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Gene expression can be modulated in two opposite directions,
towards higher or lower amounts of product. How do diametric
changes in gene dosage influence neurological development
and function? Recent studies of transgenic and knockout
mouse models, genomic copy-number variants, imprinted-
gene expression alterations, and sex-chromosome
aneuploidies are revealing examples of ‘mirror-extreme’ brain
and behavior phenotypes, which provide unique insights into
neurodevelopmental architecture. These convergent studies
quantitatively connect gene dosages with specific trajectories
and outcomes, with important implications for the experimental
dissection of normal neurological functions, the genetic
analysis of psychiatric disorders, the development of
pharmacological therapies, and mechanisms for the evolution
of human brain and behavior.
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Introduction

Causally connecting genetic variation with neurological
and behavioral variation remains one of the most challen-
ging enterprises in science, due mainly to the complex-
ities of gene action, gene interaction, and
neurodevelopment. The discipline of neurogenetics cen-
ters on parsing such intricacies using research systems
tractable enough for analysis, yet realistic enough to
generate insights relevant to nature. A key feature of
gene action, in its relationships with phenotypes, is
dosage sensitivity: whether increases and/or decreases
in gene expression are reflected in concomitant, quanti-
tative phenotypic changes [1]. To the extent that gene—
phenotype relations exhibit linear dosage sensitivity,
genetic variation can be directly, causally and quantitat-
ively connected with neurological traits, robustly reveal-
ing adaptive gene functions rather than pathological,

secondary byproducts of perturbations. One-to-one
dosage-phenotype mappings also reveal neurodevelop-
mental architecture: what phenotypes, at what levels from
synapse, to modular function, to higher-order connec-
tivity, and to cognition and emotion, genes with neuro-
logical effects actually underpin. Understanding this
architecture is fundamental to not just how the brain
works and how it has evolved, but also to the causes and
forms of neurological and psychiatric disorders [2].

The purpose of this article is to highlight a set of genomic
and genetic alterations that are providing novel insights
into neurogenetic causation, because diametric altera-
tions to gene dosages mirror diametric alterations to
phenotypes. Such loci are dosage sensitive with linear
connections to brain and behavior traits that are chosen «
priori or emerge from larger-scale phenomic study. I first
review the range of gene-dosage effects on neurological
phenotypes, and their possible physiological causes. I
then focus on recent studies that have demonstrated
diametric gene-dosage effects, at scales from gene to
chromosome, and discuss implications for future work.

Gene dosage effects in neurogenetics

Gene dosage effects mediate between genetic alterations
and neurological-scale phenotypes. Such effects may be
either flat (canalized), linear (codominant), curvilinear
(dominant/recessive), or inverted-U shaped, depending
on the genes and phenotypes under consideration
(Figure 1). Variation in gene dosage effects is known to
depend partly on gene function. For example, transcrip-
tion factors and tissue-specific proteins synthesized in
large quantities commonly show codominant effects,
whereas metabolic enzymes often exhibit dominance
and recessiveness [1,3]. Such general associations of func-
tion with dosage-effect remain purely statistical, however,
such that for any given gene, experimental or natural-
variation studies are essential to determine if and how
dosages affect phenotypes. Ideally, such studies involve
bidirectional changes from normality, since gene dosages,
and developmental/physiological systems, can be per-
turbed naturally or experimentally in two opposite direc-
tions. Over the past 5-10 years, an increasing set of
studies has emerged providing such crucial evidence.

