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 Although aneuploidy, variations in chromosome number from haploid 
genome multiples, is a feature of several nervous system diseases, aneuploid 
cells have been found in the non-diseased developing and adult brain.  This 
genetic mosaicism may contribute to the phenotypic and functional diversity in 
the central nervous system.  This dissertation aims to characterize aneuploidy in 
embryonic cortical neural progenitor cells (NPCs) over a time frame that 
coincides with neurogenesis, and to identify functional consequences of this 
phenomenon. 
 As neurogenesis proceeds, neurons are produced from two genetically 
distinct progenitor populations.  In the studies described in Chapter 2, we tested 
the hypothesis that these molecular differences will be reflected in changes in the 



 

 xii 

rate of aneuploidy in the developing cortex.  Metaphase spread analysis and 
fluorescence in situ hybridization determined that aneuploid NPCs were present 
throughout neurogenesis, with peak levels found in dividing cells during the 
middle stage of neurogenesis.  Our results revealed that lagging chromosomes, a 
mitotic defect that leads to aneuploidy, are evident in various stages of embryonic 
cortical development.  The finding that aneuploidy increases during stages of 
cortical development when the most functionally and phenotypically varied 
cortical projection neurons are produced suggests that there is positive selection 
for cells with favorable aberrant karyotypes as a means of generating a great 
amount of diversity in a limited time. 

Loss of heterozygosity (LOH) represents inactivation of a wild-type allele 
that renders the cell homozygous or hemizygous for a deleterious allele.  Given 
that hyperploidy is the most common form of aneuploidy observed in NPCs, it is 
likely that LOH via chromosome loss may lead to changes in the developing 
brain.  The analyses outlined in Chapter 3 determined whether mosaic 
aneuploidy, through LOH, influences leukemia inhibitory factor receptor (LIFR)-
mediated astrocyte differentiation of NPCs.  Using flow cytometry, we have 
shown that loss of chromosome 15, on which the LIFR allele resides, reduced the 
ability of cortical NPCs to generate astrocytes in response to ciliary neurotrophic 
factor (CNTF). 
 In summary, this work demonstrates that aneuploidy is a normal feature of 
NPCs across cortical neurogenesis, and one potential outcome of this variation is 
a change in the balance of neural and glial cell fates. 
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1.  INTRODUCTION 
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Neuronal and glial cells of the mammalian cortex represent a 
tremendously heterogeneous group in terms of function, morphology, 
connectivity, and gene expression.  Many important details of how this diversity is 
generated from a discrete pool of precursor cells remain to be uncovered.  The 
following chapters extend on previous work to offer chromosomal aneuploidy as 
a potential mechanism for producing diversity among cortical cells.  In this 
introduction, current knowledge of neural progenitor cell proliferation, 
differentiation, and genomic variation will be outlined to provide context for the 
rationale of the studies described in Chapters 2 and 3. 

 
Molecular Diversity Among Neural Progenitor Cells 
 
 The cerebral cortex is the most highly complex and differentiated structure 
in the central nervous system.  Development of the cortex begins from a single 
layer of proliferative cells lining the cerebral ventricles of the telencephalic wall 
(1).  This proliferative layer is the source of most cortical excitatory neurons.  As 
new neurons are generated, they migrate radially towards the pial surface and 
arrange themselves into a laminated cortical plate in an inside-out fashion such 
that the earliest born neurons populate the deepest layers of cortex, whereas 
upper layers contain late-born neurons.  Over the course of cortical 
neurogenesis, two main germinal regions serve as the source of projection 
neurons.  The ventricular zone (VZ) appears first, followed by the emergence of 
subventricular zone (SVZ) just above the VZ in the middle phase of 
neurogenesis.   

Embryonic rodent cortex contains several different kinds of neural 
progenitor cells (NPCs) that vary based on their morphology, modes of division, 
molecular profile, cell cycle kinetics, and lineage restrictions.  Neuroepithelial 
cells (NECs) are the first type of progenitor to appear prior to corticogenesis, 
where they divide to expand the VZ, and give rise to radial glial cells (RGCs). 
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RGCs differ from NECs by the expression of glial markers, and a more restricted 
competence for differentiation.  One of the most crucial roles of RGCs is to 
provide a structural scaffold on which neurons migrate radially towards their 
destinations within the cortical plate (2).  As the dominant VZ progenitor in the 
rodent, RGCs are thought to be the source of the majority of cortical neurons, 
either directly or indirectly though the production of intermediate progenitors (3, 
4).  Similar to NECs, RGCs exhibit a bipolar morphology that spans the entire 
thickness of the embryonic cortical wall.  An additional type of precursor in the 
ventricular zone, short neural precursors (SNPs), are molecularly and 
morphologically distinct from RGCs (4).  SNPs express the Tα1 promoter, and 

display cell cycle kinetics that differ from RGCs (4). 
RGCs also give rise to intermediate progenitor cells (IPCs).  Once thought 

to only produce upper layer neurons, recent studies suggest that IPCs are 
present throughout neurogenesis and contribute projection neurons to the 
preplate, deep, and superficial layers of cortex (5, 6).  They are most prominent 
during mid to late neurogenesis, when they accumulate in the SVZ.  IPCs differ 
from RGCs in that they lose their ventricular attachment and are bipolar in 
morphology but have a short basal process while in the basal VZ, and display a 
multipolar morphology following migration into the SVZ. 

