general framework of ADHD, can be 
measured in the animal, together with brain imaging and 
electroencephalography  (EEG), in behavioral tests, it is 
possible to observe which brain region the animal has 
impulsivity, hyperactivity, sociality, anxiety, memory and 
attention disorders.[109] The passage of DA and NE, which 
affects PFC function, is impaired in ADHD patients. Primary 
drugs used in ADHD treatment increase NE and DA 
delivery. Existing psychostimulants  (e.g., pemoline, MPH, 
and d‑amphetamine) which is used to target dopaminergic 
systems, and pharmacological treatments, and these are 
mostly used.[110,111] The behavioral effects of these drugs 
on experimental animals can also be examined by various 
methods. Experimental animals are kept in cages with a 
camera system for behavioral analysis of drugs given to the 
model because the effect of the drug on the locomotor activity 
and the type and count of the movements in stereotype 
activity and the relationship between the disease and the 
drug is behaviorally clarified.[112] Behavior ethogram consists 
of the following types of behaviors: Upbringing  (head lift 
raised on hind legs), sniffing upside down  (nose contacting 
the ground), widespread movement  (it can be measured 
with the periodicity of the transition of the home cage), 
face washing  (forward from ears to nose and mouth), 
back‑moving  (forelimbs), grooming  (cleaning itself paws 
or mouth), rotation  (hanging from the front legs with the 
mouse and drawing rapid close circles on the top bars of the 
cage), immobility (no visible movement of the animal), stick 
grip (hanging from the front of the cage from the grid on the 
cage), circling  (following a circular path at cage floor), and 
digging  (using front legs and move the sawdust).[113] In one 
study, an analysis on the sum of all behavioral stereotypes 
observed for a measure of stereotype expressed by each 
strain of mice injected with d‑Amphetamine and the 
serotoninergic agonist 2,5‑dimethoxy‑4‑iodoamphetamine 
in relation to ADHD, specifically breeding and up‑down, 
it has been reported that sniffing is common. It has also 
been observed that the serotonergic drug shows catatonia 
in animals differently. An ideal and reliable animal model 
should show all the symptoms present in ADHD patients 
in animal models and respond similarly to the same 
pharmacological interventions. Currently, none of the existing 
animal models of ADHD develop specifically to model the 
neurodevelopmental changes that occur in behavior initiation 
and progression, nor do they model various aspects of 
behavioral and executive functional symptoms.[114‑116]

Among the ADHD animal models, the most commonly 
used ADHD model is defined SHR, but instead the most 
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classic neurodevelopmental model of ADHD, which is now 
more preferred by lesional brain systems and it is acquired 
by neonatal injection of 6‑OHDA. This animal model is 
mostly used to study heavy symptoms of hyperactivity. 
Despite the existence of this model, the data in the 
literature on impulsive behavior or attention deficits remain 
uncertain and studies in this area need to be increased. 
Regarding the 6‑OHDA Mouse Model, ADHD is known to 
imitate hyperactivity, which is characterized by impulsive 
behaviors in neurochemical pathology, with visual validity 
in the PFC. In the model that was lesioned with 6‑OHDA 
in the PFC, neuron loss was also shown due to the Golgi 
organelles of the pyramidal neurons of the ACG, which 
are effective in communication between the prefrontal and 
the cells. The relationship between impaired filtering of 
information that needs attention, and its relationship is also 
an important finding for ADHD.[109] A better comprehension 
on mechanisms neurochemically in ADHD is the key to 
more beneficial treatments and their improvement. On 
the other hand, behavioral analyzes are also performed 
in animal models valid for the same purpose. In addition 
to this mouse model, sham mice  (lesion in the striatum) 
were added, and impulsivity, hyperactivity, sociality, 
anxiety, memory, and attention impairment were tested and 
compared in these animal models. The principal component 
analysis that is set upon 20 factors restrained in different 
behavioral tests was conducted to compare all experimental 
groups and draw conclusions. These tests are MPH, 
Impulsivity, and Attention Tests (5CSRTT), respectively. As 
a result, impulsivity decreased and attention increased in all 
groups given MPH, but this change was observed less in 
the lesion in the striatum.[109] The 5CSRTT is a behavioral 
test used to evaluate motor impulsivity and visual attention 
in laboratory psychological research in animal models. 
5CSRTT has its own impulsivity, individual attention, and 
reaction times. Preclinical studies conducted with 5CSRTT 
have enabled very useful and effective studies in ADHD 
diagnosis, medication, and behavioral examination  (Bari, 
2010; Cocker et al., 2014; Robinson & Emma, 2011[130]; 
Lusting, 2012 [131]; Zeeb & Fiona, 2014).[117‑119]

Disruption of the five‑option serial reaction time task 
in a mouse model created by 22q11.2 microdeletion: 
Growth with amphetamine

Individuals who have 22q11.2 deletion 
syndrome  (22q11.2DS) carry a major risk for facing 
neurodevelopmental disorders such as ADHD and 
schizophrenia. These diseases are associated with general 
attention deficit. Effect analysis was investigated depending 
on the continuous performance test of modafinil and 
amphetamine in experimental animals with this deletion 
and also in the wild type model. On the other hand, 
modafinil knows to have more important effects on 
hypocretin/orexin, serotonin, glutamate, acetylcholine, 
and histamine functions, which shows how it affects 
brain activities, especially cognitively, depending on 

the various neurochemical activity of the brain.[120] In 
this test, drug discrimination is a striking element in the 
system because this gives us information that will enable 
us to relate to the reward system. On the other hand, a 
focused visual attention assessment was not performed in 
22q11.2DS rodent models. The mice with 22q11.2 deletion 
carriers evaluated that clinically significant deterioration 
on the ability to distinguish target stimuli from nontarget 
stimuli  (signal detection sensitivity) and the correct 
response rate (hit rate) (based on 5CSRTT results). Another 
important result is that this model provides us with various 
advantages in hippocampal communication with PFC and 
that we can establish deeper relationships between different 
neurochemical findings and attention. According to the 
results of the experiment, the selection of amphetamine 
instead of modafinil was more effective in deletion mice, 
and while amphetamine increased the responses, modafinil 
decreased this response.[121] Acoustic startle reflex (prepulse 
inhibition  [PPI]) was measured in patients diagnosed with 
ADHD depending on MPH use. MPH has been shown to 
increase the pre‑warning startle reflex, and it shows us that 
the application of tests to examine sensorimotor disorder is 
as important as other behavioral tests.[122] In addition, the 
effects of ADHD medications on this reflex on animals are 
shown.[123]

Careful cluster switching task: Measuring and making 
sense of cognitive flexibility of mice