Single-gene diametric alterations

Gene knockout mice have been a mainstay of neurobio-
logical study for many years, but engineering of mice to
overexpress specific genes or transcripts has received
much less attention until recently. Direct comparisons
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Alternative mappings between genetic alterations, gene dosages, and neurological phenotypic changes. Normal genetic-elements states are enclosed
within boxes, and a set of representative genotype-phenotype relationships are depicted. Linear dosage-phenotype mappings involve diametric
phenotypes, which indicates direct, quantitative effects of gene products on development and function.

of underexpressing and overexpressing mouse models
have revealed a set of genes for which opposite alterations
yield opposite phenotypes, as well as patterns of geno-
type—phenotype relation that provide important new
insights into neurogenetic processes (Table 1). Pheno-
types showing diametric alterations with increases versus
decreases in gene expression, in mouse models and/or
humans, include (1) head/brain size (DYRK1A, FMR1);
(2) anxiety (alpha-CaMKII, BDNF, FMR1, RAI1); (3)
memory (AC1, COMT, CREB); (4) activity levels
(FMRP, RAI1); (5) responsivity to stress (COMT); (6)
seizure susceptibility (BDNF); (7) social interaction
(FMR1, GTF2I, NR2B, SEPTS5); (8) dominance/aggres-
sion (RAI1); and (9) prepulse inhibition (RELN). This set
of phenotypes reflects, to a large degree, neurologically
salient, and measurable, mouse-model traits, which com-
monly vary among strains as well as between males and
females. Given that for only a subset of the genes in Table
1 have overexpression and underexpression studies been
conducted using the same strains, and the exact same
protocols, a priority for future work will involve standar-
dized behavioral analysis of mice subject to diametric
gene-dosage alterations, coupled with neurophysiological
studies of proposed mechanisms that mediate linear

genotype—phenotype mappings. For mouse disease
models, such studies are central to determining the
degree to which pathways affected by human single-gene
alterations (such as SNPs, SNVs and CNVs associated
with human neurodevelopmental conditions) can be
regulated pharmacologically, and assessing the effects
of overmodulation or undermodulation of gene dosages.
Mouse models of underexpression versus overexpression
indeed provide excellent opportunities for evaluating
potential therapies that involve gene-dosage modulation:
for example, overexpression of RELN protects against
the expression of schizophrenia-related symptoms in
mice [4°] possibly via downregulation of NR2B-mediated
neurotransmission.

Copy-number variation

Copy number variants (CNVs) represent deletions or
duplications of the same genomic region, which may span
a single gene or many dozens of genes [5-7]. Such
variation has recently been documented as a ubiquitous
feature of eukaryotic genomes, and has been demon-
strated to cause, at least approximately, the expected
variation in gene dosages, usually deviating from two
(normal) to one (deletion) or three (duplication) [8°].
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Table 1
Genes whose underexpression versus overexpression generates diametric changes to neurologically relevant phenotypes, in mice and/
or humans
Gene (human Mouse alterations and Relevance to human Comments References
symbol) phenotypes phenotypes and disease
AC1 Overexpression leads to AC1 is neuron-specific CA**- Memory enhancements are Garelick [51]
enhanced hippocampal LTP stimulated adenylyl cyclase task specific and
and better memory involved in cAMP signalling, age-dependent
functions; knockouts show learning and memory
reduced spatial memory and
LTP
BDNF Lower anxiety-like behavior Decreased serum BDNF Some overexpression Bianchin [52]
and increased seizure in epilepsy; links of BDNF effects sex specific; different Papaleo [53]
susceptibility in transgenic with anxiety knockout studies show Bath [54]
overexpressing mice; heterogeneous results
opposite in heterozygote
knockout mice
CAMK2A Overexpression in forebrain SNPs linked to conduct Overexpression and Hasegawa [55]
leads to increase in suite of disorder underexpression in mice also Jian [56]
anxiety-related behavior and lead to learning and memory
offensive aggression; deficits
knockout shows lower
anxiety and higher defensive
aggression
COMT Overexpression results in Polymorphisms involved in Authors suggest role of Papaleo [57]
impaired working memory, metabolism of COMT in tradeoff between
blunted stress responses catecholamines, including cognitive and affective
and pain sensitivity; dopamine, epinephrine and functions
underexpression (null) shows norepinephrine, associated
reverse with many disease and
psychological phenotypes
CREB1 Overexpression in forebrain Genetic variation associated Gene dosage effects appear Suzuki [58]
associated with enhanced with mood disorders; target specific to memory
memory functions; loss of for memory enhancement in consolidation (long-term but
function impairs memory Alzheimer’s not short-term memory)
consolidation
DYRK1A Gene copy number directly Deletion or truncation in Overexpression reduces Oegema [59]
related to (1) brain size humans associated with proliferation and increases Yabut [60]
(positively); and (2) neuron microcephaly; gene differentiation of neural Guedj [617]
density, positively in thalamic overexpressed in Down progenitor cells
nuclei, but negatively in syndrome, associated with
cortex Alzheimer’s syndrome
FMR1 Overexpression associated Loss of expression causes In humans, Fragile X Peier [62]
with hypoactivity, low Fragile X syndrome, which characterized by Rio [63]
exploratory behavior; involves hyperactivity and macrocephaly, and
knockout (null) shows altered levels of anxiety duplications including FMR1
reverse gene can involve
microcephaly
GTF2| Overexpression involves Deletion associated with Social behavior tests differ Sikela [64]
increased social anxiety hypersociality, and between studies; GTF2I Collette [65]
(separation anxiety); expressive language shows higher expression Sakurai [66]
underexpression associated phenotype in Williams from paternal chromosome, Mervis [67°]
with decreased social syndrome; duplication and increase in expression
anxiety (increased social associated with ASD, along human lineage
interaction) language impairment, and
high separation anxiety (with
regard to parent)
NR2B Overexpression leads to Core subunit component of NR2B knockout is lethal Wang [68]
enhanced social recognition NMDA receptor, whose Jacobs [69°]