NPCs vary in their modes of division (3, 7).  Apical progenitors (APs), 
which include NECs, RGCs, and SNPs, divide at the ventricular surface of the 
developing cortex.  Symmetric divisions of APs are proliferative, which serve to 
increase the size of the precursor cell population.  Asymmetric divisions of APs 
are neurogenic, producing one AP and one neuron.  IPCs progenitors largely 
undergo symmetric division in basal cortical positions resulting in two neurons 
that then migrate to their final positions in the overlying cortical plate. (8).   
 Specific patterns of gene expression, particularly of transcription factors 
correlate with changes in NPCs over time (9, 10).  Transcription factors such as 
Emx2, Pax6, Lhx2, and Foxg1 are present in the proliferative zone during early 
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neurogenesis, and act to repress adjacent cell fates and convey positional 
identities to cortical progenitors (11-13).  Pax6 controls the proliferation of VZ 
progenitors during the establishment and expansion of the SVZ, and along with 
Tlx1, control cell cycle kinetics and mode of division (14).  VZ precursors also 
express Otx1 and Fezf2, which continue to be expressed in the resultant deep 
layer projection neurons, and contributes to their specification (15-17).  Cux2, 
Tbr2, and Satb2 are expressed in the SVZ and this pattern of expression persists 
in the upper layer neurons produced by these precursors (18-20).   

Cortical cells are produced from common progenitors in a sequential 
fashion in distinct yet overlapping periods, such that neurons are born first, 
followed by astrocytes and finally oligodendrocytes.  Gliogenesis, which occurs in 
late embryonic and early postnatal stages, is similar to neurogenesis in that glial 
precursors are generated in the VZ and SVZ and form glia that migrate to their 
final destinations in the cortical plate in response to intrinsic and extrinsic cues. 
The source of astrocytes is not entirely clear, but there is evidence to suggest 
that they are derived from RGCs (21-23).  Astrocytes are a heterogeneous class 
of glia, but they are distinguished by their expression of glial fibrillary acidic 
protein (GFAP) and/or calcium binding protein S100β.  Bone morphogenic 

proteins (BMPs) and cytokines such as ciliary neurotrophic factor (CNTF) and 
leukemia inhibitory factor (LIF) are required for astrocyte specification, and while 
not required, Notch signaling appears to play a role (24-27). 

 
Aneuploidy in the Embryonic Central Nervous System 
 

Aneuploidy is associated with many disease states, such as cancer, Down 
syndrome (DS), Turnerʼs syndrome, mosaic variegated aneuploidy (MVA), and 
idiopathic autism (28).  This type of genomic variation may also play a role in 
schizophrenia and Alzheimerʼs disease (29, 30).  MVA is characterized by 
mosaic aneuploidies, predominantly trisomies of various chromosomes, and 
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some cases of MVA may be related to defective spindle checkpoints or other 
mitotic defects (31).  About 2% of DS patients are considered aneuploid mosaic, 
displaying mixed populations of cells that are disomic or trisomic for chromosome 
21 (32).  Ataxia-telangietesia patients show loss of the gene ATM, which codes 
for a G1 cell cycle checkpoint protein (33).  ATM mutations could potentially lead 
to increased production and maintenance of aneuploid cells, contributing to 
neurodegeneration.  In Atm mutant mice, embryonic NPCs showed increased 
aneuploidy, and cells from adult cortex show sex chromosome aneuploidy (34). 

Although aneuploidy is a feature of several nervous system diseases, 
aneuploid cells have been found in the normal developing and adult brain. 
Chromosomal variation was found in 33% of precursors from embryonic mouse 
cortex, as compared to 3% of lymphocytes (35).  All chromosomes were affected, 
with no specific patterns of gains or losses, and there was a much higher degree 
of hypoploidy than hyperploidy. Aneuploid cortical NPCs are capable of 
differentiating along multiple lineages (36).  Similar results were found in the 
developing mouse cerebellum, finding aneuploidy in approximately 15-20% of 
NPCs (37).  Investigation of aneuploidy in the human fetal brain found numerical 
chromosome imbalances averaging about 30-35% (38). 

Aneuploid neurons are present in all cortical areas in the adult murine 
brain, and can functionally contribute to vast cortical networks (39).  Adult cortex 
showed decreased aneuploidy compared to embryonic stages, suggesting that 
aneuploid cells may be lost to cell death (35).  A high degree of aneuploidy has 
also been found in neurogenic areas in the adult fish brain, including cells that 
have lost 16 out of 22 chromosomes (40).  In normal adult human cortex 4% of 
cells have gained or lost a copy of chromosome 21, and aneuploid neuronal and 
non-neuronal cells were found in frontal and occipital cortex and hippocampus 
(41). Aneuploid neurons in adult human brain have also been shown to exhibit 
random loss of heterozygosity (LOH) in many neurons (30).   
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Mechanisms for aneuploidy in the mouse brain include missegregation of 
lagging chromosomes, supernumerary centrosomes, and mitotic non-disjunction 
(35, 42).   Lagging chromosomes were also seen in the brains of adult fish, and 
the frequency of chromosome segregation defects in dividing cells did not differ 
among brain regions (40).  These mitotic defects can lead to changes in gene 
expression.  Aneuploidy in normal human breast epithelial cells induced by 
microcell-mediated chromosome transfer increased expression for genes on the 
trisomic chromosome, and also affected gene expression on other chromosomes 
(43).  Gene expression of mouse cortical cells monosomic for chromosome 15 
revealed differential expression of 22 genes on several different chromosomes 
(36). 