Cognitive impairment provides the representation of 
the main characteristics of many neuropsychiatric and 
neurodevelopmental disorders, including posttraumatic 
stress disorder, depression, autism spectrum disorder, 
schizophrenia, both prepared in animal models and the 
disease itself, including circuit dysfunction within the 
human brain, particularly within the PFC. In the ADHD 
animal model, the cognitive impairment protocol created 
enables the evaluation of animal models in this respect 
and contributes to scientists in better modeling of the 
disease.[112,124]

Conclusion and Suggestions
In the latest studies, ADHD animal models are being 
developed through interventions with gene and gene 
agents. Considering the increasing practicality and 
widespread use of the applications, it is predicted that the 
studies will gradually increase in this direction, but it is 
expected that models with higher etiological and structural 
validity will be produced with these methods. Although the 
findings obtained with previous models and clinical studies 
in humans have an important role in the development 
of genetic models, it should be discussed how correct 
it is to rely only on this basis. Neurophysiological and 
neuropsychological studies also support that ADHD may 
be due to dysfunction of the frontal structures and the areas 
they are associated with. Findings supporting this view 
include executive dysfunctions, quantitative EEG, EEG 
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and the electrical activity of the frontal region with evoked 
potentials, detection of decreased blood flow in the frontal 
and striatal regions with functional imaging methods. In 
light of this information, animal models can be created 
based not only on pathological, physiological etiology and 
symptoms such as behavioral and cognitive but also on the 
basis of imaging results, by affecting the neuronal networks 
in the brain of the experimental animal with ADHD with 
chemical drugs.

In the future, it may be possible to reach the most accurate 
model home therapist to be developed, especially by a 
rigorous meta‑analysis of studies conducted with different 
animal breeds, different doses, and different types of 
drugs, and of course combining them with experimental 
methods such as brain imaging and brain neurochemistry 
examination. Genetic‑based modeling may put ADHD 
beyond being a consequence of this gene change. Therefore, 
this could be used in the future as a genetic marker rather 
than a disease. Different strains should be investigated in a 
holistic manner with gene meta‑analyzes that can be used 
as biomarkers. Then, different pharmacological treatments 
can be developed by examining their neuroscientific and 
neural cell networks.

Naturally, using the right animal model will be a key point, 
and precise statements about ADHD can be used when 
all the right choices are in place. In the light of all this, 
putting the neuroanatomy of the brain on a good basis and 
combining it with the neurochemistry mechanism related 
to ADHD will bring along models that can form not only 
therapeutic strategies but also the best strategies in the 
future. It can be used in various pharmacological agents in 
ADHD‑related regions of the brain and develop multiple 
neuronal networks that inhibit dopaminergic activity. The 
conclusion that needs to be drawn from the review is to 
observe that comparing similar ancestry with different 
ADHD and different ancestry with the same ADHD 
etiologies can actually provide us with many ideas, to 
approach them as a whole, and perhaps by combining the 
right parts with each other, more appropriate experimental 
animal models can be created. Another point is to look at 
the development of ADHD by combining it with different 
diseases. Researchers will enable us to make progress 
in ADHD by understanding the appropriate molecular 
mechanism for ADHD in the future. In particular, 
conducting multidisciplinary studies using the right animal 
models and use different disciplines  (such as imaging 
studies) will be supportive for this purpose.   Furthermore, 
the cortex areas in our frontal lobe responsible for behavior 
are very difficult to model structurally on the experimental 
animal because there are many differences between the 
experimental animal and the human behavioral mechanism. 
In addition, ADHD does not have a definite etiology based 
on sound neurobiologically evidence, and the reason is 
that neuronal activity transforms into behavior cognitively 
and the connection between it is not fully established on a 

solid foundation. With the information obtained from many 
animal model molecular studies conducted in recent years, 
dopaminergic and other neurochemical neuron cells, gene, 
and protein analyzes, cell cultures such as astrocytes, and 
knock‑out and transgenic models that will provide the most 
possible reflection of these in behavior have begun to be 
made. Fortunately, it can be argued that a better step has 
been taken to replace animal models such as spontaneously 
hypertensive rats that do not have a strict molecular basis, 
but the studies need to be carried forward. When we put 
together all the studies we have compiled, it is clearly 
seen that the brain is divided into different neuron types 
and lobes responsible for different functions, in fact, they 
are characterized by cell communications and basically 
by different associations with other lobes. Therefore, 
single viewpoints and combinations of neurobiological, 
neurochemical and neuroimaging, behavior, and 
neuroanatomy will not be sufficient, and multidisciplinary 
studies of brain diseases by expanding into different areas 
can solve many brain diseases in the future. Based on the 
scientific competence measures of experimental animal 
models while developing drugs, it has been observed that 
many behavioral tests and animal models cannot meet 
the structural competence criteria. All of them have quite 
a lot of disadvantages. In general, drugs developed for 
the symptom through visual and predictive competence 
achieved a certain success in experimental animals 
with some behavioral tests on ADHD and did not have 
completely satisfactory results. It is also reported in the 
literature that drug tolerance develops as a result of taking 
and discontinuing drugs at regular intervals, which is 
supported by studies that develop addiction to DA‑derived 
drugs.[125‑128] The side effects of the symptom, rather than 
the treatment, can sometimes be overlooked in experimental 
animals and these side effects can be observed in humans 
when it comes to clinical studies.[129] The emergence of 
such adverse situations reveals that the animal models 
and behavioral analysis tests used are quite open to 
discussion and the importance of drawing attention to a 
good disease etiology and pathogenesis is also important. 
Finally, an animal model can be created, and an ADHD 
model can be developed, characterized by an ACG lesion 
in which the sensorimotor system is adversely affected 
by neurochemistry. By applying drugs and tests on these 
disease models, more therapeutic agents can be developed 
as well as different animal models can be developed. In 
addition, the PPI test can be used to measure the degree 
of startle, especially in accordance with this model. As a 
result, this review provides suggestions and ideas that will 
be useful to scientists while emphasizing the studies and 
their shortcomings in the literature about ADHD.

Patient informed consent

There is no need for patient informed consent.



Kocatürk, et al.: An overview: ADHD animal models

12� The Journal of Neurobehavioral Sciences | Volume 8 | Issue 1 | January-March 2021

Ethics committee approval

There is no need for ethics committee approval.

Financial support and sponsorship

No funding was received.

Conflicts of interest

There are no conflicts of interest.

Author contribution area and rate

Rümeysa Rabia Kocatürk  (34%) Data collection and wrote 
the manuscript.

Özge Öznur Özcan  (33%) Designed the review, data 
collection and supervised the article write‑up. Wrote the 
manuscript.

Mesut Karahan (33%) Designed the review, data collection 
and supervised the article write‑up. Wrote the manuscript.

References
1.	 Akinbami  LJ, Liu  X, Pastor  PN, Reuben  CA. Attention deficit 

hyperactivity disorder among children aged 5‑17  years in the 
United States, 1998‑2009. NCHS Data Brief 2011;70:1‑8.