memory; replacement of
NR2B by NR2A leads to
social deficits

function is central to
schizophrenia, other
conditions
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Table 1 (Continued)

Gene (human Mouse alterations and Relevance to human Comments References
symbol) phenotypes phenotypes and disease
RAI1 Overexpressing mice Primary gene involved in Effects of reduced Bi [70]
hypoactive; lower- Smith-Magenis syndrome expression differ according Girirajan [71]
expression mice (deletion or loss of function) to mouse model studied; Carmona-Mora [72]
hyperactive; decreased and reciprocal duplication comparison of mouse-model
anxiety and dominance-like with human phenotypes
behavior in 17p11.2 deletion challenging
mouse model, opposite
changes in duplication
RELN Overexpression in mice Codes for large secreted Extensive variation found Teixeira [4°]
protects against PPI deficits extracellular glycoprotein between studies in PPI-deficit
caused by NMDA that mediates neuronal effects for heterozygote
antagonist; heterozygous migration; genetic variation knockout mice
knockouts show PPI deficits has been linked with
in some studies schizophrenia and autism
SEPT5 Overexpression involves Gene is deleted in 22q11.2 Rearing of C57BL/6J mice Harper [737]

increased social
interactions; reduced
expression shows reverse

deletions (Velocardiofacial
syndrome), with high rates
of schizophrenia

under low stress led to higher

SEPT5 expression

Over the past five years, a suite of studies has linked rare
copy-number variants with liability to psychiatric and
cognitive conditions, especially autism, schizophrenia,
and intellectual disability [5-7,9,10°]. Sets of individuals
with these and some other conditions show evidence of
increased burdens of rare CNVs, especially large
deletions and e novo variants [10°,11]. However, specific
CNVs show notably variable penetrance and expressivity,
sometimes being found in apparently unaffected individ-
uals, and sometimes affecting risk of multiple conditions

[10°,12].

Recently, opposite phenotypes, some of which have been
related to these two conditions, have been reported in
comparisons of individuals with rare deletions versus
duplications of the same genomic regions. At two loci,
1g21.1 and 16p11.2, reciprocal deletions versus dupli-
cations have been associated with diametric differences
in human head size. For 1q21.1, Brunetti-Pierri e a/. [13]
and Mefford ez a/. [6] have shown that individuals with a
1.35 Mb deletion exhibit a notable incidence of micro-
cephaly, while individuals with a duplication of the same
region demonstrate macrocephaly. Of the genes in this
deletion/duplication interval, one, a paralog of the ciliary-
function HYDIN gene, has been independently linked
with cerebral cortex growth [14], and represents a strong
candidate for these diametric gene-dosage effects.