Recent studies provide evidence that cells in both the developing and 
mature non-diseased brain show gains and losses of whole chromosomes. This 
data suggests the following two questions: 1) Is the rate of aneuploidy found in 
embryonic cortical NPCs stable over time, or does it vary in accordance with 
developmental milestones during neurogenesis; 2) Can aneuploidy result in a 
change in specification of NPCs? The wide array of phenotypes and functions 
observed in the central nervous system may arise in part due to this genetic 
mosaicsm.  The goal of this thesis is to characterize the genomic variation in 
precursor cells during corticogenesis, and to investigate the functional 
consequences of this diversity.  
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2.  DEVELOPMENTAL TIME COURSE OF ANEUPLOIDY 
IN CORTICAL NEURAL PROGENITOR CELLS 
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Introduction 
  

Cortical neurons are produced from genetically distinct progenitor 
populations, derived from the neuroepithelium lining the ventricular surface, from 
embryonic day 11 (E11) to E17 in the mouse brain.  Newly born neurons are 
arranged into 6 cortical layers that vary in cytoarchitecture, phenotype, and 
function.  Early in neurogenesis, apical progenitors in the ventricular zone (VZ) 
are mostly self-renewing while producing very few differentiated neurons, 
whereas later in development, basal progenitors in the subventricular zone (SVZ) 
largely generate projection neurons (1, 2).  VZ precursors differ from SVZ 
precursors in terms of their mode of division as well as gene expression, and 
accordingly, lower layers neurons require a different set of transcription factors 
for specification than upper layer neurons (3-5).  

Recent studies provide evidence that mosaic aneuploidy, or mixed 
variations in chromosome number from haploid genome multiples within an 
individual, constitutes an additional form of diversity among cortical neural 
progenitor cells (NPCs) and neurons.  In E14 cortex, 33% of NPCs are 
aneuploid, with 98% of aneuploid cells displaying chromosome loss (6).  In the 
developing cerebellum a similar pattern emerged, as aneuploidy rates of 15.3% 
and 20.87% are seen at P0 and P7 respectively (7).  Aneuploid precursors are 
capable of differentiation along multiple lineages, and their neuronal progeny can 
persist in the mature cortex to form functional connections in cortical circuits (8-
10). 

Here we tested the hypothesis that molecular differences among 
progenitor cells over time will be reflected in changes in the rate of aneuploidy in 
the developing cortex.  The goals of this study are to determine rates of 
aneuploidy and chromosome segregation defects as a function of developmental 
stage during cortical neurogenesis.   
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Materials and Methods 
 
Metaphase Spreads 
 
 All animal protocols were approved by the Animal Subjects Committee at 
The Scripps Research Institute, and conform to National Institutes of Health 
guidelines.  Time-pregnant Balb/cByJ dams were anesthetized using isoflurane 
(Isothesia, Butler Animal Health Supply, Dublin, OH), sacrificed by cervical 
dislocation, and embryos at various stages of gestation were collected.  
Embryonic day 0.5 (E0.5) is defined as the day on which females were observed 
with a copulation plug.  Cortical hemispheres from embryonic littermates were 
dissected out into OptiMem (Invitrogen, La Jolla, CA) supplemented with 
10ng/mL basic fibroblast growth factor (bFGF; Peprotech, Rocky Hill, NJ) and 
100ng/mL colcemid (Invitrogen), dissociated by trituration, and cultured 
undisturbed at 37°C for 3 hours.  Cells were then washed in PBS, incubated in 

75mM KCl to induce hypotonic swelling, and fixed in a 3:1 solution of methanol: 
glacial acetic acid.  Splenic lymphocytes were obtained using standard 
techniques (11).  Metaphase chromosome spreads were prepared as previously 
described (6, 11).  Images were obtained using a 63x objective on a fluorescence 
microscope, analyzed using karyotyping software [Applied Spectral Imaging 
(ASI), Carlsbad, CA], and prepared using Photoshop CS3 (Adobe Systems, San 
Jose, CA). 
 
Time-Lapse Imaging 
 
 Metaphase chromosome spreads were prepared from mouse embryonic 
cortical cells that were fixed in 3:1 methanol: glacial acetic acid and subsequently 
stained with 4ʼ,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO).  
Cell suspension was applied to a 25mm diameter gridded cover slip (Electron 
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Microscopy Sciences, Hatfield PA), which was mounted onto a closed, live-cell 
micro-observation system.  Images were captured with the Live Cell Deux 
microscope system using a 40x objective and MetaMorph (Molecular Devices, 
Sunnyvale, CA) software at a rate of one frame every two seconds until the 
fixative and water evaporated.  Cover slips were then mounted on slides with 
Vectashield (Vector Laboratories, Burlingame, CA) and imaged using a 63x oil 
immersion objective on a fluorescence microscope.  Images were prepared using 
SkyView software (ASI) and Photoshop CS3 (Adobe Systems).   
 
Fluorescence In Situ Hybridization 
 
 NPCs were isolated and mounted on slides, which were left to air-dry in 
the dark for at least 24 hours.  Slides were treated with 100mg/mL pepsin in 
0.01M HCl for five minutes at 37°C.  Following a two-minute wash in PBS, slides 

were placed in PBS with 50mM MgCl2 for five minutes at room temperature, and 
then the same solution with the addition of 1% formaldehyde for 10 minutes at 
room temperature.  Slides were then washed, dehydrated in ethanol, and air-
dried.  Probe was denatured at 80°C for seven minutes, and then renatured at 

37°C for 60 minutes.  Slides were denatured in 70% formamide and 2X SSC at 

78°C for 90 seconds, then dehydrated in ethanol and air-dried.  Denatured probe 

was applied to the slide, followed by a cover slip, with the edges sealed with 
rubber cement.  Slides were placed in a pre-warmed humidified box and 
hybridized overnight at 37°C.  Cover slips were removed in 2X SSC, and then 

slides were placed in the following washes at 45°C for five minutes each: 1) 50% 

formamide and 2X SSC, 2) 1X SSC, and 3) 2X SSC and 0.1% Tween-20.  Slides 
were placed in 4X SSC and DAPI for five minutes at room temperature, 
dehydrated in ethanol, air-dried in the dark, and cover slipped with Vectashield.  
Images were obtained using a 100x oil-immersion objective on a Zeiss Imager 
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D1 microscope (Carl Zeiss, Gottingen, Germany) with an AxioCamHR digital 
camera and Zeiss AxioVision software (Carl Zeiss). 
 