2.	 Cantwell  DP. Attention deficit disorder: A  review of the past 
10  years. J Am Acad Child Adolesc Psychiatry 1996;35:978‑87. 
doi:10.1097/00004583-199608000-00008.

3.	 Hechtman  L. Developmental, neurobiological, and psychosocial 
aspects of hyperactivity, impulsivity, and attention. In: Lewis  M, 
editor. Child and Adolescent Psychiatry: A Comprehensive Textbook. 
3rd ed. Philadelphia: Lippincott Williams and Wilkins; 2002. p. 366‑7.

4.	 Acosta  MT, Arcos‑Burgos  M, Muenke  M. Attention deficit/
hyperactivity disorder  (ADHD): Complex phenotype, 
simple genotype? Genet Med 2004;6:1‑5. Doi:10.1097/01.
gim.0000110413.07490.0b.

5.	 Reiff  MI, Stein  MT. Attention‑deficit/hyperactivity disorder: 
Diagnosis and treatment. Adv Pediatr 2004;51:289‑327.

6.	 Kent  L. Recent advances in the genetics of attention deficit 
hyperactivity disorder. Curr Psychiatry Rep 2004;6:143‑8. 
doi:10.1007/s11920-004-0054-4.

7.	 Faraone SV, Biederman J. Nature, nurture, and attention deficit 
hyperactivity disorder. Dev Rev 2000;20:568‐81. doi:10.1006/
drev.2000.0515.

8.	 Campbell  SB. Attention‑deficit/hyperactivity disorder: 
A  developmental view. In Sameroff, AJ, Lewis  M, Miller  SM, 
editors. Handbook of Developmental Psychopathology. 2nd 
ed. New  York: Kluwer Academic/Plenum Publishers; 2000. 
p. 383‑401.

9.	 Rivera  HM, Christiansen  KJ, Sullivan  EL. The role of maternal 
obesity in the risk of neuropsychiatric disorders. Front Neurosci 
2015;9:194. doi:10.3389/fnins.2015.00194.

10.	 DeCapo  M, Thompson  JR, Dunn  G, Sullivan  EL. Perinatal 
nutrition and programmed risk for neuropsychiatric disorders: 
A  focus on animal models. Biol Psychiatry 2019;85:122‑34. 
doi:10.1016/j.biopsych.2018.08.006.

11.	 Taylor  E, Sergeant  J, Doepfner  M, Gunning  B, Overmeyer  S, 
Möbius HJ, et  al. Clinical guidelines for hyperkinetic disorder. 
European Society for Child and Adolescent Psychiatry. Eur 
Child Adolesc Psychiatry 1998;7:184‑200. doi:10.1007/
s007870050067.

12.	 Solanto  MV. Neuropsychopharmacological mechanisms of 

stimulant drug action in attention‑deficit hyperactivity disorder: 
A  review and integration. Behav Brain Res 1998;94:127‑52. 
doi:10.1016/s0166-4328(97)00175-7.

13.	 Sagvolden  T, Russell  VA, Aase  H, Johansen  EB, Farshbaf  M. 
Rodent models of attention‑deficit/hyperactivity disorder. Biol 
Psychiatry 2005;57:1239‑47. doi:10.1016/j.biopsych.2005.02.002.

14.	 Castellanos  FX, Sonuga‑Barke  EJ, Milham  MP, Tannock  R. 
Characterizing cognition in ADHD: Beyond executive 
dysfunction. Trends Cogn Sci 2006;10:117‑23. doi:10.1016/j.
tics.2006.01.011.

15.	 Nigg  JT. Is ADHD a disinhibitory disorder? Psychol Bull 
2001;127:571‑98. doi:10.1037/0033-2909.127.5.571.

16.	 Kasparek  T, Theiner  P, Filova A. Neurobiology of ADHD from 
childhood to adulthood: Findings of imaging methods. J  Atten 
Disord 2015;19:931‑43. doi:10.1177/1087054713505322.

17.	 Bozzi  Y, Borrelli  E. Dopamine in neurotoxicity and 
neuroprotection: What do D2 receptors have to do with it? 
Trends Neurosci 2006;29:167‑74. doi:10.1016/j.tins.2006.01.002.

18.	 Kitagishi  Y, Minami  A, Nakanishi  A, Ogura  Y, Matsuda  S. 
Neuron membrane trafficking and protein kinases involved in 
autism and ADHD. Int J Mol Sci 2015;16:3095‑115. doi:10.3390/
ijms16023095

19.	 Dumontheil I. Development of abstract thinking during childhood 
and adolescence: The role of rostrolateral prefrontal cortex. Dev 
Cogn Neurosci 2014;10:57‑76. doi:10.1016/j.dcn.2014.07.009.

20.	 Friedman  LA, Rapoport  JL. Brain development in ADHD. Curr 
Opin Neurobiol 2015;30:106‑11. doi:10.1016/j.conb.2014.11.007.

21.	 Dresel  S, Krause  J, Krause  KH, LaFougere  C, 
Brinkbäumer K, Kung  HF, et  al. Attention deficit hyperactivity 
disorder: Binding of  [99mTc] TRODAT‑1 to the dopamine 
transporter before and after methylphenidate treatment. Eur J 
Nucl Med 2000;27:1518‑24. doi:10.1007/s002590000330.

22.	 Krause KH, Dresel SH, Krause J, Kung HF, Tatsch K. Increased 
striatal dopamine transporter in adult patients with attention 
deficit hyperactivity disorder: Effects of methylphenidate as 
measured by single photon emission computed tomography. 
Neurosci Lett 2000;285:107‑10. doi:10.1016/s0304-
3940(00)01040-5.

23.	 Larisch  R, Sitte  W, Antke  C, Nikolaus  S, Franz  M, Tress  W, 
et al. Striatal dopamine transporter density in drug naive patients 
with attention‑deficit/hyperactivity disorder. Nucl Med Commun 
2006;27:267‑70. doi:10.1097/00006231-200603000-00010.

24.	 Luo M, Xu Y, Cai R, Tang Y, Ge MM, Liu ZH, et al. Epigenetic 
histone modification regulates developmental lead exposure 
induced hyperactivity in rats. Toxicol Lett 2014;225:78‑85. 
doi:10.1016/j.toxlet.2013.11.025.

25.	 Miller EM, Thomas TC, Gerhardt GA, Glaser PE. Dopamine and 
Glutamate Interactions in ADHD: Implications for the Future 
Neuropharmacology of ADHD. In: Banerjee  S, editor. Attention 
Deficit Hyperactivity Disorder in Children and Adolescents. 
London: IntechOpen; 2013.

26.	 Castellanos  FX, Lee  PP, Sharp  W, Jeffries  NO, Greenstein  DK, 
Clasen  LS, et  al. Developmental trajectories of brain volume 
abnormalities in children and adolescents with attention‑deficit/
hyperactivity disorder. JAMA 2002;288:1740‑8. doi:10.1001/
jama.288.14.1740.

