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Summary
While chromosomal variation in brain tissue has long been associated with disease, it ap-

pears that gain or loss of whole chromosomes (aneuploidy) is often a normal, rather than a 
pathological, feature of the human brain.

Introduction
Human neurons have historically been 

viewed as having identical genomes. How-
ever, recent studies applying state-of-the-art 
approaches for evaluating chromosome num-
bers suggest that the brain is in fact a mix of 
euploid and aneuploid neurons (Fischer et al., 
2012; Bushman and Chun, 2013). 

Background
Humans are diploid organisms in that they 

carry two sets of nuclear chromosomes in their 
somatic cells. Humans are also haploid in that 
they carry one chromosome set per nucleus 
in specialized germ cell lines (i.e., ova and 
sperm). The diploid and the haploid states are 
both cases of normal euploidy (Griffiths et al., 
1999). However, certain human diseases can 
arise if loss or gain of whole chromosomes 
occurs during embryonic development. For in-
stance, an aneuploid condition in which there 
is only one (i.e., monosomic) copy of chromo-
somes instead of the usual two found in the 
diploid state, is known as Turner syndrome 
(XO karyotype). Conversely, if the aneuploid 

condition is characterized by a trisomic state 
in which there is an addition of a sex or auto-
some chromosome to the diploid progenitor, 
conditions such as Klinefelter syndrome (XXY 
karyotype), Down syndrome (trisomy 21) or 
Edwards syndrome (trisomy 18) are gener-
ated in utero (Griffiths et al., 1999). The most 
likely cause of these aneuploid conditions is a 
nondisjunction state or the failure of homolo-
gous chromosomes or chromatids to segre-
gate to opposite poles at meiotic or mitotic 
divisions (Griffiths et al., 1999). Against this 
background, constitutive chromosome aber-
rations as those observed in Down syndrome 
suggest that brains with a more than diploid 
DNA content are at risk of accumulating amy-
loid β plaques and neurofibrillary tangles, a 
phenomenon that is remarkably similar to that 
of Alzheimer’s disease pathology (Wisniews-
ki, 1990; Patterson and Costa, 2005). How-
ever, the surprising findings that aneuploidy, 
DNA copy number variation (CNV), long inter-
spersed nucleotide element-1 (LINE-1) and 
retrotransposons routinely occur in healthy 
neurons, has replaced  the aforementioned 
pathological view with the notion that the 
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brain is a mosaic entity with varied levels of 
DNA exceeding those hypothesized by the 
traditional euploidy state (Fig. 1).  

The Mosaic Brain
There is now ample evidence that the hu-

man brain (and body) is mosaic owing to the 
loss or gain of whole chromosomes or the 
random infiltration of mobile DNA fragments 
(e.g., LINE-1) into the neuron genome (Muotri 
et al., 2005). For example, the frequency of 
mosaicism in fetal neurons is estimated to 
reach 30-35% of the brain parenchyma with an 
average aneuploidy frequency of 1.25-1.45% 
per chromosome, irrespective of cell lineage 
or cell phenotype (Pack et al., 2005; Yurov et 
al., 2007). In contrast, the frequency of adult 
cortical and hippocampal neurons harboring 
DNA content above the diploid level is about 
11.0 % in non-diseased human brains (Re-
hen et al., 2005; Mosch et al., 2007; Lourov 
et al., 2009; Fischer et al., 2012). Differences 
in aneuploidy rates between fetal and adult 
neurons might be explained by differences in 
apoptotic cell death, autophagy or other de-
velopmental programs of cell pruning or cell 
elimination (Fischer et al., 2012). Indeed, a 
caspase-mediated mechanism of selective 
cell death is seen in fetal mouse brain, more 
specifically in aneuploidy cells of the cerebral 
cortex, indicating a preferential removal of 
neurons with higher than normal DNA con-
tent throughout development (Haydar et al., 
1999; Kuan et al., 2000). It should be noted 
that human embryonic stem cells and hu-
man induced pluripotent stem cell lines also 

show small but constant structural alterations 
in their genomes, suggesting that aneuploidy 
and CNV are inherent characteristics of stem 
cell biology as well (Draper et al., 2004;  Mc-
Connell et al., 2013). Taken together, these 
findings highlight the pervasiveness of mosa-
ic aneuploidy in the human brain and indicate 
that some of us have more copies of certain 
genes than do others. 