Immunofluorescence 
 
 Acutely isolated cells were prepared as for metaphase spreads and 
cultured on cover slips pre-coated with Cell-Tak (Becton Dickson, Franklin Lakes, 
NJ).  Intact cortical hemispheres from embryos were fixed overnight in 4% 
paraformaldehyde at 4°C, cryoprotected in 30% sucrose overnight at 4°C, and 

embedded in Tissue-Tek OCT (Optimal Cutting Temperature; Miles Inc., Elkhart, 
NJ) on powdered dry ice.  Coronal sections were cut at 20 µm on a cryostat.  

Cortical sections or cells were blocked in 5% normal goat serum (NGS) (Vector 
Laboratories) and 0.2% Triton X-100 in PBS for 30 minutes.  Primary antibodies 
were diluted in 1% NGS in PBS and applied to slides.  Following overnight 
incubation at 4°C, slides were rinsed three times for five minutes each in PBS 

and incubated in secondary antibodies for one hour.  Slides were then 
counterstained with DAPI for five minutes, fixed in 4% paraformaldehyde for 10 
minutes, and cover slipped with Vectashield.  Antibodies used in this study 
include rabbit polyclonal anti-phosphorylated histone H3 (Upstate Biotechnology, 
Lake Placid, NY), mouse anti-nestin (PharMingen, San Diego, CA) and FITC- or 
Cy3-conjugated secondary IgG (Chemicon, Temecula, CA).  Images were 
obtained using a 100x oil-immersion objective on a Zeiss Imager D1 microscope 
(Carl Zeiss, Gottingen, Germany) with an AxioCamHR digital camera and Zeiss 
AxioVision software (Carl Zeiss). 
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Results 
 
Aneuploidy Rates in Cortical NPCs During Embryonic Neurogenesis 
 
 Aneuploidy levels were determined by analyzing metaphase spreads from 
E9.5-E15.5 mouse cortical NPCs (Fig. 2.1A).  The euploid mouse cell contains 
40 chromosomes.  Aneuploid NPCs representing hyperploidy, mild hypoploidy, 
and extreme hypoploidy were observed at all stages examined (Fig. 2.1B).  
Representative histograms from individual pooled litters illustrate that the pattern 
of aneuploidy among NPCs changes throughout the course of neurogenesis (Fig. 
2.2).  Loss of one chromosome was consistently the most common form of 
aneuploidy at each stage.  At the earliest and latest stages most aneuploid cells 
were characterized by loss of one or a few chromosomes, while overall the 
majority of cells contained 40 chromosomes (Fig. 2.2 A-D, G).  At the middle 
stages of neurogenesis, E13.5-E14.5, there was a much greater prevalence of 
extremely aneuploid cells, with many having lost greater than 20 chromosomes 
(Fig.2.2 E-F).   

Analysis of two to four pooled litters from each age group revealed the 
age-related changes in aneuploidy levels during neurogenesis (Fig. 2.3A).  The 
average rate of aneuploidy from E9.5-E15.5 was 27.86 %, and the mean 
chromosome number was 37.79 ± 0.7 (mean ± SEM; Fig. 2.3B).  Peak 

aneuploidy rates were seen at E13.5, where 66.96% of NPCs were aneuploid, a 
significant increase over the levels seen in lymphocytes (data not shown), and 
the mean chromosome number was 31.62 ± 2.14.  At all stages chromosome 

loss occurred more frequently than chromosome gain (Fig. 2.3C).  The rate of 
mild aneuploidy showed significant variation over time, but there was a more 
dramatic increase in extreme aneuploidy at E13.5, with 45.14% of spreads 
having gained or lost more than five chromosomes (Fig 2.3D).  
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Figure 2.1.  Determining aneuploidy levels in embryonic cortex.  (A) Schematic summarizing 
protocol for preparing metaphase spreads.  Cortical hemispheres from embryonic littermates 
were pooled.  (B) Inverse DAPI images of representative metaphase spreads from E9.5-E15.5 
NPCs.  A euploid mouse cell contains 40 chromosomes.  Hyperploidy, mild hypoploidy, and 
extreme hypoploidy were observed at all stages examined.  
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Figure 2.2.  Aneuploidy profiles of embryonic NPCs.  (A-G) Representative chromosome 
count histograms for cortical NPCs from pooled from E9.5-E15.5 littermates.  At all ages, loss of 
one or a few chromosomes was the most common form of aneuploidy, and chromosome gain 
was relatively rare.  Extreme hypoploidy, characterized by fewer than 35 chromosomes, was 
much more common from E13.5-E14.5 compared to other stages.  (H) Chromosome count 
histogram for lymphocytes from the adult spleen, a standard cytogenetic control. 
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Figure 2.3.  The rate of aneuploidy among NPCs changes over the course of development.  
(A) Aneuploidy rates determined by mean DAPI counts of metaphase spreads at each 
developmental stage range from 13.53%-66.96%.  The values are based on means from 
independent experiments using pooled cortices from E9.5-E15.5 littermates.  An average of 127 
metaphase spreads was karyotyped for each pooled litter, which was comprised of 2-11 embryos 
depending on age. (B) Mean chromosome number ranged from 31.62-39.77.  (C) Rates of 
hypoploidy and hyperploidy among NPCS during embryonic development.  Chromosome loss 
occurred in between 11.16%-58.78% of metaphase spreads, whereas chromosomes were gained 
at a rate of 1.36%-9.16%.  (D) Rates of mild and extreme aneuploidy among NPCs during 
embryonic development.  Aneuploid metaphase spreads showing fewer than five chromosomes 
gained or lost ranged from 7.55%-21.82%.  Extreme aneuploidy, which is characterized by 
greater than five chromosomes gained or lost, ranged from 3.45%-45.14 %.  Error bars represent 
SEM.  **, p < 0.01, χ2; ***, p < 0.001, χ2.
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Dynamic Imaging of Aneuploid Metaphase Spreads from Embryonic NPCs 