27.	 Hill  DE, Yeo  RA, Campbell  RA, Hart  B, Vigil  J, Brooks  W. 
Magnetic resonance imaging correlates of attention‑deficit/
hyperactivity disorder in children. Neuropsychology 
2003;17:496‑506. doi:10.1037/0894-4105.17.3.496.

28.	 Carmona  S, Vilarroya  O, Bielsa  A, Trèmols V, Soliva  JC, 
Rovira  M, et  al. Global and regional gray matter reductions 
in ADHD: A  voxel‑based morphometric study. Neurosci Lett 



Kocatürk, et al.: An overview: ADHD animal models

The Journal of Neurobehavioral Sciences | Volume 8 | Issue 1 | January-March 2021� 13

2005;389:88‑93. doi:10.1016/j.neulet.2005.07.020.
29.	 Durston  S, Fossella  JA, Casey  BJ, Hulshoff Pol  HE, Galvan A, 

Schnack  HG, et  al. Differential effects of DRD4 and DAT1 
genotype on fronto‑striatal gray matter volumes in a sample 
of subjects with attention deficit hyperactivity disorder, their 
unaffected siblings, and controls. Mol Psychiatry 2005;10:678‑85. 
doi:10.1038/sj.mp.4001649.

30.	 Barkley  RA. Attention Deficit Hyperactivity Disorder: 
A  Handbook for Diagnosis and Treatment. New  York; Guilford 
Press; 2006.

31.	 Shaw  P, Lerch  J, Greenstein  D, Sharp  W, Clasen  L, Evans  A, 
et  al. Longitudinal mapping of cortical thickness and clinical 
outcome in children and adolescents with attention‑deficit/
hyperactivity disorder. Arch Gen Psychiatry 2006;63:540‑9. 
doi:10.1001/archpsyc.63.5.540.

32.	 Sorokina  AM, Saul  M, Goncalves  TM, Gogola  JV, Majdak  P, 
Rodriguez‑Zas SL, et al. Striatal transcriptome of a mouse model 
of ADHD reveals a pattern of synaptic remodeling. PLoS One 
2018;13:e0201553. doi:10.1371/journal.pone.0201553.

33.	 Bush  G, Luu  P, Posner  MI. Cognitive and emotional influences 
in anterior cingulate cortex. Trends Cogn Sci 2000;4:215‑22. 
doi:10.1016/s1364-6613(00)01483-2.

34.	 Dalley  JW, Cardinal  RN, Robbins  TW. Prefrontal executive 
and cognitive functions in rodents: Neural and neurochemical 
substrates. Neurosci Biobehav Rev 2004;28:771‑84. 
doi:10.1016/j.neubiorev.2004.09.006.

35.	 Chudasama  Y, Robbins  TW. Functions of frontostriatal systems 
in cognition: Comparative neuropsychopharmacological studies 
in rats, monkeys and humans. Biol Psychol 2006;73:19‑38. 
doi:10.1016/j.biopsycho.2006.01.005.

36.	 Pezze M, McGarrity S, Mason R, Fone KC, Bast T. Too little and 
too much: Hypoactivation and disinhibition of medial prefrontal 
cortex cause attentional deficits. J  Neurosci 2014;34:7931‑46. 
doi:10.1523/JNEUROSCI.3450-13.2014.

37.	 Totah  NK, Kim  YB, Homayoun  H, Moghaddam  B. 
Anterior cingulate neurons represent errors and preparatory 
attention within the same behavioral sequence. J  Neurosci 
2009;29:6418‑26. doi:10.1523/JNEUROSCI.1142-09.2009.

38.	 Santana  N, Mengod  G, Artigas  F. Quantitative analysis of the 
expression of dopamine D1 and D2 receptors in pyramidal and 
GABAergic neurons of the rat prefrontal cortex. Cereb Cortex 
2009;19:849‑60. doi:10.1093/cercor/bhn134.

39.	 Beaulieu  JM, Gainetdinov  RR. The physiology, signaling, 
and pharmacology of dopamine receptors. Pharmacol Rev 
2011;63:182‑217. doi:10.1124/pr.110.002642.

40.	 Seino  S, Shibasaki  T. PKA‑dependent and PKA‑independent 
pathways for cAMP‑regulated exocytosis. Physiol Rev 
2005;85:1303‑42. doi:10.1152/physrev.00001.2005.

41.	 Russell  VA. Dopamine hypofunction possibly results from a 
defect in glutamate‑stimulated release of dopamine in the nucleus 
accumbens shell of a rat model for attention deficit hyperactivity 
disorder—the spontaneously hypertensive rat. Neurosci Biobehav 
Rev 2003;27:671‑82. doi:10.1016/j.neubiorev.2003.08.010.

42.	 Castner  SA, Goldman‑Rakic  PS. Enhancement of working 
memory in aged monkeys by a sensitizing regimen of 
dopamine D1 receptor stimulation. J  Neurosci 2004;24:1446‑50. 
doi:10.1523/JNEUROSCI.3987-03.2004.

43.	 Volkow  ND, Ding  YS, Fowler  JS, Wang  GJ, Logan  J, 
Gatley  JS, et  al. Is methylphenidate like cocaine? Studies 
on their pharmacokinetics and distribution in the human 
brain. Arch Gen Psychiatry 1995;52:456‑63. doi:10.1001/
archpsyc.1995.03950180042006.

44.	 Fowler  JS, Volkow  ND. PET imaging studies in 

drug abuse. J  Toxicol Clin Toxicol 1998;36:163‑74. 
doi:10.3109/15563659809028936.

45.	 Mash  DC, Pablo  J, Ouyang  Q, Hearn  WL, Izenwasser  S. 
Dopamine transport function is elevated in cocaine users. 
J  Neurochem 2002;81:292‑300. doi:10.1046/j.1471-
4159.2002.00820.x.

46.	 McKinney WT Jr, Bunney WE Jr., Animal model of 
depression. I. Review of evidence: Implications for 
research. Arch Gen Psychiatry 1969;21:240‑8. doi:10.1001/
archpsyc.1969.01740200112015.

47.	 Giros  B, Jaber  M, Jones  SR, Wightman  RM, Caron  MG. 
Hyperlocomotion and indifference to cocaine and amphetamine in 
mice lacking the dopamine transporter. Nature 1996;379:606‑12. 
doi:10.1038/379606a0.

48.	 Gainetdinov  RR, Wetsel  WC, Jones  SR, Levin  ED, Jaber  M, 
Caron  MG. Role of serotonin in the paradoxical calming effect 
of psychostimulants on hyperactivity. Science 1999;283:397‑401. 
doi:10.1126/science.283.5400.397.

49.	 Russell  VA, Sagvolden  T, Johansen  EB. Animal models of 
attention‑deficit hyperactivity disorder. Behav Brain Funct 
2005;1:9. doi:10.1186/1744-9081-1-9.

