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Abstract

Copy number variants are deletions and duplications of a few thousand to million base pairs and 

are associated with extraordinarily high levels of autism spectrum disorder, schizophrenia, 

intellectual disability or attention-deficit/hyperactivity disorder. The unprecedented levels of 

robust and reproducible penetrance of copy number variants make them one of the most promising 

and reliable entry points to delve into the mechanistic bases of many mental disorders. However, 

the precise mechanistic bases of these associations still remain elusive in humans due to the many 

genes encoded in each copy number variant and the diverse associated phenotypic features. 

Genetically engineered mice have provided a technical means to ascertain precise genetic 

mechanisms of association between copy number variants and dimensional aspects of mental 

illnesses. Molecular, cellular and neuronal phenotypes can be detected as potential mechanistic 

substrates for various behavioral constructs of mental illnesses. However, mouse models come 

with many technical pitfalls. Genetic background is not well controlled in many mouse models 

leading to rather obvious interpretative issues. Dose alterations of many copy number variants and 

single genes within copy number variants result in some molecular, cellular and neuronal 

phenotypes without a behavioral phenotype or with a behavioral phenotype opposite to what is 

seen in humans. In this review, I discuss technical and interpretative pitfalls of mouse models of 

copy number variants and highlight well-controlled studies to suggest potential neuronal 

mechanisms of dimensional aspects of mental illnesses. Mouse models of copy number variants 

represent toeholds to achieve a better understanding of the mechanistic bases of dimensions of 

neuropsychiatric disorders and thus for development of mechanism-based therapeutic options in 

humans.
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Rare Genetic Variants

Copy number variants (CNVs), each occurring in less than 1% of a clinically diagnosed 

disorder, are associated with mental disorders with unprecedentedly high odds ratios. These 

include 1q21.1 deletion and duplication, 2p16.3 deletion, 3q29 deletion, 7p36.3 deletion and 

duplication, 7q11.23 duplication, 8q22.2 deletion, 9p24.3 deletion and duplication, 15q13.3 

deletion, 16p11.2 deletion and duplication, 22q11.21 deletion and Xq28 duplication1–3. 

These CNVs are variably associated with all or some of mental disorders including autism 

spectrum disorder (ASD), schizophrenia, intellectual disability (ID) or attention-deficit/

hyperactivity disorder (ADHD). Some of these CNVs are predominantly inherited (e.g., 

1q21.1 duplication, 15q13.3 deletion, 16p11.2 duplication, 22q11.2 duplication) and others 

are de novo (e.g., 16p11.2 deletion, 17q12 deletion, 22q11.2 deletion)4.

While these genetic variants are solid entry points to research in precision medicine, a 

complete understanding of factors that cause incomplete penetrance and variable 

expressivity of a disorder is still lacking. Nonetheless, several promising hypotheses have 

been proposed. A CNV might become symptomatic when hit by a second CNV4,5. 

Moreover, given that common genetic variants en masse confer substantial risk for ASD and 

schizophrenia6–8, such factors in the genome might amplify or reduce the impact of a CNV. 

An experimental analysis of mouse models is consistent with the hypothesis that genetic 

backgrounds modify the impact of ASD-associated genes9–12. Environmental factors, as 

modifiers for the effects of CNVs, are likely to contribute to incomplete penetrance and 

variable expressivity11,13,14. Some environmental factors by themselves are also known to 

increase the probability of schizophrenia15 and ASD16.

DSM and RDoc

The clinical diagnosis of any mental disorder is based on observed clusters of elements 

considered to be essential for a given disorder. The Diagnostic and Statistical Manual was an 

attempt to standardize diagnosis based on itemized elements and non-parametric crossing of 

a diagnostic threshold. For examples, according to the DSM-5, one is diagnosed with 

schizophrenia, when two or more of “core” symptoms (i.e., delusions, hallucinations and 

disorganized speech, grossly disorganized or catatonic behavior and negative symptoms, 

among which at least one must be from delusions, hallucinations and disorganized speech) 

are present for a significant portion of time during a 1-month period.

There are a number of inconvenient facts about such categorical diagnoses by the DSM or 

International Classification of Diseases (ICD). First, treatment outcomes often ignore the 

boundary of so-defined disorders. Atypical neuroleptics are used to treat schizophrenia, 

bipolar disorder, and even anxiety disorders (e.g., sulpride). Second, the categorical division 

between mental disorders is inconsistent with genetics. Each CNV, in many cases, is 

associated with multiple mental disorders. Third, there is no mechanistic basis to group a 

certain set of symptoms for a given category. Certain drugs ameliorate only specific aspects 

of a disorder. For example, although typical neuroleptics soften psychosis and 

hallucinations, they are not effective for treatment of negative symptoms or cognitive 

impairments. Although atypical neuroleptics are effective for ameliorating both positive and 
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negative symptoms of schizophrenia, they have little effect on cognitive impairments; they 

are effective for reducing aggression and repetitive behaviors of ASD, but do not improve 

defective social interaction and communication. Fourth, each disorder is highly 

heterogeneous. A combination of symptomatic elements and their severity widely vary 

individually. Fifth, even before one reaches a diagnostic criterion, individuals may exhibit 

many atypical behaviors and precursor symptoms, suggesting that the underlying biology 

precedes the onset of clinically defined disorders.

The Research Domain Criteria (RDoc) is an attempt to shift the paradigm17,18. This 

initiative is still a blue print for an alternative way of understanding mental disorders. It is 

based on a dimension composed of domain constructs, units of analysis and developmental 

trajectory. The domain constructs are observable behavioral and neurobiologic measures that 

form broad domains of function. For example, the social processes domain includes 

imitation, social dominance, attachment/separation fear and more. The cognitive domain 

includes attention, working memory, declarative memory and cognitive control. These 

domain constructs are independent of categorical classification of mental disorders and do 

not need to follow the preconceived grouping of symptoms to define mental disorders. 

Whether such constructs deviate sufficiently to call them ASD or schizophrenia—where to 

draw a cut-off beyond which to call something a disorder– is a matter of clinical 

convenience rather than mechanistic rationale. These constructs are to be examined at the 

levels of genes, molecules, cells, circuits, physiology, behavior, self-reports and paradigms. 