Functional Significance of  
Mosaicism

The fact that a single brain has multiple 
genomes raises several important questions. 
First, is the small frequency of aneuploidy 
high enough to affect neurons, tissues, de-
velopmental stages, individuals, the sexes or 
species? Second, is the amount of DNA ex-
ceeding the diploid level evolutionarily con-
served across generations? At first glance, it 
would seem that aneuploidy or LINE-1 inser-
tions into the circuitry of the brain would not 
be evolutionarily conserved as these structur-
al modifications are only confined to human 
embryonic growth. In other words, mosaic 
aneuploidy only occurs in somatic cells not in 
the germ cell lines.

The answer to the first question is, un-
fortunately, not well known. Our current un-
derstanding of aneuploidy in the developing 
brain and its impact on single neuron func-
tion is obscure, although it is thought that low 
concentrations of aneuploidy are enough to 
cause debilitating symptoms in neurodegen-
erative diseases (Arendt et al., 2010; Fischer 

Fig. 1. Genomes in individual neurons are not functionally equivalent. During embryonic development, a mutation 
(i.e., genetic change) occurs within a subset of neurons (red cells) which will harbor the genetic change. Baseline 
levels of gene expression will therefore vary from cell to cell; from person to person.
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et al., 2012). It should be noted that the sys-
tematic search for disease-causing mutations 
is only beginning as advanced molecular-cy-
togenetic techniques at the single-cell level 
are now being developed to detect brain con-
ditions, including intellectual disabilities and 
autism spectrum disorders (Bushman and 
Chun, 2013). In this context, it is conceivable 
that the clinical consequences of mosaicism 
depend on which chromosome is involved, 
the developmental timing of the underlying 
mutational event, affected cell subpopulation 
phenotypes and the sex in which aneuploidy 
occurs. Recent studies indicate that chro-
mosomes 1, 12, 17, 21 show significant ge-
nomic heterogeneity both in vivo and in vitro 
conditions (Rehen et al., 2005; Devalle et al., 
2012), suggesting therefore the potential of 
aneuploidy neurons to influence cell survival, 

proliferation rates, protein synthesis and/or 
signaling cascades between synapses. There 
is also evidence that clonal mosaicism in-
creases in frequency with age and could pref-
erentially be biased for males (Machiela and 
Chanock, 2013).  Finally, owing to the unique 
chromosome organization and number be-
tween mammalian species, it is thought that 
aneuploidies are species-specific and there-
fore the functional consequences of mosa-
icism would vary according to species and 
their evolutionary trajectory across geological 
time (Bushman and Chun, 2013). 

In regards to the second question, although 
mosaicism is exclusively confined to somatic 
neurons, this particular phenomenon acts as 
if the aneuploidy mechanism was encoded in 
the germ cell line. That is, each generation 

Fig. 2. Aneuploidy, CNV and LINE-1 phenomena are present in all of us. Fragmentation of genomes may gener-
ate diversity in the adult brain which could provide a basis for individual differences (i.e., individual genes, indi-
vidual differences).
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undergoes a similar, but not identical, process 
of chromosomal mosaicism. If this is the case, 
then, it is conceivable that the mechanism to 
generate aneuploidies would most likely be 
encoded in the genes and those of other spe-
cies. Regardless of the selective evolutionary 
pressures that allow aneuploidy to be con-
served, it is intriguing to hypothesize that loss 
or gain of chromosomes among populations 
of brain cells may contribute to individual dif-
ferences or to human diversity (Muotri et al., 
2005). For instance, this would help explain 
behavioral differences between two closely 
related individuals (e.g., twins). Also, genetic 
variation would help explain resistance to dis-
ease or tolerance to disease among healthy 

populations (Fig. 2). Linking an aneuploidy 
event with a particular behavioral function still 
is in its infancy. However, the fact that unique 
genomic events happen in individual neu-
rons makes this line of investigation a poten-
tially fruitful endeavor for understanding brain 
anatomy and cell function. 