50.	 Keck  TM, Suchland  KL, Jimenez  CC, Grandy  DK. Dopamine 
D4 receptor deficiency in mice alters behavioral responses to 
anxiogenic stimuli and the psychostimulant methylphenidate. 
Pharmacol Biochem Behav 2013;103:831‑41. doi:10.1016/j.
pbb.2012.12.006.

51.	 Sumitomo  A, Saka  A, Ueta  K, Horike  K, Hirai  K, Gamo  NJ, 
et  al. Methylphenidate and guanfacine ameliorate ADHD‑like 
phenotypes in Fez1‑deficient mice. Mol Neuropsychiatry 
2018;3:223‑33. doi:10.1159/000488081.

52.	 Sagvolden  T. Behavioral validation of the spontaneously 
hypertensive rat  (SHR) as an animal model of attention‑deficit/
hyperactivity disorder  (AD/HD). Neurosci Biobehav Rev 
2000;24:31‑9. doi:10.1016/s0149-7634(99)00058-5.

53.	 Drolet  G, Proulx  K, Pearson  D, Rochford  J, Deschepper  CF. 
Comparisons of behavioral and neurochemical characteristics 
between WKY, WKHA, and Wistar rat strains. 
Neuropsychopharmacology 2002;27:400‑9. doi:10.1016/S0893-
133X(02)00303-2.

54.	 Ferguson  SA, Paule  MG, Cada  A, Fogle  CM, Gray  EP, 
Berry  KJ. Baseline behavior, but not sensitivity to stimulant 
drugs, differs among spontaneously hypertensive, Wistar‑Kyoto, 
and Sprague‑Dawley rat strains. Neurotoxicol Teratol 
2007;29:547‑61. doi:10.1016/j.ntt.2007.07.001.

55.	 Rittenhouse  PA, López‑Rubalcava  C, Stanwood  GD, Lucki  I. 
Amplified behavioral and endocrine responses to forced swim 
stress in the Wistar‑Kyoto rat. Psychoneuroendocrinology 
2002;27:303‑18. doi:10.1016/s0306-4530(01)00052-x.

56.	 Van Den Bergh  FS, Bloemarts  E, Chan  JS, Groenink  L, 
Olivier  B, Oosting  RS. Spontaneously hypertensive rats do not 
predict symptoms of attention‑de cit hyperactivity disorder. 
Pharmacol Biochem Behav 2006;83:380‑90. doi:10.1016/j.
pbb.2006.02.018.

57.	 Lu  HZ, Zhang  FX, Hong  XW, Wang  MY, Huang  L, Zheng  J, 
et  al. Effect of glucocorticoid receptor function on the behavior 
of rats with attention deficit hyperactivity disorder. Zhongguo 
Dang Dai Er Ke Za Zhi 2018;20:848‑53. doi:10.7499/j.issn.1008-
8830.2018.10.013.

58.	 Viggiano  D, Vallone  D, Welzl  H, Sadile  AG. The Naples 
High‑  and Low‑Excitability rats: Selective breeding, 
behavioral profile, morphometry, and molecular biology of the 
mesocortical dopamine system. Behav Genet 2002;32:315‑33. 
doi:10.1023/a:1020210221156.



Kocatürk, et al.: An overview: ADHD animal models

14� The Journal of Neurobehavioral Sciences | Volume 8 | Issue 1 | January-March 2021

59.	 Higgins  GA, Silenieks  LB. Rodent test of attention and 
impulsivity: The 5‑Choice serial reaction time task. Curr Protoc 
Pharmacol 2017;78:5.49.1‑34. doi:10.1002/cpph.27.

60.	 Ide  S, Ikekubo  Y, Hua  J, Takamatsu  Y, Uhl  GR, Sora  I, et  al. 
Reward‑enhancing effect of methylphenidate is abolished 
in dopamine transporter knockout mice: A  model of 
attention‑deficit/hyperactivity disorder. Neuropsychopharmacol 
Rep 2018;38:149‑53. doi:10.1002/npr2.12020.

61.	 Dela Peña IJI, Botanas  CJ, de la Peña JB, Custodio  RJ, 
Dela Peña I, Ryoo  ZY, et  al. The Atxn7‑overexpressing 
mice showed hyperactivity and impulsivity which were 
ameliorated by atomoxetine treatment: A  possible animal 
model of the hyperactive‑impulsive phenotype of ADHD. 
Prog Neuropsychopharmacol Biol Psychiatry 2019;88:311‑9. 
doi:10.1016/j.pnpbp.2018.08.012.

62.	 Bobb  AJ, Castellanos  FX, Addington  AM, Rapoport  JL. 
Molecular genetic studies of ADHD: 1991 to 2004. Am J Med 
Genet B Neuropsychiatr Genet 2005;132B: 109‑25.

63.	 Cook EH Jr., Stein  MA, Krasowski  MD, Cox  NJ, Olkon  DM, 
Kieffer JE, et al. Association of attention‑deficit disorder and the 
dopamine transporter gene. Am J Hum Gen 1995;56:993‑8.

64.	 Satoh  H, Suzuki  H, Saitow  F. Downregulation of Dopamine 
D1‑like Receptor Pathways of GABAergic Interneurons in 
the Anterior Cingulate Cortex of Spontaneously Hypertensive 
Rats. Neuroscience 2018;394:267‑85. doi:10.1016/j.
neuroscience.2018.10.039.

65.	 Moon  SJ, Kim  CJ, Lee  YJ, Hong  M, Han  J, Bahn  GH. Effect 
of atomoxetine on hyperactivity in an animal model of 
attention‑deficit/hyperactivity disorder  (ADHD). PLoS One 
2014;9:e108918. doi:10.1371/journal.pone.0108918.

66.	 McDougall SA, Hernandez RM, Reichel CM, Farley CM. The partial 
D2‑like dopamine receptor agonist terguride acts as a functional 
antagonist in states of high and low dopaminergic tone: Evidence 
from preweanling rats. Psychopharmacology  (Berl) 2005;178:431‑9. 
doi:10.1007/s00213-004-2033-1.

67.	 Lai  TKY, Su  P, Zhang  H, Liu  F. Development of a peptide 
targeting dopamine transporter to improve ADHD‑like deficits. 
Mol Brain 2018;11:66. doi:10.1186/s13041-018-0409-0.

68.	 Kim  YS, Woo  J, Lee  CJ, Yoon  BE. Decreased glial GABA 
and tonic inhibition in cerebellum of mouse model for 
attention‑deficit/hyperactivity disorder  (ADHD). Exp Neurobiol 
2017;26:206‑12. doi:10.5607/en.2017.26.4.206.

69.	 Oggiano  M, Zoratto  F, Palombelli  G, Festucci  F, Laviola  G, 
Curcio  G, et  al. Striatal dynamics as determinants of reduced 
gambling vulnerability in the NHE rat model of ADHD. Prog 
Neuropsychopharmacol Biol Psychiatry 2020;100:109886. 
doi:10.1016/j.pnpbp.2020.109886.