 
 Karyotyping analysis of metaphase spreads has for decades served as a 
fundamental cytogenetic technique for studying aneuploidy in dividing cells.  In 
that time, great progress has been made in determining the factors that 
contribute to the optimal preparation of metaphase spreads.  For example, one of 
the most important variables is the rate of fixative evaporation.  If the rate at 
which the fixative dries is too slow, then the cellular membrane is more likely to 
be compromised, allowing chromosomes to scatter, resulting in a “broken” 
metaphase spread (12, 13).  Alternatively, if cells are incubated in the hypotonic 
solution for too short or too long a period the time, the membrane may burst, 
yielding a widely dispersed “chromosome soup” (14).   

Extremely aneuploid cells were observed at all developmental stages in 
this study, with an increased prevalence from E13.5-E14.5 (Fig. 2.2 E, F; Fig. 2.3 
C).  The presence of hyperploid cells, as well as age-related variation in overall 
levels suggests that it is unlikely that the aneuploidy seen here is due to the 
creation of broken metaphases or some other artifact of the sample preparation 
process.  To address this issue directly, time-lapse imaging was used to observe 
the formation of metaphase spreads from E13.5 NPCs.   
 Following metaphase arrest, hypotonic treatment, and fixation, cells were 
incubated with DAPI.  Cell suspension was applied to a gridded cover slip and 
placed in video microscopy setup.  Video recording began once a cell with 
condensed chromosomes was visually identified, and continued until fixative and 
water evaporated, revealing the metaphase spread.  Visualized spreads were 
then analyzed to determine chromosome number. 
 Bright field images (Fig. 2.4) show initial identification of condensed 
chromosomes (I), followed by expansion of the metaphase spread due to 
methanol evaporation and replacement by water (II).  The middle panel shows 
partial evaporation of water (III), followed by the metaphase spread after 
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complete evaporation (IV).  The right panel shows inverse DAPI images of the 
same spread with corresponding chromosome count (V).  These data show that 
in both euploid (Fig. 2.4A) and aneuploid cells (Fig. 2.4 C-D), no chromosomes 
were seen breaking away from the metaphase spread.  Cells showing mild 
hyperploidy (Fig. 2.4B), mild hypoploidy (Fig. 2.4C), and extreme hypoploidy (Fig. 
2.4D), all remained intact throughout the process demonstrating that the variation 
in chromosome number is not due to poorly prepared metaphase spreads. 
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Figure 2.4.  Time-lapse imaging of metaphase spreads.  (A-D) Bright field images of 
metaphase spreads prepared from E13.5 NPCs counterstained with DAPI.  This sequence 
demonstrates each spread (I) in fixative; (II) as fixative evaporates and is replaced by water; (III) 
as water is partially evaporated; (IV) after complete evaporation.  Metaphase spreads were 
subsequently analyzed for chromosome number (V) using a fluorescence microscope fitted with 
karyotyping software.  



22 

 

Lagging Chromosomes Occur in NPCs at Various Developmental Stages  
 
 The ventricular zone of the embryonic cortex contains mitotically active 
NPCs.  To identify these cells, cryosections of E14.5 cortex were immunolabeled 
with phosphorylated histone H3 (phospho-H3), which is a marker for condensed 
chromosomes, and nestin, an intermediate filament protein that is a marker for 
neural progenitor cells (Fig. 2.5A) (6, 8). 
 Chromosome segregation defects such as lagging chromosomes, which 
can lead to the formation of micronuclei, are a potential source of extreme 
aneuploidy (15, 16).  Lagging chromosomes have been previously observed in 
both fixed and live NPCs (6, 7, 11).  Positive labeling by pancentromeric FISH 
probes suggests whole chromosomes exist within micronuclei (11).  To assess 
the prevalence of lagging chromosomes in mitotic NPCs, acutely isolated, 
dissociated cortical cells were treated with colcemid to suspend cells in 
metaphase, and were subsequently immunolabeled for phosho-H3 (Fig. 2.5B).  
Normal morphology was observed in the majority of labeled cells.  Among cells 
with visible chromosome defects, typically what appeared to be one or a few 
laggards were physically separated from the main cluster of condensed 
chromosomes (Fig. 2.5C).  Laggards were observed at most stages examined, 
but in fewer numbers than would be predicted by the rates of extreme aneuploidy 
seen across development (Fig. 2.5D).  There was no obvious relationship 
between the large increase in aneuploidy levels determined by chromosome 
counts seen at the mid-point of neurogenesis and the prevalence of lagging 
chromosomes.  
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Figure 2.5.  NPCs display lagging chromosomes throughout development.  (A) Micrograph 
of the embryonic cerebral cortex.  Immunofluorescence for phospho-H3 (red) and nestin (green) 
illustrates mitotic NPCs localized to the ventricular surface of the VZ.  Nuclei are counterstained 
with DAPI (blue).  (B) Schematic summarizing protocol for identifying lagging chromosomes.  
Cortical hemispheres were pooled from embryonic littermates.  (C) Immunofluorescence for 
phospho-H3  (red) reveals lagging chromosomes at various ages.  Nuclei are counterstained with 
DAPI (blue).  (D) Table summarizing rates of lagging chromosomes from E10.5-E15.5.   
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Aneuploidy is Evident in Non-Dividing NPCs During Neurogenesis 
 