The NIH envisions that, through empirical testing and revision of constructs, valid 

dimensions will eventually form a basis for a new way of understanding and treating mental 

illnesses.

Mouse models of CNVs

Cell models developed from human iPSCs and 3D brain organoids provide a technical 

means to examine molecular and cellular phenotypes of CNVs, but many technical issues 

remain including their limited capacity to model only early development, inability to model 

neuronal functions in circuits in the brain or under environmental influences, high 

phenotypic variability and high spontaneous mutation rates in iPSCs. Researchers have 

capitalized on CNVs to develop mouse models with construct validity. As of October 2017, 

there are mouse models with the following CNVs with more being developed using CRISPR 

techniques: 16p11.2, 17p11.2 15q11–13, 15q13.3, 22q11.21 and 7q11.23. Behavioral, 

anatomic, neuronal, cellular and molecular correlates of these mouse models have been 

investigated.

Before discussing phenotypes of these mouse models, it is important to discuss one critical 

issue. Behavioral phenotypes are often viewed as variable and unreliable. While this might 

be the case compared to other phenotypes, this is also due to unreliable methods in which 

mice are generated and tested. Mouse models are maintained using various breeding 

methods (see Figure 1). One widely used method produces a non-congenic mouse line. A 

non-congenic mouse is F2 or later generations, resulting from crosses of mice with a 

mutation and a breeder mouse. In many cases, mutations are generated using ES cells of one 

inbred mouse (e.g., 129sv). A developed mouse is then crossed with a mouse line with high 
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fecundity (e.g., C57BL/6J). The offspring then carry the genetic backgrounds of alleles of 

ES cells and alleles of a breeder strain. The chromosomal regions linked to the target genes 

are expected to contain more genomic materials of ES cells in mutant mice; the same region 

contains more alleles of a breeder mouse strain in wild-type littermates. Thus, mutant and 

wild-type littermates are expected to systematically differ in allelic composition in the 

vicinity of the targeted gene. In this sense, the “mixed” genetic background does not mean a 

randomly mixed genetic background, which would not pose interpretative issues, but rather 

represents a “biased” genetic background in the vicinity of the gene of interest between 

wild-type and mutant littermates. It has long been pointed out that these systematically 

“biased” genetic backgrounds pose an interpretation difficulty for phenotypes19–23.

While as few as four generations of backcrossing would be expected to reduce genomic 

material from a strain of ES cells to approximately 12% of the entire genome (i.e.,), this 

estimate is based on regions unlinked to the mutated gene. A much higher percentage of 

genomic materials of ES cells would be expected to be retained in chromosomal regions 

linked to the mutated genes21. If phenotypes are qualitative (e.g., lack of an organ or 

appearance of pathology), unequal genetic background would not be much of an issue. 

However, in the majority of CNV studies, phenotypes are not qualitative ones but 

quantitatively deviate from the average of wild-type mice. If various inbred mice exhibit 

more or less similar quantitative behavioral traits, different genetic backgrounds would not 

be an issue, either. However, inbred mouse lines widely differ in various quantitative 

parameters relevant to mental disorders, including memory in the Morris water maze and the 

radial maze24–26, working memory26, prepulse inhibition26, social behaviors26,27, neonatal 

ultrasonic vocalization27–29 and seizures30.

The biased genetic background of non-congenic mice also complicates interpretation of 

anatomic and electrophysiological phenotypes. Inbred mouse lines exhibit considerable 

variation in anatomic structures: shapes and volumes of the corpus callosum, anterior 

commissure, hippocampal commissure, hippocampus and ventricle31–33, number of 

neurons24,33–36, number of neurotransmitter receptors25, shape and number of dendritic 

spines37 and the rate of various phases of adult neurogenesis24,38. Inbred mouse lines also 

differ in electrophysiological measures of synaptic plasticity39–41.

Molecules affected by a mutated gene are also confounded when genetic background is not 

controlled. Several elegant studies involving mutant mice revealed a robust biasing effect of 

genetic backgrounds on molecular differences between mutant and wild-type mice. Valor 

and Grant42 carefully examined differentially expressed genes between wild-type and 

mutant littermates of SAP102 and PSD-95. Most significantly differentiated genes were 

located in the vicinity of the deleted genes. The differential gene expression and alleles of 

ES cells were considerably reduced by backcrossing to C57BL/6J for ten generations. The 

same trend was observed in mice with mutations of Rab3A43, 17p11.2 deletion and 

duplication44, and mutation of Gtf2ird1, a gene encoded in 7q11.23 CNV45, and other 

mutations42.

These rigorous, carefully designed studies cast doubt on any observed phenotypic 

alterations–whether they are behavioral, anatomic, electrophysiologic, cellular or molecular–
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seen in non-congenic mutant mice, as solely reflecting the genuine effects of the targeted 

mutation. Any difference between non-congenic wild-type and mutant littermates could 

reflect allelic differences, the impact of the mutated gene, additive or epistatic effects of 

both, or some or all of these factors. It is possible that alleles in the flanking region of the 

gene of interest could be linked in humans as well, but humans are mostly outbred and the 

flanking region is expected to randomly differ between mutant carriers and non-carriers. 

This is not the case in non-congenic mice. There is a systematic bias in genetic background 

between mutant and wild-type littermates. Researchers often express the opinion that mutant 

mice with a “mixed” genetic background tend to exhibit more robust behavioral deficits and 

are thus ideal to investigate the impact of the mutated gene. However, the purpose of any 

analysis of a genetic mouse model should be to evaluate the impact of a targeted mutation on 

phenotypes; not to find the ‘robust’ phenotype regardless of its cause.

The strategies to circumvent this interpretative pitfall are congenic mouse, co-isogenic 

mouse and F1 hybrid mouse (see Fig. 1). The congenic strain uses a strategy in which a non-

congenic mouse is backcrossed for ten generations or more to maximize the breeder alleles 

even in the vicinity of the targeted gene. Although allelic differences between wild-type and 

mutant mice are minimized and there is a considerably lesser degree of interpretative 

ambiguity, unequal alleles might still persist at the segments very proximal of the mutated 

gene in a congenic mouse line.