70.	 Mortimer  N, Ganster  T, O’Leary  A, Popp  S, Freudenberg  F, 
Reif A, et al. Dissociation of impulsivity and aggression in mice 
deficient for the ADHD risk gene Adgrl3: Evidence for dopamine 
transporter dysregulation. Neuropharmacology 2019;156:107557. 
doi:10.1016/j.neuropharm.2019.02.039.

71.	 Tang  G, Ren  D, Xin  R, Qian  Y, Wang  D, Jiang  S. Lack of 
association between the tryptophan hydroxylase gene A218C 
polymorphism and attention‑deficit hyperactivity disorder in 
Chinese Han population. Am J Med Genet 2001;105:485‑8. 
doi:10.1002/ajmg.1471.

72.	 Hawi Z, Foley D, Kirley A, McCarron M, Fitzgerald M, Gill M. 
Dopa decarboxylase gene polymorphisms and attention deficit 
hyperactivity disorder  (ADHD): No evidence for association in 
the Irish population. Mol Psychiatry 2001;6:420‑4. doi:10.1038/
sj.mp.4000903.

73.	 Özcan ÖÖ, Sercan Doğan C, Kulaksız H, Karahan M, Ulucan K. 
The effect of dopamine D2 receptor TAQ A1 allele on sprinter 

and endurance athlete. İnt J Sport Health Sci 2018;12:9:353-356. 
[doi:10.5281/zenodo.1474429].

74.	 Dougherty DD, Bonab AA, Spencer TJ, Rauch SL, Madras BK, 
Fischman  AJ. Dopamine transporter density in patients with 
attention deficit hyperactivity disorder. Lancet 1999;354:2132‑3. 
doi:10.1016/S0140-6736(99)04030-1.

75.	 van Dyck CH, Quinlan DM, Cretella LM, Staley JK, Malison RT, 
Baldwin  RM, et  al. Unaltered dopamine transporter availability 
in adult attention deficit hyperactivity disorder. Am J Psychiatry 
2002;159:309‑12. doi:10.1176/appi.ajp.159.2.309.

76.	 Volkow  ND, Wang  GJ, Kollins  SH, Wigal  TL, Newcorn  JH, 
Telang F, et al. Evaluating dopamine reward pathway in ADHD: 
Clinical implications. JAMA 2009;302:1084‑91. doi:10.1001/
jama.2009.1308.

77.	 Krause  J. SPECT and PET of the dopamine transporter in 
attention‑deficit/hyperactivity disorder. Expert Rev Neurother 
2008;8:611‑25. doi:10.1586/14737175.8.4.611.

78.	 Ndamanisha  JC, Guo  L. Nonenzymatic glucose detection 
at ordered mesoporous carbon modified electrode. 
Bioelectrochemistry 2009;77:60‑3. doi:10.1016/j.
bioelechem.2009.05.003.

79.	 Polanczyk G, de Lima MS, Horta BL, Biederman  J, Rohde LA. 
The worldwide prevalence of ADHD: A  systematic review and 
metaregression analysis. Am J Psychiatry 2007;164:942‑8. doi: 
10.1176/ajp.2007.164.6.942.

80.	 Polanczyk  GV, Salum  GA, Sugaya  LS, Caye  A, Rohde  LA. 
Annual research review: A  meta‑analysis of the worldwide 
prevalence of mental disorders in children and adolescents. 
J  Child Psychol Psychiatry 2015;56:345‑65. doi:10.1111/
jcpp.12381.

81.	 Alves CB, Almeida AS, Marques DM, Faé AHL, Machado ACL, 
Oliveira  DL, et  al. Caffeine and adenosine A2A receptors 
rescue neuronal development in  vitro of frontal cortical neurons 
in a rat model of attention deficit and hyperactivity disorder. 
Neuropharmacology 2020;166:107782.

82.	 Zhang  S, You  L, Xu  Q, Ou  J, Wu  D, Yuan  X, et  al. Distinct 
long non‑coding RNA and mRNA expression profiles in the 
hippocampus of an attention deficit hyperactivity disorder 
model in spontaneously hypertensive rats and control wistar 
Kyoto rats. Brain Res Bull 2020;161:177‑96. doi:10.1016/j.
brainresbull.2020.03.015

83.	 Yuan  H, Ni  X, Zheng  M, Han  X, Song  Y, Yu  M. Effect of 
catalpol on behavior and neurodevelopment in an ADHD rat 
model. Biomed Pharmacother 2019;118:109033. doi:10.1016/j.
biopha.2019.109033

84.	 Eckernäs D, Hieronymus  F, Carlsson  T, Bergquist  F. Acoustic 
white noise ameliorates reduced regional brain expression 
of CaMKII and ΔFosB in the spontaneously hypertensive 
rat model of ADHD. IBRO Rep 2019;6:31‑9. doi:10.1016/j.
ibror.2018.11.007.

85.	 Arnsten  AF, Steere  JC, Hunt  RD. The contribution of alpha 
2‑noradrenergic mechanisms of prefrontal cortical cognitive 
function. Potential significance for attention‑deficit hyperactivity 
disorder. Arch Gen Psychiatry 1996;53:448‑55. doi:10.1001/
archpsyc.1996.01830050084013.

86.	 Fox  GB, Pan  JB, Esbenshade  TA, Bennani  YL, Black  LA, 
Faghih  R, et  al. Effects of histamine H  (3) receptor ligands 
GT‑2331 and ciproxifan in a repeated acquisition avoidance 
response in the spontaneously hypertensive rat pup. Behav Brain 
Res 2002;131:151‑61. doi:10.1016/s0166-4328(01)00379-5.

87.	 Franowicz JS, Kessler LE, Borja CM, Kobilka BK, Limbird LE, 
Arnsten  AF. Mutation of the alpha2A‑adrenoceptor impairs 
working memory performance and annuls cognitive enhancement 
by guanfacine. J  Neurosci 2002;22:8771‑7. doi:10.1523/



Kocatürk, et al.: An overview: ADHD animal models

The Journal of Neurobehavioral Sciences | Volume 8 | Issue 1 | January-March 2021� 15

JNEUROSCI.22-19-08771.2002.
88.	 Arnsten  AF. Fundamentals of attention‑deficit/hyperactivity 

disorder: Circuits and pathways. J  Clin Psychiatry 
2006;67 Suppl 8:7‑12.

89.	 Berridge  CW, Devilbiss  DM, Andrzejewski  ME, Arnsten  AF, 
Kelley AE, Schmeichel  B, et  al. Methylphenidate preferentially 
increases catecholamine neurotransmission within the prefrontal 
cortex at low doses that enhance cognitive function. Biol 
Psychiatry 2006;60:1111‑20. doi:10.1016/j.biopsyc.