At 16p.11.2, which harbors a reciprocal 600 kb deletion/
duplication, McCarthy e @/. [5] showed that head circum-
ference was significantly larger in individuals with the
deletion than with the duplication. Shinawi ez al. [7]
extended these observations by showing that individuals
with the microdeletion exhibited a high incidence of
absolute or relative (adjusted for body size) macroce-
phaly, whereas individuals with microduplications exhib-
ited head circumference statistically smaller than in

controls. A recent paper by Golzio ¢ al. [15°°] has ident-
ified a single gene as the apparent cause of these ‘mirrored
neuroanatomical phenotypes’ owing to CNVs at this
locus. In this study, each human transcript, from the 29
deleted or duplicated genes in the 16p11.2 human CNV
interval, was variably expressed in zebra fish; of these
genes, alterations to only the KCTD13 gene recapitu-
lated the human microcephaly—macrocephaly variation.
Analysis of early neurodevelopment in zebra fish and
mice also demonstrated that this cerebral cortex growth
variation was mediated by changes to neuronal progenitor
cell proliferation and/or apoptosis.

These similar findings for 1q21.1 and 16p11.2 are of
particular interest because the head-size variation found
in deletions versus duplications appears to parallel links
of these CNVs to risks of autism and schizophrenia. Thus,
both of the CNVs involving larger head size (duplications
of 1g21.1 and deletions of 16p11.2) have been strongly
associated with increased risk of autism [16], findings that
corroborate well-replicated reports of larger head size
during childhood in idiopathic autism [17]. By contrast,
the CNVs connected with smaller head size (deletions of
1g21.1 and duplications of 16p11.2) show clear associ-
ations with higher risk of schizophrenia [16], a condition
for which reduced head and brain size have been ident-
ified as correlates in idiopathic cases as well [18]. Taken
together, these results suggest that variation in number of
copies, and expression levels, of dosage-sensitive genes
affecting brain growth may exert strong effects on liability
to neurodevelopmental disorders.

Reciprocal alterations of CNVs at 16p11.2 and a different
locus, 17p11.2, mediate a set of neurophysiological as well
as neuroanatomical and psychiatric phenotypes. At both
of these loci, deletions are associated with obesity,
higher body mass index, and metabolic, energy-balance

Current Opinion in Neurobiology 2013, 23:143-151

www.sciencedirect.com



phenotypes resembling the human ‘metabolic syndrome’,
whereas duplications are associated with the reverse
[19°,20°°]. For 16p11.2, these alterations have been
related to hyperphagia compared to low, highly selective
food intake. By contrast, for 17q11.2, analysis of mouse
models of deletions versus duplications shows that
the reciprocal phenotypes do not involve alterations to
food intake, but generate opposite changes in weight,
obesity, low-density lipoprotein levels, and insulin sen-
sitivity by other means. These mouse-model differences
appear to correspond to phenotypes observed in human
subjects with either deletions (Smith-Magenis syn-
drome) or duplications (Potocki-Lupski syndrome)
[19°], although further data focusing on metabolic traits
in these syndromes are required. As for 1q21.1 and
16p11.2, deletions and duplications at 17p11.2 are known
to also be associated with psychiatric and behavioral
phenotypes: Potocki—Lupski syndrome is characterized
by autism spectrum disorders [21], while individuals with
Smith—Magenis syndrome exhibit high levels of atten-
tion-seeking and friendliness, but also mood dysregula-
tion, high impulsivity and underdeveloped social-
cognitive skills [22,23]. For neither 16p11.2 or 17p11.2
have the specific genes involved in the reciprocal meta-
bolic phenotypes been identified. At 17p11.2, selective
RAI1 deletion appears to be linked with some metabolic
alterations, but RAI1 duplications do not generate the
CNV duplication metabolic phenotypes.