A co-isogenic mouse is developed in ES cells of one strain and bred in the same strain. ES 

cells derived from C57BL/6N are often used and bred with the same substrain to maintain 

the genetic background of wild-type and mutant mice as identical. An F1 hybrid is another 

strategy designed to keep the genetic background of mutant and wild-type littermates 

identical. The mutant mouse line with ES cell genetic background is crossed with another 

breeder mouse strain and their first generation offspring (F1) is used, so that both wild-type 

and mutant mice have one copy of a strain from which ES cells were derived and one copy 

of a strain used for breeding without recombination. An F1 hybrid makes it possible to 

critically evaluate the potential interaction between common alleles in the genetic 

background and the targeted mutation under a well-controlled experimental condition.

RDoc domain constructs in mouse models of CNVs

The RDoc domain construct coincidentally jibes well with what has long been used to assess 

behaviors in rodents. There are a number of aspects of neuropsychiatric disorders that are 

modeled in mice. These measures can be collected in mouse models along the 

developmental span under environmental influences. Thus, a good translational match 

between humans and experimental animals is possible with the RDoc as long as valid tasks 

are available to measure units of the same constructs in humans and experimental animals.

Because of the interpretative ambiguity of non-congenic mice, I am limiting our discussion 

to those studies in which genetic background is controlled using congenic mice, co-isogenic 

mice and F1 hybrids (see Figure 1). The studies listed in Table 1 are considered “primary” 

evidence that phenotypes can be, fairly unambiguously, ascribed to the mutated genes 

without the confounding effects of the biased genetic backgrounds. I exclude studies that 1) 
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referred to previous studies that did not use F1 hybrid, co-isogenic or congenic mice (10 or 

more backcrossing), 2) stated that the mutant mouse was on a C57BL/6J or C57BL/6N 

background with a citation which used ES cells of 129sv inbred mouse lines and did not 

specify the number generations of backcrossing, 3) stated “a pure C57BL/6 genetic back 

ground” without defining what is meant by “pure” and in fact it included another genetic 

background. While those excluded studies are of interest, the phenotypes described in them 

cannot be unambiguously ascribed to the genes in question. Those phenotypes are likely to 

include the impact of the biased allelic distributions, particularly in the vicinity of the gene 

of interest, between wild-type and mutant mice. As the links between those background 

alleles and mental disorders are not established, such phenotypes cannot be pursued to 

examine the mechanistic basis of the genetic variants associated with mental disorders. In 

fact, many phenotypes reported in non-congenic mice are not replicated when genetic 

background is controlled. On the other hand, the studies discussed below provide a more 

solid basis to further delve into mechanistic bases of dimensional aspects of mental 

disorders.

Sensorimotor gating in prepulse inhibition (PPI)

PPI scores are lower in individuals with schizophrenia, obsessive compulsive disorder 

(OCD), Tourette’s syndrome, bipolar disorder, ADHD, Huntington’s disease, Lewy body 

dementia and seizure disorder46. No consistent deficit has been noted in individuals with 

ASD. Children and adults with ASD without cognitive deficits have normal or even higher 

PPI47–52 except as reported in a study that used a specific parametric condition48. Children 

and adults with autism with cognitive deficits have normal PPI53,54. While they showed a 

deficit for a 120msec interval between a prepulse and pulse stimuli, in one set of samples, 

this was not found in a larger sample53. Thus, lower levels of PPI can be taken as a reliable 

dimensional aspect of psychiatric disorders except for ASD.

Several mouse models of CNVs exhibit defective PPI (see Table 1). Mouse models of 

22q11.2 hemizygous deletion consistently show lower levels of PPI55,56 consistent with 

lower PPI scores in individuals with 22q11.2 hemizygosity57. Mice that over-express a 

segment of 22q11.2 are normal58, a finding in accordance with the observation that 

duplication of 22q11.2 does not increase the risk for schizophrenia and rather might be a 

protective factor for schizophrenia59. PPI is also normal in mouse models of 15q11–13 

duplication60,61 and 15q13.3 deletion62,63. It remains unclear why these mouse models of 

15q11–13 duplication and 15q13.3 deletion, which are associated with schizophrenia in 

humans, show normal PPI, but a lack of PPI deficits is consistent with a feature of ASD.

Working memory

While its precise construct structure is a matter of debate, working memory is measured via 

tasks that require the retention of information for a short period of time in a flexible manner. 

Working memory capacity typically expands from childhood to adulthood64–67. This 

developmental maturation process, however, starts to lag behind from adolescence (13–17 

years) to adulthood (18 years and older) in individuals with ASD68–70. Working memory 

with high load and longer temporal span is more severely affected than other working 

memory tasks in ASD71–73.
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Cognitive deficits of individuals with schizophrenia encompass diverse capacities, including 

attention, working memory, executive function, episodic memory, semantic memory, visual 

memory, verbal ability and learning, spatial memory and reasoning, face memory, emotion 

differentiation, verbal reasoning, list memory, processing speed and fluency74–78. However, 

various cognitive functions are not evenly impaired in patients with schizophrenia or 22q11 

deletion74,79. Children and adolescents who later develop schizophrenia are particularly 

behind their peers in working memory, attention and processing speed80–87. Cognitive 

deficits start to appear a decade before–and worsen till—symptoms reach the diagnostic 

criteria of schizophrenia in individuals with 22q11.2 deletion88–93 or idiopathic 

schizophrenia80,84,85

Working memory, among various executive functions, is best correlated with IQ94–96 and is 

less developed, throughout development and in adulthood, in individuals with intellectual 

disability (ID)97–100. Weak working memory is also found in children with attention deficit 

hyperactive disorder (ADHD)101–104.