90.	 Liu  LL, Yang  J, Lei  GF, Wang  GJ, Wang  YW, Sun  RP. 
Atomoxetine increases histamine release and improves learning 
deficits in an animal model of attention‑deficit hyperactivity 
disorder: The spontaneously hypertensive rat. Basic Clin 
Pharmacol Toxicol 2008;102:527‑32. doi:10.1111/j.1742-
7843.2008.00230.x.

91.	 Cao AH, Yu  L, Wang YW, Wang  JM, Yang  LJ, Lei  GF. Effects 
of methylphenidate on attentional set‑shifting in a genetic model 
of attention‑deficit/hyperactivity disorder. Behav Brain Funct 
2012;8:10. doi:10.1186/1744-9081-8-10.

92.	 Kishikawa Y, Kawahara Y, Yamada  M, Kaneko  F, Kawahara  H, 
Nishi  A. The spontaneously hypertensive rat/Izm  (SHR/Izm) 
shows attention deficit/hyperactivity disorder‑like behaviors 
but without impulsive behavior: Therapeutic implications of 
low‑dose methylphenidate. Behav Brain Res 2014;274:235‑42. 
doi:10.1016/j.bbr.2014.08.026.

93.	 Watanabe Y, Fujita M, Ito Y, Okada T, Kusuoka H, Nishimura T. 
Brain dopamine transporter in spontaneously hypertensive rats. 
J Nucl Med 1997;38:470‑4.

94.	 Yang PB, Swann AC, Dafny N. Dose‑response characteristics of 
methylphenidate on locomotor behavior and on sensory evoked 
potentials recorded from the VTA, NAc, and PFC in freely 
behaving rats. Behav Brain Funct 2006;2:3. doi:10.1186/1744-
9081-2-3.

95.	 Umehara  M, Ago  Y, Kawanai  T, Fujita  K, Hiramatsu  N, 
Takuma  K, et  al. Methylphenidate and venlafaxine attenuate 
locomotion in spontaneously hypertensive rats, an animal 
model of attention‑deficit/hyperactivity disorder, through 
α2‑adrenoceptor activation. Behav Pharmacol 2013;24:328‑31. 
doi:10.1097/FBP.0b013e3283633648.

96.	 Dela Peña I, Shen G, Shi WX. Droxidopa alters dopamine neuron 
and prefrontal cortex activity and improves attention‑deficit/
hyperactivity disorder‑like behaviors in rats. Eur J Pharmacol 
2021;892:173826. doi:10.1016/j.ejphar.2020.173826.

97.	 InformedHealth.org  (2015) Cologne, Germany: Institute 
for Quality and Efficiency in Health Care  (IQWiG); 
2006. Attention Deficit Hyperactivity Disorder  (ADHD): 
Overview; 2015. Available from: https://www.ncbi.nlm.nih 
.gov/books/NBK321129/.  [Last updated on 2020 
Nov 12].

98.	 Yang  MT, Chen  CC, Lee  WT, Liang  JS, Fu  WM, Yang  YH. 
Attention‑deficit/hyperactivity disorder‑related symptoms 
improved with allergic rhinitis treatment in children. Am J 
Rhinol Allergy 2016;30:209‑14. doi:10.2500/ajra.2016.30.4301.

99.	 Miyazaki  C, Koyama  M, Ota  E, Swa  T, Mlunde  LB, 
Amiya  RM, et  al. Allergic diseases in children with attention 
deficit hyperactivity disorder: A  systematic review and 
meta‑analysis. BMC Psychiatry 2017;17:120. doi:10.1186/
s12888-017-1281-7.

100.	Feng  B, Jin  H, Xiang  H, Li  B, Zheng  X, Chen  R, et  al. 
Association of pediatric allergic rhinitis with the ratings of 
attention‑deficit/hyperactivity disorder. Am J Rhinol Allergy 
2017;31:161‑7. doi:10.2500/ajra.2017.31.4439.

101.	Suzuki  M, Nakayama  M, Ando  KB, Arima  S, Nakamura  Y, 
Yokota  M, et  al. Sleep disturbance and hyperactivity detected 

by actigraphy in rats with allergic rhinitis or attention‑deficit 
hyperactivity disorder. Tohoku J Exp Med 2018;246:65‑71. 
doi:10.1620/tjem.246.65.

102.	Heffner  TG, Seiden  LS. Possible involvement of serotonergic 
neurons in the reduction of locomotor hyperactivity caused by 
amphetamine in neonatal rats depleted of brain dopamine. Brain 
Res 1982;244:81‑90. doi:10.1016/0006-8993(82)90906-4.

103.	Hvolby  A. Associations of sleep disturbance with ADHD: 
Implications for treatment. Atten Defic Hyperact Disord 
2015;7:1‑8. doi:10.1007/s12402-014-0151-0.

104.	Lambert  NM, Hartsough  CS. Prospective study of tobacco 
smoking and substance dependencies among samples of ADHD 
and non‑ADHD participants. J  Learn Disabil 1998;31:533‑44. 
doi:10.1177/002221949803100603.

105.	Vitiello  B. Long‑term effects of stimulant medications on the 
brain: Possible relevance to the treatment of attention deficit 
hyperactivity disorder. J  Child Adolesc Psychopharmacol 
2001;11:25‑34. doi:10.1089/104454601750143384.

106.	Kollins  SH, MacDonald  EK, Rush  CR. Assessing the abuse 
potential of methylphenidate in nonhuman and human subjects: 
A  review. Pharmacol Biochem Behav 2001;68:611‑27. 
doi.10.1016/s0091-3057(01)00464-6.

107.	Medin  T, Jensen  V, Skare Ø, Storm‑Mathisen  J, Hvalby Ø, 
Bergersen  LH. Altered α‑amino‑3‑hydroxy‑5‑methyl‑4‑isoxaz
olepropionic acid  (AMPA) receptor function and expression in 
hippocampus in a rat model of attention‑deficit/hyperactivity 
disorder  (ADHD). Behav Brain Res 2019;360:209‑15. 
doi:10.1016/j.bbr.2018.12.028.

108.	Wrenn CC, French E, Baker D, McCallian R, Kirk R, Reilly MP, 
et  al. Effects of clonidine on progressive ratio schedule 
performance in Fmr1 knockout mice. Psychopharmacology (Berl) 
2021. [doi:10.1007/s00213-021-05760-8].

109.	Bouchatta  O, Manouze  H, Bouali‑Benazzouz  R, Kerekes  N, 
Ba‑M’hamed S, Fossat  P, et  al. Neonatal 6‑OHDA lesion 
model in mouse induces attention‑deficit/hyperactivity 
disorder  (ADHD)‑like behaviour. Sci Rep 2018;8:15349. 
doi:10.1038/s41598-018-33778-0.