Conclusions
Mutations are the raw material of evolution 

and the cause of genetic diseases. However, 
the existence of a normally mutable genome 
in human neurons, suggests that mosaicism 
is a relatively stable process with important 
implications for cell behavior, individual differ-
ences and population diversity.  
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Editor’s Column

Welcome to the 83rd 
issue of the Kopf Car-
rier. David Kopf In-
struments has been 
publishing the Carrier 
since December 1973! 
This means that this is 
the 42nd year that this 

publication has gone out to the Neurosci-
ence Community. David Kopf intended the 
publication as a means of disseminating new 
and underreported techniques and ideas to 
neuroscientists around the world. At first, the 
publication came out on an irregular and at 
times infrequent basis. As it became more 
and more recognized in the scientific commu-
nity, authors were more easily recruited and 
the newsletter appeared more frequently. In 
early 1983, David Kopf asked me to become 
Science Editor for the company and to take 
over publication of the Carrier with the charge 
that it appear on a more regular basis, have 
no advertising, and that I was free to publish 
articles on any topic relevant to the field, no 
matter how controversial. I published my first 
issue of the Carrier in June 1983. Thus, I am 
entering my 32nd year as editor of this valu-
able publication. Many of you have told me 
that when it was sent out in paper format, you 
kept a complete file of all issues, as they were 
often useful in training students in the various 
techniques and instruments that had been 
discussed. Now all back issues are online at 
the Kopf Instruments website, and the pub-
lication is disseminated electronically. How 
publishing has changed. It has been a plea-
sure and honor serving as editor, and I hope 
to continue for a while longer. 

This issue of the Carrier is another in our 
Neuroscience Reviews series, whose lead 
author is German Torres, Ph.D. He and his co-
author, Kyle Hitscherich, BA, are at the New 
York Institute of Technology, College of Os-
teopathic Medicine (NYIT COM), where Kyle 
is a first year student. Their article on “The 
Mosaic Brain” is a very interesting discussion 
of the emerging evidence that the gain or loss 

of whole chromosomes in neurons during de-
velopment may be a normal and beneficial 
process, although in other cases, the known 
cause of highly debilitating and life threaten-
ing conditions. 

As I write this editorial, I am looking out the 
window at a fresh blanket of snow with a few 
flakes still falling. No, I am not at home in Flor-
ida, but rather visiting our son and his family 
in Shelby Township, MI, just north of Detroit. 
We spent December and a lot of January in 
Ohio and Michigan, visiting here and our oth-
er son’s family in Ohio. We do have a condo 
in Dublin, OH, and a grandparent’s apartment 
here in Michigan, so we are comfortable in 
both places. We also come up here for 2-3 
months in the summer to be with the families. 
It is a great joy for grandma and grandpa to 
spend time with the growing grandkids. In a 
few days we go back to Florida for a while. It 
is good to be reminded of what winter is like 
(I think).

As I pointed out above, the Carrier was 
conceived by David Kopf as a means of con-
veying to the Neuroscience Community, vari-
ous ideas, techniques and commentary that 
might not otherwise be available. Kopf In-
struments also has, on its website, a listing 
of various stereotaxic atlases that have been 
published. Through these means, Kopf Instru-
ments augments its value to the community 
in ways other than providing the world’s larg-
est and best-known line of stereotaxic instru-
ments and accessories. 

I would welcome commentary from our 
readers that would appear in the Carrier, as 
well as the submission of articles that any 
reader might like to author. There is a stipend 
for any published article. If you have any com-
ments or questions, please address them to 
me at the phone or email address below.

Michael M. Patterson, Ph.D. 
 Science Editor 
 David Kopf Instruments 
 954-288-5518 
 954-452-6812 (FAX) 
 drmikep1@me.com