In rodents, working memory is often evaluated as spontaneous and rewarded alternation with 

delay in a T-maze and win-shift responses in a radial maze in which the position of a baited 

arm is changed from trial to trial. Lower scores in tasks that include working memory have 

been observed in a segmental 22q11.2 duplication model in rewarded alternation with 

delay58 (see Table 1). A co-isogenic model of 22q11.2 hemizygous deletion exhibited 

increased scores of touchscreen delayed non-match to location, and lower scores in 

acquisition of T-maze non-match to sample; this mouse line did not differ from wild-type 

mice in working memory scores in a radial maze, spontaneous alternation or non-match-to -

sample with delay in a T-maze105. However, in this study, mice were tested over a wide 

range of ages, from 2 months to 16 months. In particular, delayed non-match to location in a 

touch screen task and a T-maze task started from 8 and 7–16 months of age, respectively. 

The age of nineteen months in mice corresponds to approximately 56 years old in humans; 

10–14 months of age in mice correspond to 38 to 47 years in humans106. As working 

memory deficits due to genetic variants appear in an age-dependent manner in mice58,107 

and humans108 and baseline scores differ at different ages, testing in a much narrower range 

from 1 to 3 months of age might detect a phenotype. Working memory is normal in mouse 

models of paternal and maternal 15q11–13 duplication60,61, 15q13.3 deletion62,109, and 

22q11.2 hemizygous deletion110 (see Table 1).

Flexibility and reversal learning

ASD is characterized by circumscribed interests and restricted and repetitive behaviors111. 

While not impaired in a simple discrimination task, individuals with an ASD diagnosis 

require more trials in reversal learning; this trend correlates with stereotyped, repetitive, or 

idiosyncratic speech and restricted, repetitive, and stereotyped patterns of behavior112.

The capacity for simple discrimination, extra-dimensional shift and reversal is impaired in 

individuals with schizophrenia and a reversal deficit is correlated with negative symptoms 

and disorganized thought, but not with positive symptoms113,114. Schizophrenic patients 

make more errors than controls in simple discrimination, initial compound discrimination 
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and extra-dimensional shift and simple reversal, compound reversal, intradimensional 

reversal and extra-dimensional reversal.

A genetic mouse model of paternal 15q11–13 duplication exhibits resistance to reversal of 

learned behaviors in the Morris water maze and Barnes maze, although the original learning 

is intact; those with maternal duplication are normal in reversal of this task60 (see Table 1). 

A congenic mouse with 22q11.2 hemizygous deletion exhibits improved early-phase 

reversal learning, impaired late-phase and overall touch-screen reversal learning, and 

impaired discrimination performance115. A co-isogenic mouse model of 22q11.2 

hemizygous deletion show a delay in acquisition of working memory in a standard working 

memory in a T-maze; however, they showed better performance in easy reversal learning and 

no phenotype in difficult reversal learning in a touch-screen task105. It should be noted that 

in this study, mice were tested in a wide age range from 2 to 8 months. Reversal learning 

was normal in a congenic 7q11.23 deletion mouse model116, a co-isogenic maternal 15q11–

13 duplication model60, or a co-isogenic15q13.3 deletion model109 (see Table 1).

Social cognition

Defective reciprocal social interaction is one of the core symptomatic elements of ASD. 

Precise developmental charting is critical to correctly detect early signs of ASD, as the 

timing of appearance and maturity levels of various milestone features individually 

varies117. While incipient ASD infants start to show atypical development of social orienting 

and reciprocity (e.g., gaze to face and eye, social smiles, directed vocalizations and social 

engagement, imitation, response to name) at 12 to 18 months, they deviate from typically 

developing infants in social communication as early as 6 months118,119 and in memory-

based face recognition from the age of 3 to 6 months120. Attention to social scenes and face 

is found altered in infants who are later diagnosed with ASD as early as 6 months in some 

cases121. More pronounced signs of communication delay and social difficulties become 

apparent by 3 years old. From 6 to 18 months of age, incipient ASD infants, compared to 

typically developing infants, exhibit atypical eye contact and reductions in imitation, 

response to name, social intent and social smiling122. During the period from 18 to 36 

months of age, children with ASD display no pretend play, highly repetitive manipulation of 

a part of objects, a reduced joint attention and communication123. There is considerable 

improvement in theory of mind scores from 5 to 8 years of age in children with ASD124. 

Children with ASD eventually are able to track others’ mental states in false belief tasks, but 

ASD children require twice longer to reach the same level of theory of mind scores as 

typically developing children125. While adults with ASD can perform the theory of mind 

normally, they do not show automatic anticipatory eye gaze126, suggesting that ASD 

children do not acquire this capacity in the same way as typically developing children.

The development of social cognition, including perception of social cues such as face and 

voice, mentalizing and emotion regulation, consistently lags behind, throughout childhood to 

adulthood, in individuals with later diagnosis of psychosis and schizophrenia74,127–130. 

Defective social cognition is also seen in individuals with ADHD123, but different reasons 

might underlie social impairments seen in ASD and ADHD131.
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Some of these features can be quantitatively measured in rodent tasks. In mice, naturalistic 

reciprocal affiliative social interaction and aggressive social interaction in a home-cage 

setting and “sociability” in a three-chamber task are routinely used. Given that adults with 

ASD are not quantitatively different from controls in theory of mind, the testing age is an 

important factor to consider. Altered social behaviors in humans with genetic variants are 

recapitulated in genetic mouse models of 15q11–13 paternal duplication60, 15q13.3 

deletion109, 16p11.2 deletion and duplication132, 17p11.2 duplication44, and 22q11.2 

duplication from GNB1L, TBX1, GP1BB and SEPT5133 (see Table 1).

Neonatal ultrasonic vocalization

Babies who are later diagnosed with ASD emit atypical preverbal vocalizations13,118,134,135. 

Neonatal vocalization, under conditions of maternal separation, has been examined using 

mouse models as a proxy of baby cries. Rodent pups emit vocal calls upon separation from 

dams and the dams use pup calls to locate and retrieve the pups. A number of genetic mouse 

models of ASD exhibit atypical neonatal vocalizations12,136. Mouse models of paternal 

15q11–13 duplication60,15q13.3 deletion63,109 and 17p11.2 duplication137 show altered 

total numbers of neonatal calls (see Table 1). That atypical social communication 

functionally impacts the relationship of pups with mothers has recently been demonstrated 

in a mutant mouse that lacks one copy of Tbx1, a 22q11.2-encoded gene14,138.