Opposite alterations to energy balance, comparable to
those reported for 16p11.2 and 17p11.2, have also been
reported for the GNAS locus at 20q13, at which loss of Gas
expression in the CNS of mice leads to decreased energy
expenditure, severe insulin resistance, and extreme
obesity; by contrast, mouse knockouts of an XLas tran-
script from this locus lead to higher energy expenditure,
higher insulin sensitivity, and reduced adiposity [24].
These dramatic, diametric changes, which are mediated
partly by alterations to sympathetic nerve activity under
the control of melanocortins [24] are not due directly to
gene-dosage alterations, but may still be functionally dia-
metric in that an XLas transcript has been proposed to act
as a dominant negative regulator of Gas, such that loss of
the transcript increases its activity. Determining the neu-
rogenetic causes of the opposite shifts in metabolic phe-
notypes from diametric alterations at 16p11.2, 17p11.2, and
20q13, which appear to center on hypothalamic function
[25], should provide new insights into the causes and
control of human energy balance and obesity.

Finally, the 17q21.31 locus in humans exhibits a pair of
reciprocal deletion/duplication syndromes, whose pheno-
typic effects, at least for the deletion, have recently been
traced to effects from the gene KANSL1 [26,27]. Indi-
viduals with the deletion, or loss of KANSL1 function
owing to mutation causing haploinsufficiency, are charac-
terized by a friendly, amiable disposition, as well as severe
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speech and language delays [28,29]. By contrast, individ-
uals with the duplication exhibit poor social interactions,
temper outbursts and aggressiveness, and variably
affected verbal skills [30,31]; some individuals with the
duplication have also been diagnosed with autism (Suppl.
data in [32,33]). This locus and gene are of particular
interest because they show strong signatures of recent
positive selection in some human populations, which
appear to be linked with altered expression or function
of KANSL1 [34,35].

Imprinted-gene effects

Genomic imprinting refers to the silencing of one of an
individual’s two copies of a gene (for autosomal loci),
depending on its parent of origin. Whereas copy number
variation leads to haploidy, diploidy, or triploidy for the
affected locus, alterations to imprinted regions may result
in either a complete loss, or a doubling, of gene expres-
sion, from the usual gene-expression complement of one
(Figure 1). The GNAS locus described above is subject to
imprinting, with Gas maternally expressed in some tis-
sues, while XLas transcripts are expressed from the
paternal chromosome [24]. However, mouse models
overexpressing the relevant transcripts have yet to be
developed.

T'wo reciprocal imprinted-gene syndromes are emerging
as important foci for neurogenetic research in humans.
First, Beckwith-Wiedemann (BWS) and Silver—Russell
(SRS) syndromes are caused by opposite genetic or epi-
genetic alterations to imprinted loci at 11p15.5 [36].
These syndromes result in either somatic overgrowth
(in BWS, usually owing to increased expression of
IGF2 or decreased expression of CDKN1C), or under-
growth (in SRS, commonly owing to the opposite altera-
tions of these two genes). BWS and SRS have generally
not been considered as conditions with neurological
effects. However, Kent e a/. [37] recently reported a
notably elevated incidence of autism (about 8%) among
BWS patients, and one of the first neuroimaging studies of
individuals with this syndrome reported a high incidence
of alterations to the posterior fossa [38]. Given the fre-
quency of cerebellar abnormalities (including over-
growth) in idiopathic autism [39], and the recent
finding that methylation levels at the imprinting control
region at 11p15.5 can account for 25% of observed vari-
ation in human cerebellum weight [40°], these findings
suggest that further neurodevelopmental and neuroge-
netic studies of BWS may provide useful data. Surpris-
ingly, there appear to be no published studies of
psychological or neurological phenotypes in SRS, except
case reports. Do SRS patients show changes in the
posterior fossa opposite to those found in BWS; or higher
rates of any neurodevelopmental conditions?