 Aneuploidy rates were determined in interphase cells using FISH.  Isolated 
embryonic cortical cells were analyzed based on hybridization of probes specific 
for chromosome 12.  The majority of cells analyzed (200 cells per developmental 
stage) contained two copies of chromosome 12.  From E11.5 to E14.5, between 
1.5% and 4% of cells were aneuploid.  Both chromosome loss and gain were 
observed, however most aneuploid cells showed only one copy of chromosome 
12.  These data are in line with previous studies that employed FISH to examine 
sex chromosome aneuploidy, which found that chromosome gain and/or loss in 
ranged from 0.14% to 4.5% in E13-E14 embryonic cortex, and 0.82% to 3.67% in 
NPCs isolated from the SVZ (6, 8). 
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Figure 2.6.  Aneuploidy levels in non-dividing embryonic cortical cells detected by 
fluorescence in situ hybridization.  Interphase cortical NPCs hybridized with a locus-specific 
probe for chromosome 12 (red).  Nuclei are counterstained with DAPI (blue).  (A) The majority of 
embryonic cortical cells contained two copies of chromosome 12.  (B) Chromosome 12 loss was 
observed at all stages.  
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Discussion 

 

We have determined the rates of aneuploidy at various stages across 
cortical neurogenesis.  The major findings of this study are as follows: (i) 
aneuploid NPCs can be found at all stages from E9.5-E15.5, and peak 
aneuploidy occurs at E13.5; (ii) time-lapse imaging shows that extreme 
hypoploidy (loss of greater than five chromosomes) is the result of an inherent 
biological process, and is not an artifact of the experimental technique; (iii) 
lagging chromosomes may be a contributing factor to the levels of hypoploidy in 
NPCs; (iv) aneuploidy is a feature of interphase cells throughout cortical 
neurogenesis.  The highest levels of aneuploidy were observed from E13.5-
E14.5, which represents the middle phase of neurogenesis (Fig. 2.7).  During this 
period (i) the length of G1 phase of the cell cycle (TG1) increases rapidly (17, 18); 
(ii) the rate of progenitor cell death is at peak levels (19); (iii) cortical layers V, VI, 
and III, comprised of the most heterogeneous and complex classes of neurons, 
are generated. 

G1 is a critical phase during neurogenesis, as it is the phase of the cell 
cycle when precursors can respond to extracellular cues and determine whether 
to proliferate or differentiate (20-23).  Young cells change their fate in accordance 
with the older environment, but only if they are transplanted during G1 or S 
phase; cells transplanted at M phase retain their early fates (24).  The G1 phase 
is also unique during cortical development in that it is the only phase of the cell 
cycle to vary in length over time (17).  During neurogenesis, TG1 varies such that 
it slowly increases in length during early phases, then increases rapidly in 
midneurogenesis, and in the late phase slowly increases to maximum duration 
(25). Consequently, neurogenic progenitors have a longer cell cycle than self-
renewing progenitors (25-27).  The cell cycle length hypothesis suggests that cell 
fate decisions are dependent on the length of time available for fate determinants 
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to accumulate to sufficient quantities and gain access to the appropriate cellular 
compartments in order to affect changes in transcription or translation that 
regulate phenotype (22, 28).  Increased mosaic aneuploidy in the neurogenic 
progenitor pool may produce differential alterations in the ability to respond to cell 
fate determinant molecules, which could in turn lead to increases in phenotypic 
diversity among newly generated neurons.  

Regulation of the expression levels of various growth factors and cell cycle 
proteins are important for maintaining the balance between the expansion of the 
precursor pool and the production of neurons (29, 30).  FGF2, which promotes 
proliferation of the precursor population, reduces aneuploidy when applied to 
NPC cultures, and aneuploid cells from these cultures are more likely to have 
gained or lost more than one chromosome, while the number of cells that only 
lost one chromosome remains unchanged (6).  If there is selective pressure to 
keep the proliferative pool more genomically homogeneous as compared to 
neurogenic progenitors, this may also explain why aneuploidy is lower in early 
phases of neurogenesis.  In early neurogenesis when progenitor pools are 
largely self-renewing, it may be more advantageous to lower levels of aneuploidy.  
On the other hand, once progenitors make the switch to neurogenic division, 
higher levels of aneuploidy may be advantageous in order to generate a 
maximally diverse group of postmitotic projection neurons. 

The reduced levels of aneuploidy seen in the murine adult cortex 
compared to embryonic stages suggest that many aneuploid cells are lost 
through PCD (6, 7, 10).  Most dying cells in developing rat cortex are in the G1 
phase of the cell cycle, suggesting that cell death begins soon after mitosis, 
which is when chromosome segregation defects associated with aneuploidy arise 
(6, 11, 31).  Analysis by in situ end labeling (ISEL+) determined that by E14, up 
to 70% of cortical cells fail to survive, mostly in the proliferative zones, and over 
the course of neurogenesis an average of 50% of cells undergo PCD (19).  
Studies using a transgenic cell lineage marker to follow the dispersion of 



28 

 

progenitor cells throughout the proliferative zone observed a dramatic increase in 
labeled clones from E10.5 to E13.5, followed by a rapid decline between E13.5 
and E14.5, indicating extensive cell death during this period (32).  Inhibition or 
targeted deletion of caspase 3 or 9 led to increase overall aneuploidy at E14, with 
a preferential increase in extreme aneuploidy, nullisomy, and coincident 
chromosome loss and gain (Petersen et al, unpublished data).  This suggests 
that there is selective pressure to eliminate NPCs with undesirable karyotypes.   