Anxiety

Anxiety is considered a comorbid trait in ASD and schizophrenia, but the concept of 

comorbidity is a moot point in the dimensional evaluation of neuropsychiatric disorders, as 

the latter has no categorical classification of disorders, hence no such a thing as a core 

symptom or comorbid trait18. Various mouse models of CNVs exhibit heightened anxiety-

related behaviors (see Table 1).

Factors affecting the magnitude and directions of behavioral phenotypes

Incomplete penetrance and variable expressivity are often found in mouse models even when 

genetic background is controlled139. Lack of phenotypes in some cases might be taken as 

evidence that a CNV represents a liability rather than a causative factor sufficient to result in 

phenotypes. However, many factors also need to be considered here for the apparently 

absent, weak or even opposite phenotypes in behavioral tasks.

Different species might not be equally sensitive to gene doses. While humans with 15q13.3 

hemizygous deletion exhibit ASD at high rates, mice with hemizygous deletion of the 

homolog chromosome do not and it takes homozygous deletion to induce behavioral 

phenotypes relevant to ASD63.

The average score for any mouse behavioral task might not be a reliable way to detect CNV-

linked phenotypes. Many CNVs have incomplete penetrance and variable expressivity in 

humans. While the penetrance of any disorder, including ASD, congenital malformation and 

developmental delay, is close to complete in 7q11.23 and 22q11.2 deletion cases, it is not for 

other CNVs140. Moreover, when individual diseases are separately considered, no CNV 

shows complete penetrance. It is thus not surprising that the overall average of a behavioral 
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score, which represents a domain construct, does not differ between wild-type and mutant 

mice at the group basis; a subset of mice might exhibit phenotypes.

A host genetic background might powerfully modulate behavioral phenotypes. When the 

genetic background of 129SvJ is increased in Sept5 mutant mice, the baseline level of 

reciprocal social interaction increased and a phenotypic difference between wild-type and 

mutant littermates dissipated9,141,142. The apparent absence of a phenotype could be due to 

some modifying impact of alleles of 129SvJ on Sept5 mutation. This is different from the 

biased genetic background between wild-type and mutant mice, as congenic Sept5 mutant 

mice show statistically lower scores than wild-type littermates in reciprocal social 

interaction9,141,142. Similarly, when a congenic Fmr1 mutant mouse with C57BL/6J 

background is crossed with various inbred mouse lines, the impact of this gene mutation is 

erased or reversed on a F1 hybrid genetic background with A/J, DBA/2J, FVB/NJ, 129S1/

SvImJ, or CD-1, attesting to the robust modifying effect of genetic background on 

phenotypes143. Shank3 mutation on co-isogenic C57BL/6N background manifests its 

phenotypic effects non-identically under different congenic genetic backgrounds of FVB/

NTac and 129S6/SvEvTac144. Sittig and colleagues produced F1 crosses between male 

C57BL/6J mice heterozygous for null alleles of Cacna1c or Tcf7l2 and females of 30 inbred 

mouse lines145. Phenotypic expression differed widely under distinct F1 inbred hybrid 

backgrounds. This study is different from those that used non-congenic mutant mice. As an 

F1 generation was used, the genetic background is made homogenous between wild-type 

and mutant mice. Another elegant study by Herault and colleagues examined the impact of 

hemizygous deletion and duplication of mouse ortholog of human 16p11.2 CNV on 

behaviors under an F1 hybrid background. ASD-related social interaction deficits appeared 

under an F1 hybrid background of C57BL/6N and C3H/HeH, but not under co-isogenic 

C57BL/6N background132.

These mouse studies are conceptually provocative in that they suggest that the phenotypic 

appearance of a CNV is permitted under a specific genetic background9,11 or alternatively 

results from the collective impact of common alleles in the genetic background that can 

appear in the absent negative control of a gene(s) encoded in a CNV (Y. Herault, personal 

communication).

Environmental factors are another important modifier of behavioral phenotypes. In mice, 

when behavioral phenotypes relevant to ASD are not present, this could be due to housing 

conditions. The manner in which mutant and wild-type mice are housed exerts a profound 

impact on behavioral phenotypes. Yang and colleagues demonstrated that a mouse model of 

16p11.2 deletion exhibited deficits in neonatal ultrasonic vocalization (USV) and adult 

reciprocal male-female social interaction when mutant mice were housed with wild-type 

mice, but not housed with the same genotype146. The composition of litter genotypes has 

also been shown to affect the phenotypic differences in olfactory responses to social odor in 

Nlgn3 mutant mice147.

Testing age should also be considered. Depending on phenotypes, the gene might affect 

testing results at specific ages more preferably. ASD patients overcome defective 

mentalizing by adulthood126. Working memory shows developmental maturation from 
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childhood to adulthood in humans108 and during the corresponding period from 1 to 2 

months of age in mice58,107 and copy number alterations of 22q11.2-encoded genes impact 

the maximal maturation at 2 months, but not at 1 month of age107 in a similar manner as 

seen in individuals with alleles of a 22q11.2 gene108.

Behavioral phenotypes of single gene mutant models

It remains mostly unclear how individual genes encoded in each CNV affect dimensional 

aspects of mental disorders. On one hand, one can assume that all CNV-encoded genes 

contribute to dimensions of neuropsychiatric disorders. On the other hand, one can also 

assume that not all CNV-encoded genes are responsible for dimensional behavioral 

deviations. These alternative views cannot be critically tested using mouse models of the 

entire region of a CNV.