Second, Prader—Willi syndrome (PWS) and Angelman
syndrome (AS) are caused by reciprocal alterations
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(segmental deletions, or uniparental disomies) involving a
suite of imprinted and non-imprinted genes at 15q11-q13
[41]. Although these two syndromes exhibit ‘opposite’
phenotypes with regard to low versus high childhood
activity levels and behavioral solicitation, and negative
versus positive affect [23,42], their genetic or epigenetic
underpinnings appear, curiously, to be quite distinct.
Whereas AS is caused by loss of function for the imprinted
gene UBE3A, no human single-gene alteration or mouse
model that fully recapitulates PWS has been reported.
Instead, this syndrome appears to be caused by loss of
expression for two or more non-contiguous paternally
expressed genes at 15q11—-q13. Do these different altera-
tions in PWS and AS impact common neurodevelopmen-
tal pathways, but in opposite ways? AS indeed resembles
Rett syndrome, and several other monogenic loss of
function disorders, for a suite of neurological phenotypes
with molecular-genetic links [43°]; likewise, PWS-like
developmental and behavioral phenotypes have been
reported from alterations to over ten different loci (Table
3 in [44]). Uncovering any such pathways is important for
two reasons. First, AS, Rett syndrome, and related con-
ditions may represent a neurogenetically linked subset of
ASDs, for which similar therapies may be efficacious.
Second, PWS owing to uniparental disomy of chromo-
some 15 represents one of the most highly penetrant
known cause of psychosis, with over 50% of individuals
affected [45]. As such, it should provide an excellent
model system for linking genes with psychosis-related
phenotypes via neurodevelopmental analysis of mouse
models, or study of synaptic function in human induced
pluripotent neuronal stem cells.

X-chromosome aneuploidies

Losses or gains of entire chromosomes are compatible
with life for only the X and Y in humans, with absence of
part or all of the X leading to Turner syndrome in females,
and gains of one X leading to either Klinefelter syndrome
(in males) or XXX syndrome (in females). Recent studies
that synthesize data on these aneuploidies [46] show that
in both sexes, an extra X chromosome is associated with
notably and selectively reduced language skills, with
reductions in grey and white matter in XXY males,
especially in temporal and frontal lobes, and a smaller
amygdala [44]. By contrast, the loss of the X in Turner
syndrome leads to preserved or enhanced verbal skills,
but reduced visual-spatial abilities, with reduced parietal
lobe volumes, and a larger amygdala [47,48]. These
psychological and neuroanatomical patterns are paralleled
by evidence regarding psychiatric phenotypes, with high
levels of autism spectrum conditions in T'urner syndrome,
and high rates of schizophrenia and schizotypy in Kline-
felter and XXX syndromes [44].

What gene or genes might underlie such striking differ-
ences in cognitive profiles, neuroanatomy, and psychiatric
conditions? The Turner syndrome neurocognitive

phenotype has been mapped to Xp22.3, within pseudoau-
tosomal region 1, which does not show X inactivation [49].
Comparison of gene expression between XY and XXY
individuals has demonstrated higher expression in XXY
of one gene, GTPBP6, in this region [50]. Moreover,
within XXY individuals, higher expression of this gene
was significantly, inversely related to verbal skills [50].
Considered together, these data suggest that dosage-
sensitive effects of GTPBP6, and perhaps other genes
in pseudoautosomal region 1, mediate human verbal
abilities or verbal/visual-spatial tradeoffs, at least across
individuals with X-chromosomal aneuploidies.

Conclusions

Diametric gene dosage effects on neurological, behavioral
and psychiatric phenotypes have been demonstrated for a
rapidly increasing suite of mouse and human genes and
genomic regions. Such studies are useful because they
provide scaffolds for functional links between gene
action, neurodevelopment, and phenotypic outcomes that
are more robust and informative than those generated by
knockouts alone. In addition, such systems connect
directly with (1) natural bidirectional perturbations to
gene expression (which generate phenotypic variation
upon which natural selection can act), (2) diametricity
in traits that can guide choice of phenotypes for focused
analysis in CNV-based studies, and (3) strategies for
pharmacological modulation of dosage-sensitive path-
ways. Accelerating progress in neurogenetic technologies,
especially transgenic mouse and zebrafish models, and
induced human pluripotent stem-cell derived neurons,
opens the door to large-scale systematic study of dia-
metric gene-dosage effects, with important implications
for our understanding of neurogenetic architecture and
disease.
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