Transcription factor cascades that regulate proliferation and differentiation 
may also regulate PCD.  Variability in responses to these signaling events may 
serve as a physiological basis for selection (33).  For example, Pax6 is a 
transcription factor expressed in a high rostrolateral, low caudomedial gradient in 
cortical progenitors, and has many developmental functions including regulation 
of cell cycle kinetics, mode of division, expression of neural markers, repression 
of ventral telencephalic cell fates, and regionalization of the dorsal telencephalon 
(34-37).  In Pax6 gain of function transgenics, specific progenitor pools with 
distinct endogenous Pax6 expression levels show differential acquisition of 
apoptotic or neuronal cell fate (38).  Aneuploid NPCs may differ in their 
responses to transcription factors such as Pax6, leading to alterations in cell fate. 

A steeply declining lateral to medial gradient in TG1 is apparent during 
midneurogenesis, and areal differences in cell cycle length are related to cortical 
patterning (18, 39).  There is a temporal correlation between the production of the 
first postmitotic neurons and the onset of neuroproliferative PCD in the cortex; 
there is also a spatial correlation between the ventrolateral-dorsomedial gradient 
of differentiation and the gradient of PCD (40).  In the chick forebrain the 
distribution of TUNEL labeled cells in the proliferative regions is spatially and 
temporally heterogeneous (41).  Anatomical and structural information about the 
distribution of aneuploid cells in the developing and mature cortex remain 
unknown, however it is reasonable to hypothesize that aneuploidy levels may 
differ along the transverse neurogenic gradient during midneurogenesis (17).  
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Clearance of cells containing disadvantageous chromosome complements by 
PCD may contribute to selection mechanisms that play a role in cortical 
patterning. 

The majority of cortical projection neurons are born and acquire specific 
cell fates concurrently with the peak in progenitor cell aneuploidy.  Projection 
neurons comprise an extraordinarily diverse group of cells, and can be classified 
by cell body, morphology, projection site, electrophysiology, and gene expression 
(42).  Is there selective pressure during midneurogenesis in favor of aneuploid 
NPCs that serve as a means of creating such a wide array of neuronal 
phenotypes in a short amount of time?  Layer V, which is comprised of neurons 
with subcortical projections, can be further divided into subtypes with distinct 
targets and gene expression profiles (5, 43, 44).  Subcerebral projection neurons 
located in layer V extend axons to the spinal cord, tectum, and pons, and require 
the transcription factor Fezf2 for subtype specification (45-47).  Fezf2 null cortex 
is absent of projections to brainstem or spinal cord, while the subcerebral 
projection neurons that reside in the layer corresponding to Vb show an altered 
pattern of axonal projections.  Corticotectal projection neurons in layer V of visual 
cortex express Otx1, a transcription factor that may lie downstream of Fezf2.  
Loss of Otx1 function results in these neurons displaying axonal projections that 
are characteristic of corticospinal neurons (48).  The molecular mechanisms that 
activate these specification genes have not been fully determined.  Evidence that 
aneuploidy can alter gene expression suggest that cell fate specification and 
cortical connectivity controlled by various layer- and subtype-specific transcription 
factor cascades may be differentially regulated in these aneuploid cells, leading 
to phenotypic and functional diversity (8, 49). 

The functional significance of mosaic aneuploidy in the developing cortex 
has yet to be elucidated.  Aneuploidy in neural precursors may provide an 
advantage in producing a great degree of genetic diversity precisely at the 
moment when the majority of projection neurons are born, and this genetic 
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heterogeneity is refined in favor of desirable karyotypes through PCD.  Further 
studies are required to determine the precise relationship between NPC 
aneuploidy and neurogenesis.
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Figure 2.7.  Peak aneuploidy rates occur during a time period when maximum phenotypic 
and functional diversity is generated.  The middle phase of neurogenesis, when projection 
neurons from layers V, IV, and III are generated, is characterized by high levels of aneuploidy and 
cell death, and an asymptotic rise in the duration of G1.  Early and late phases of neurogenesis 
produce more homogenous populations in layers VI, II, and I.
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3.  CHROMOSOME LOSS ALTERS CORTICAL NEURAL 
PROGENITOR CELL FATE 
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Introduction 
 
 Aneuploidy is a feature of neural progenitor cells (NPCs) found in 
proliferative regions of the cortex and cerebellum, and these precursors generate 
neurons and glia that continue to show variations in chromosome number in the 
mature brain (1-4).  An individual brain contains a mixed population of euploid 
and aneuploid NPCs that exhibit a range of different karyotypes.  The majority of 
mosaic aneuploidy is due to chromosomal loss, which can lead to a “loss of 
heterozygosity” (LOH) that can unmask recessive traits at loci on the lost 
chromosome.   

LOH represents the loss of normal function of one allele that renders the 
cell homozygous or hemizygous for a deleterious allele at that locus.  
Mechanisms that produce LOH include mitotic recombination, deletion, or 
chromosome loss.  The most well characterized examples of LOH come from 
studies of cancer cell lines, which frequently gain or lose whole chromosomes.  
LOH may promote tumorigenesis in individuals with one functional copy of a 
tumor suppressor gene, or in instances where the chromosome containing an 
oncogene is duplicated (5, 6).   

Given that hypoploidy is most common form of aneuploidy observed in 
NPCs, it is likely that LOH may lead to functional changes in the developing 
brain.  Differences in lineage fate produced by allelic loss may contribute to the 
phenotypic diversity of the brain.  Here we asked whether aneuploidy, specifically 
chromosome loss leading to LOH, influences NPC cell fate. 