Due to the pioneering work involving mutant mouse models of 22q11.2-encoded segments 

and single genes11,148–150, much more is understood about the way individual 22q11.2 

CNV-encoded genes affect dimensions of mental illnesses than other CNVs. However, 

mutant mice used in many studies were non-congenic lines and phenotypes cannot be 

unambiguously ascribed to the impacts of targeted genes. Thus, here, I discuss primary 

evidence in which the genetic background of a mutant mouse is either co-isogenic, an F1 

hybrid or congenic with 10 or more generations of backcrossing. To date, such mutant mice 

with many 22q11.2 genes encoded in the commonly deleted 1.5 Mb region are available and 

have been tested in the behavioral constructs listed (Fig. 2). Attempts to provide phenotypic 

profiles of all mouse genes by the International Mouse Phenotyping Consortium (http://

www.mousephenotype.org/) will accelerate similar analyses of other single genes of this and 

other CNVs. Critically, mice developed by the IMPC are co-isogenic mice with C57BL/6N 

background151, thereby avoiding the interpretive issues of non-congenic mice. In fact, 

several previously published data of non-congenic mice are not replicated in the co-isogenic 

mutant mice of the IMPC152.

Several genes have been shown to contribute to dimensional constructs of individuals with 

22q11.2 hemizygosity (Fig. 2). Deficiency of Prod alters adult vocalization in females152, 

but has no detectable effect on PPI152,153 or aggression152. Dgcr8 heterozygous mice are 

impaired in prepulse inhibition154,155 and working memory155, but not thigmotaxis, an 

anxiety-related behavior in an open field155; social interaction was not tested. Tbx1 
heterozygosity results in defective reciprocal social interaction156, functionally defective 

neonatal social communication138, reduced working memory capacity156 and heightened 

thigmotaxis156. Sept5 deficiency impairs social interaction141 but has no effect on PPI or 

thigmotaxis141,152.

Mutant mice of other genes have been tested in various tasks listed, but no statistically 

significant phenotypes have been found when genetic background is controlled (Fig. 2). 

These genes include: Dgcr2 for aggression and adult vocalization152; Rtn4r for aggression 

and adult vocalization152; Ranbp1 for PPI, aggression and adult vocalization152; Arvcf for 

PPI and adult vocalization152; Comt for PPI, aggression, adult vocalization, social behaviors 
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and anxiety-related behaviors152,157–160; Gp1bb for PPI, aggression and adult 

vocalization152; and Hira for adult vocalization152.

The presence and absence of behavioral phenotypes in these mutant mice provides a partial 

glimpse of how 22q11.2 CNV-encoded genes contribute to the overall behavioral profile. 

First, not all CNV-encoded genes are responsible for a given behavioral construct (i.e., non-

contiguous gene effect)10–12. Out of seven genes tested for PPI, only Dgcr8 deficiency 

results in a deficit (see Fig. 2). This does not necessarily mean that this is the only 22q11.2 

gene that contributes to PPI, however. As more genes are tested under rigorous experimental 

conditions, more are likely to be found to be required for normal expression of PPI. Out of 

eleven 22q11.2 genes tested for some aspects of social behaviors, the contribution of Prodh, 

Tbx1 and Sept5, but not other 8 genes, has been demonstrated.

The fact that many genes influence a specific dimensional aspect of mental illnesses also 

indicates that collective actions of more than one CNV-encoded gene determine the net 

behavioral phenotype (i.e., mass action)10–12. Various aspects of social behavior are reduced 

by the deletion of Prodh, Tbx1 and Sept5 (see Fig. 2). Moreover, those genes with no 

phenotypic consequence by themselves alone might cause a phenotype with other encoded 

genes (i.e., epistasis).

Further complicating the matter, mass action does not necessarily mean all genes involved 

act in the same direction. Some genes cause an antagonistic effect (i.e., antagonistic gene 

effect)10–12. Deletion of Comt improves working memory (see Fig. 2), although 22q11.2 

hemizygous carriers are impaired in working memory. There might be more CNV-encoded 

genes that exert such antagonistic actions that are hidden against the mass action of other 

genes.

The non-contiguous gene and antagonistic actions pose a potential interpretative caveat of 

analysis for CNV models. Even if a CNV-encoded gene has no role or an antagonistic role in 

a particular behavioral phenotype, almost any gene within a CNV is expected to be involved 

in some molecular, cellular and neuronal functions, thereby causing some phenotypes in the 

brain without causing a behavioral phenotype. In such a case, that neuronal phenotype is an 

epi-phenomenon for a behavioral phenotype (i.e., epi-phenotype, see Fig. 3, C-c-1). Such a 

neuronal phenotype nonetheless could be a genuine neuronal phenotype of a different 

behavioral phenotype that has not been explored, however (i.e., misguided focus on a 

behavioral phenotype, Fig. 3, C-c-2). Such behavioral phenotypes might be relevant or 

irrelevant to dimensional aspects of mental disorders.

Neuronal phenotypes examined are often based on the consensus that they are relevant to 

mental disorders. However, there might be other neuronal phenotypes that have not been 

found yet which genuinely or more robustly contribute to a behavioral phenotype (i.e., 

unexplored neuronal phenotypes).

Existing primary evidence suggests that neuronal phenotypes caused by gene dose 

reductions of Prodh, Dgcr8, COMT, Tbx1 and Sept5 contribute to various behavioral 

constructs of mental illnesses (see Fig. 2). The brain functions of these genes suggest several 

potential neuronal phenotypes relevant to the behavioral phenotypes of their single gene 
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mutant mice. Prodh is critical for mitochondrial respiration161 and dopaminergic and 

GABArgic transmission and gamma oscillation153,162. Dgcr8 deficiency alters embryonic 

neurogenesis163,164 and adult neurogenesis155 in mice. Moreover, neuronal proliferation, 

neural differentiation efficiency, neurite outgrowth, cellular migration and neurogenic-to-

gliogenic competence ratio are reduced in cells derived from individuals with 22q11.2 

deletion and schizophrenia diagnosis;altered neurogenesis and gliogenesis are partially 

restored by modulating a molecular target of Dgcr8165. Tbx1 expression is enriched in 

postnatal and adult neural progenitor cells107,156. When Tbx1 or Comt is over-expressed in 

adult neural progenitor cells in the hippocampal granule cell layer, the developmental 

maturation of working memory and the migration of newly generated neurons are eqaully 

blunted107. These observations suggest novel hypothetical genetic and cellular mechanisms 

for cognitive deficits seen in individuals with 22q11.2 duplication and triplication. Sept5 is 

functionally involved in cell death and synaptic transmission166–171. These neuronal 

phenotypes remain candidate mechanisms for specific dimensions of 22q11.2 CNV-

associated psychiatric disorders.