110.	Jonkman  LM, Kemner  C, Verbaten  MN, Van Engeland  H, 
Kenemans  JL, Camfferman  G, et  al. Perceptual and response 
interference in children with attention‑deficit hyperactivity 
disorder, and the effects of methylphenidate. Psychophysiology 
1999;36:419‑29.

111.	Davids  E, Zhang  K, Tarazi  FI, Baldessarini  RJ. Animal models 
of attention‑deficit hyperactivity disorder. Brain Res Brain Res 
Rev 2003;42:1‑21. doi:10.1016/s0165-0173(02)00274-6.

112.	Proietti Onori  M, Ceci  C, Laviola  G, Macrì S. A  behavioural 
test battery to investigate tic‑like symptoms, stereotypies, 
attentional capabilities, and spontaneous locomotion in different 
mouse strains. Behav Brain Res 2014;267:95‑105. doi:10.1016/j.
bbr.2014.03.023.

113.	De Filippis  B, Ricceri  L, Laviola  G. Early postnatal behavioral 
changes in the Mecp2‑308 truncation mouse model of Rett 
syndrome. Genes Brain Behav 2010;9:213‑23. doi:10.1111/
j.1601-183X.2009.00551.x.

114.	Sontag  TA, Tucha  O, Walitza  S, Lange  KW. Animal models 
of attention deficit/hyperactivity disorder  (ADHD): A  critical 
review. Atten Defic Hyperact Disord 2010;2:1‑20. doi:10.1007/
s12402-010-0019-x.

115.	Arime  Y, Kubo  Y, Sora  I. Animal models of attention‑deficit/
hyperactivity disorder. Biol Pharm Bull 2011;34:1373‑6. 
doi:10.1248/bpb.34.1373.

116.	Canal  CE, Morgan  D. Head‑twitch response in rodents induced 
by the hallucinogen 2,5‑dimethoxy‑4‑iodoamphetamine: 
A comprehensive history, a re‑evaluation of mechanisms, and its 



Kocatürk, et al.: An overview: ADHD animal models

16� The Journal of Neurobehavioral Sciences | Volume 8 | Issue 1 | January-March 2021

utility as a model. Drug Test Anal 2012;4:556‑76. doi:10.1002/
dta.1333.

117.	Bari A, Dalley JW, Robbins TW. The application of the 5‑choice 
serial reaction time task for the assessment of visual attentional 
processes and impulse control in rats. Nat Protoc 2008;3:759‑67. 
doi:10.1038/nprot.2008.41.

118.	Cocker  PJ, Hosking  JG, Benoit  J, Winstanley  CA. 
Sensitivity to cognitive effort mediates psychostimulant 
effects on a novel rodent cost/benefit decision‑making task. 
Neuropsychopharmacology 2012;37:1825‑37. doi:10.1038/
npp.2012.30.

119.	Zeeb  FD, Robbins  TW, Winstanley  CA. Serotonergic and 
dopaminergic modulation of gambling behavior as assessed 
using a novel rat gambling task. Neuropsychopharmacology 
2009;34:2329‑43. doi:10.1038/npp.2009.62

120.	Scoriels L, Jones PB, Sahakian BJ. Modafinil effects on cognition 
and emotion in schizophrenia and its neurochemical modulation 
in the brain. Neuropharmacology 2013;64:168‑84. doi:10.1016/j.
neuropharm.2012.07.011.

121.	Nilsson  SRO, Heath  CJ, Takillah  S, Didienne  S, Fejgin  K, 
Nielsen  V, et  al. Continuous performance test impairment 
in a 22q11.2 microdeletion mouse model: Improvement by 
amphetamine. Transl Psychiatry 2018;8:247. doi:10.1038/
s41398-018-0295-3.

122.	Schulz‑Juergensen  S, Thiemann  A, Gebhardt  J, 
Baumgarten‑Walczak  A, Eggert  P. Prepulse inhibition of 
acoustic startle and the influence of methylphenidate in 
children with ADHD. J  Atten Disord 2014;18:117‑22. 
doi:10.1177/1087054712448960.

123.	Woo  H, Park  SJ, Lee  Y, Kwon  G, Gao  Q, Lee  HE, et  al. The 
effects of atomoxetine and methylphenidate on the prepulse 
inhibition of the acoustic startle response in mice. Prog 
Neuropsychopharmacol Biol Psychiatry 2014;54:206‑15. 
doi:10.1016/j.pnpbp.2014.06.003.

124.	Heisler  JM, Morales  J, Donegan  JJ, Jett  JD, Redus  L, 

O’Connor  JC. The attentional set shifting task: A  measure of 
cognitive flexibility in mice. J  Vis Exp 2015;96:51944. [doi: 
10.3791/51944]. doi:10.3791/51944.

125.	Weinstein  A, Lejoyeux  M. New developments on the 
neurobiological and pharmaco‑genetic mechanisms underlying 
internet and videogame addiction. Am J Addict 2015;24:117‑25. 
doi:10.1111/ajad.12110.

126.	Luo  SX, Levin  FR. Towards precision addiction treatment: 
New findings in co‑morbid substance use and attention‑deficit 
hyperactivity disorders. Curr Psychiatry Rep 2017;19:14. 
doi:10.1007/s11920-017-0769-7.

127.	Wang  L, Wu  L, Wang  Y, Li  H, Liu  X, Du  X, et  al. Altered 
Brain Activities Associated with Craving and Cue Reactivity 
in People with Internet Gaming Disorder: Evidence from the 
Comparison with Recreational Internet Game Users. Front 
Psychol 2017;8:1150. doi:10.3389/fpsyg.2017.01150.

128.	Li  C, Sugam  JA, Lowery‑Gionta  EG, McElligott  ZA, 
McCall  NM, Lopez  AJ, et  al. Mu opioid receptor modulation 
of dopamine neurons in the periaqueductal gray/dorsal raphe: 
A  role in regulation of pain. Neuropsychopharmacology 
2016;41:2122‑32. doi:10.1038/npp.2016.12.

129.	Fatséas M, Hurmic  H, Serre  F, Debrabant  R, Daulouède JP, 
Denis  C, et  al. Addiction severity pattern associated with adult 
and childhood Attention Deficit Hyperactivity Disorder  (ADHD) 
in patients with addictions. Psychiatry Res 2016;246:656‑62. 
doi:10.1016/j.psychres.2016.10.071.

130.	Lustig  C, Kozak  R, Sarter  M, Young  JW, Robbins  TW. 
CNTRICS final animal model task selection: Control of attention. 
Neurosci Biobehav Rev 2013;37:2099‑110. doi:10.1016/j.
neubiorev.2012.05.009.

131.	Robinson ES, Eagle DM, Mar AC, Bari A, Banerjee G, Jiang X, 
et  al. Similar effects of the selective noradrenaline reuptake 
inhibitor atomoxetine on three distinct forms of impulsivity in the 
rat. Neuropsychopharmacology 2008;33:1028‑37. doi:10.1038/
sj.npp.1301487.