Neuronal phenotypes of CNV mouse models

As some neuronal phenotypes are not technically tractable in humans, mouse models 

provide a complementary means of study. Neuronal phenotypes, including cellular and 

molecular phenotypes, detected in non-congenic mouse models of CNVs are not 

interpretable in terms of the impact of a CNV (see Mouse models of CNVs). Here I discuss 

primary evidence of mouse CNV models whose genetic background is controlled.

Some anatomic phenotypes are similarly observed in humans with many CNVs and their 

mouse models, but others might be distinct to some CNV cases. Altered tissue volumes are 

seen in the hippocampus CA3 of a mouse model of 7q11.23 deletion116, granular layer of 

the hippocampus and other regions of a mouse model of 15q11–13 duplication172, and 

cortex and other regions of a mouse model of 22q11.2 deletion173. Consistent with these 

anatomic features, humans with 7q11.23 deletion show decreased brain size, in particular, in 

gray matter density in the superior parietal lobe areas174 or altered shape, but not size, of the 

hippocampus175. Global brain volume reductions have been observed in various brain 

regions176–179 as well as increases in the corpus callosum180,181 of 22q11.2 hemizygous 

deletion carriers; however, the corpus callous volume is smaller among 22q11 deletion 

carriers with ADHD than without ADHD181. Heterotopia, dysplasias or malformations of 

the hippocampus in the alveus, CA4, and dentate gyrus and dysplasia in the dentate gyrus 

were detected in carriers of 15q11–13 duplication and individuals with autism diagnosis and 

hypoplasia of the corpus callosum182,183.

A mouse model of 7q11.23 deletion shows a volume reduction in CA3, increased immature 

neurons in the subgranular zone of the hippocampal dentate gyrus and shorter dendrites 

reduced and spine density in the hippocampus, and reduced cell density in the amygdala, 

and a reduction in pyramidal cells in the cortex and CA1116. A congenic mouse model of 

22q11.2 deletion has deficits in migration of cortical interneurons and hippocampal dentate 

precursor cells during the embryonic period164. The rate of spine formation and elimination 

is high, short-term depression in the prelimbic prefrontal region is greater, short-term 
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potentiation and long-term potentiation are lower in a congenic mouse model of 22q11.2163. 

An enhanced turnover of spines, but not spine density, is found in the cortical regions of a 

15q11–13 duplication model184.

A co-isogenic mouse model of 15q13.3 deletion exhibits a reduction in recruitment of 

neurons to fast steady-state gamma oscillatory activity and in the probability of interneurons 

to fire with low inter-spike intervals in response to auditory stimulation185. This mouse 

model also shows a reduction in the baseline firing rate and amplitude of fast-spiking PFC 

interneurons, but not pyramidal neurons and a delay in the onset of firing of both PFC 

pyramidal neurons and interneurons186.

A mouse model of 16p11.2 deletion exhibits normal synaptic transmission, normal paired 

pulse facilitation, but decreased CA1 long-term potentiation132.

Correlation between neuronal and behavioral phenotypes

Correlation needs to be first established between neuronal and behavioral phenotypes in a 

CNV model. However, this falls short of proof of casual relation between the two, given the 

possibility that some neuronal phenotypes might not be causally linked to a given behavioral 

phenotype (see Fig. 3, C-c-1) or act antagonistically against a behavioral phenotype (see Fig. 

2, Comt, working memory).

Some neuronal and behavioral phenotypes co-exist, but others do not. Deficits in behavioral 

reversal are present together with reduced mature neurons in cortical 2/3 layers115,163 and 

reductions in parvalbumin interneurons in deep cortical layers of the medial anterior frontal 

cortex as well as in parvalbumin-positive perisomatic synaptic terminals onto projection 

neurons in lower layers in a congenic mouse model of 22q11.2 deletion187.

A co-isogenic mouse model of 22q11.2 deletion is impaired in PPI and shows increases in 

3,4-Dihydroxyphenylacetic acid (DOPAC) in the prefrontal cortex and striatum and 

increased expression of GluR1 in the dorsal striatum56. However, this mouse model is 

normal in cortical layer composition, hippocampal structures, parvalbumin interneurons, 

myelination, levels of synaptic proteins (PSD-95, Syp, Syn1, Drebrin and geophysin), 

neurons and astrocytes (NeuN and GFAP), GABA (GABAA1, KCC2, VGAT, GAD65/67), 

glutamate (GluR2, NR2A, NR2B, VGluT1), dopamine, 5-HT and noradrenaline contents, 

baseline cortical low frequency oscillation and baseline spike frequency in the prefrontal 

cortex and GAD, thereby not lending strong support for a causal link between these latter 

neuronal phenotypes and PPI deficits56.

Although basal excitation and inhibition (E/I) balance is normal in the prefrontal cortex of a 

mouse model of 22q11.2 deletion, the E/I balance is more easily perturbed by dopaminergic 

stimulation in layer 5 prefrontal pyramidal neurons in this mouse model188. This 

perturbation depends on a potentiated excitation by D1R activation and reduced inhibition 

by D2R cells due to less effective GABAergic parvalbumin interneurons188. Low frequency 

oscillation in the cortex and elevation of pyramidal neuron spike frequency are normal in a 

co-isogenic 22q11.2 mouse model56.
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A congenic mouse model of 22q11.2 deletion exhibits defective neural synchronization 

during pre-learning, training (acquisition) and maintenance of working memory110. 

Hippocampal-prefrontal synchrony, such as phase locking and theta coherence, is heightened 

when working memory demand is high. Baseline coherence in the delta (2–3 Hz), but not 

theta or gamma, range was lower before working memory training acquisition in mutant 

mice, compared to wild-type mice. Although mutant and wild-type mice were statistically 

indistinguishable in the speed to reach a criterion of working memory, individual mutant 

mice with low baseline coherence levels before acquisition took longer to reach a working 

memory criterion during training; such correlation was absent in wild-type mice. A gradual 

increase in theta coherence from the early to late stages of working memory training was 

correlated with the speed at which mice increased choice accuracy and mutant mice were 

slower in both the coherence increase and choice accuracy, compared to wild-type mice. 

After mutant and wild-type mice were trained to a level where their performance is 

indistinguishable, the strength of theta rhythm phase-locking was weaker and coherence was 

lower in the delta (1–4 Hz) and low theta (4–6 Hz), but not high theta (7–10 Hz) or gamma 

(30–80 Hz) range in mutant mice, compared to wild-type littermates. However, these 

neuronal phenotypes appeared in the absence of statistically significant deficits in the 

maintenance of working memory in mutant mice. The apparent dissociation might be due to 

a small sample size tested, as suggested by the authors110. Alternatively, basal delta 

coherence before training and a gradual increase in theta coherence during working memory 

training might be relevant to the pre-learning strategy and rapid acquisition of working 

memory, respectively, but not performance of working memory.

These studies provide many potential neuronal mechanisms underlying dimensional features 

of neuropsychiatric disorders. The challenge is to more tightly establish the causal link 

between these impressive neuronal phenotypes and precise behavioral phenotypes. The mere 

presence of a neuronal phenotype in a CNV mouse model does not automatically identify its 

causative behavioral targets. CNV models inherently suffer from a limitation in causally 

linking a neuronal phenotype and behavioral constructs of neuropsychiatric disorders 

because most CNV-encoded individual genes alter neuronal phenotypes but do not 

necessarily contribute to a specific behavioral phenotype (see Fig. 3, C-c-1) or some 

individual genes act antagonistically against a net behavioral phenotype (see Fig. 2, Comt 

deletion for working memory).

In this regard, some recent elegant studies have attempted to identify a tighter causal link 

between a neuronal phenotype and defective prepulse inhibition. A 22q11 deletion mouse 

model has a disrupted synaptic transmission at thalamocortical glutamatergic projections in 

the auditory cortex and defective prepulse inhibition due to elevation of D2 receptors in the 

thalamus; this D2R elevation is mediated by defective processing of miR-338–3p by Dgcr8, 

a 22q11.2-encoed gene55,154. These studies manipulate intermediate variables to predict the 

outcome, achieving a tighter degree of causative link between neuronal and behavioral 

phenotypes.
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Concluding Remarks

Mouse models of CNVs have revealed anatomic and electrophysiologic phenotypes. One 

interpretative caveat is that any phenotype seen in the brains of CNV mouse models cannot 

be automatically taken as mechanistic bases of dimensions of mental disorders, because of 

the many interpretative pitfalls. The presence of behavioral and brain phenotypes is 

correlative, but not causative, just as these phenotypes are simply correlative in human 

subjects as well. Mouse models of single genes encoded in a CNV are being developed and 

tested to address this issue. As manipulation of gene doses in the living mouse brain and 

prediction of neuronal and behavioral phenotypes are technically feasible, mouse models 

provide a unique means to determine the causative link among genes, neuronal and 

behavioral phenotypes of CNVs.

A future challenge of mouse model analyses is to mechanistically deconstruct and 

reconstruct the causative genetic and neuronal mechanisms underlying behavioral 

dimensions of CNVs. Such efforts will not only provide hypothetical mechanistic bases for 

development of novel therapeutic options for mental illnesses, but also provide novel 

understanding of mental illnesses according to the RDoc criteria. It should be emphasized, 

however, that many brain structures and functions of a mouse might not be as developed as 

those of humans. Thus, there is an inherent limitation in the translational value of mouse 

models. The ultimate validation of hypothetical mechanisms found in mouse models 

depends on the effectiveness of therapeutic options, developed from mouse models, for 

human psychiatric disorders.
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Figure 1. 
Genetic background of different breeding strategies.

The targeted gene (white band) is shown with background alleles originating from the 

embryonic stem (ES) cell donor strain (red), a breeder (green), and randomly mixed alleles 

of both parents (yellow) in non-congenic mice, congenic mice, co-isogenic mice and F1 

hybrid mice. Non-congenic wild-type and mutant mice systematically differ in alleles 

flanking the targeted gene at the F2 generation due to recombination of alleles. By 

backcrossing such a mouse to the breeder for more than 10 generations (>10N), the genetic 

background of a congenic mouse is saturated with alleles of the breeder, thereby minimizing 

the systematic difference in the flanking regions between wild-type and mutant mice. A co-

isogenic mouse is developed in ES cells of a mouse strain and bred with the same mouse 

line. The F1 hybrid is made by crossing a co-isogenic mutant mouse is crossed with another 

inbred mouse and the identical genetic background is present between wild-type and mutant 

mice at the F1 generation.
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Figure 2. 
Impact of deletions of individual 22q11.2 gene on various behavioral constructs relevant to 

mental disorders. Bold gene names indicate that congenic or co-isogenic mice have been 

developed. When mice are tested for the selected phenotypes, they are left blank. Deletions 

of genes cause phenotypes consistent with (red) and opposite to (blue) what is seen in 

humans with 22q11.2 hemizygous deletions. Deletions cause no detectible effect on a 

phenotype (black). Phenotypes have not been examined (blank). Non-congenic mice are not 

included in analysis. Non-congenic mice that are backcrossed for less than 10 generations or 

carry alleles of both C57BL/6N and C57BL/6J are not included, as these C57BL/6 

substrains differ in many behavioral measures due to allelic differences189–192. 

Abbreviations: PPI, prepulse inhibition; WM, working memory; SO, affiliative social 

interaction, sociability, neonatal and adult vocalization and adult aggression; Anx, anxiety-

like behaviors. Dgcr2152; Prodh152,153; Rtn4r152; Ranbp1152; Dgcr8154,155; Arvcf152; 

Comt152,157–160;Tbx1138,156; Gp1bb152; Sept59,141,152; Hira152.
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Figure 3. 
Hypothetical links between genes, neuronal phenotypes and behavioral phenotypes of a 

CNV. Hypothetical genes and neuronal phenotypes are indicated as letters in upper and 

lower cases, respectively. Behavioral phenotypes are indicated as numbers. The causal link 

is indicated by red arrows.
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