To address this question, we used differentiation of late embryonic NPCs 
into astrocytes as a model system.  Whereas in early stages of cortical 
development the majority of NPCs generate neurons, in late embryonic and early 
postnatal stages NPCs switch to produce glia.  Activation of the leukemia 
inhibitory factor receptor (LIFR) by cytokines such as LIF, ciliary neurotrophic 
factor (CNTF), and cardiotropin-1 (CT-1) promote differentiation of cortical 
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precursor cells into astrocytes by signaling through the JAK-STAT pathway (7, 8).  
Astrocyte numbers are reduced in the brains of LIFR null mutant animals, and 
LIFR null NPCs fail to generate GFAP+ astrocytes when cultured in vitro (9, 10).  
The goal of this study was to determine if loss of the functional LIFR allele 
through aneuploidy results in failure of NPCs to undergo astrocytic differentiation 
in response to CNTF. 
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Materials and Methods 
 
Animals 
 

All procedures were performed in accordance with protocols approved by 
The Scripps Research Institute.  LIFR mutant mice and enhanced green 
fluorescence protein (eGFP) transgenic mice were generated as previously 
described (10, 11).  LIFR heterozygous mice were mated to eGFP transgenic 
mice at night.  The day on which a copulation plug was observed was considered 
to be embryonic day 0.5 (E0.5). 

 
Cell Culture 
 
 Time-pregnant LIFR heterozygous or eGFP transgenic dams were 
anesthetized using isoflurane (Isothesia, Butler Animal Health Supply, Dublin, 
OH), sacrificed by cervical dislocation, and E16.5 embryos were collected. 
Embryos were identified as eGFP+ based on green fluorescence after UV 
excitation.  Cortical hemispheres from E16.5 embryos were dissected out into 
OptiMem (Invitrogen, La Jolla, CA) and triturated with P1000 tips.  Following 
centrifugation, cells were resuspended in DMEM (Invitrogen) containing B27, N2, 
penicillin-streptomycin, sodium pyruvate, β-mercaptoethanol, CNTF, and bFGF 

(Peprotech, Rocky Hill, NJ), and plated onto dishes coated with CellTak (Becton 
Dickson, Franklin Lakes, NJ).  Cells were incubated at 37°C for seven days. 

 
Immunofluorescence 
 
 Acutely isolated cells were cultured for seven days on cover slips pre-
coated with Cell-Tak (Becton Dickson) and then were blocked in 3% bovine 
serum albumin (BSA) Source) and 0.5% Triton X-100 in PBS for 30 minutes.  
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Primary antibodies were diluted in blocking solution and applied to slides.  
Following incubation at room temperature for 45 minutes, slides were rinsed 
three times for five minutes each in PBS and incubated in secondary antibodies 
for 30 minutes in the dark.  Slides were then counterstained with DAPI for five 
minutes, fixed in 4% paraformaldehyde for 10 minutes, and cover slipped with 
Vectashield.  Antibodies used in this study include rabbit polyclonal anti- glial 
fibrillary acidic protein (GFAP; Sigma Aldrich, St. Louis, MO) and Cy3-conjugated 
secondary IgG (Chemicon, Temecula, CA).  Images were obtained using a 100x 
oil-immersion objective on a Zeiss Imager D1 microscope (Carl Zeiss, Gottingen, 
Germany) with an AxioCamHR digital camera and Zeiss AxioVision software 
(Carl Zeiss). 
 
Fluorescence Activated Cell Sorting 
 
 Cortical cultures from LIFR(+/+)eGFP(+/0) and LIFR(+/-)eGFP(+/0) 
embryos were detached from dishes using Accutase (Sigma Aldrich, St. Louis, 
MO), and filtered through a 40µm cell strainer.  Following centrifugation, cells 

were resuspended in blocking solution of 3% bovine serum albumin (BSA; Roche 
Diagnostics, Indianapolis, IN).  An anti-GLAST primary antibody (Chemicon, 
Temecula, CA) and Alexa Fluor 647 (AF647) anti-guinea pig IgG secondary 
antibody (Invitrogen) were used.  Cells were analyzed for GLAST expression and 
sorted for eGFP expression on the BD FACS Diva (Becton Dickson).  After 
sorting, cells were harvested for FISH or for isolation of total RNA. 
 
Quantitative PCR 
 
 Total RNA was isolated from FACS-sorted cells using the RNAqueous kit 
(Ambion, Austin, Texas).  Each sample was primed with oligo(dT), and synthesis 
of cDNA was carried out using SuperScript II reverse transcriptase (Invitrogen).  
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Targets were amplified with iQ SYBR Green supermix (Bio-Rad, Hercules, CA) 
on a Bio-Rad iCycler using gene-specific primer pairs that flank an intron.  GFAP 
copy number was determined by comparing the cycle threshold to that of to a 
reference gene (GAPDH). 
  
Fluorescence In Situ Hybridization 
 
 FACS-sorted cells were resuspended in a fixative solution of 3:1 methanol: 
glacial acetic acid.  FISH was performed as described previously(1, 2).  Whole 
chromosome paint probes for chromosome 15 were used [Applied Spectral 
Imaging (ASI), Carlsbad, CA].  Images were obtained using a 100x oil-immersion 
objective on a Zeiss Imager D1 microscope (Carl Zeiss, Gottingen, Germany) 
with an AxioCamHR digital camera and Zeiss AxioVision software (Carl Zeiss).
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Results 
 
GLAST expression is reduced in eGFP- cells from LIFR(+/-)eGFP(+/0) embryos 
 
 LIFR-mediated astrocyte differentiation was assessed in the developing 
mouse CNS.  The LIFR allele, which resides on chromosome 15, was tracked by 
crossing LIFR+/- mice with mice hemizygous for a ubiquitously expressed, 
enhanced green fluorescence protein (eGFP) gene driven by the chick β-actin 

promoter on the same chromosome (Fig. 3.1A).  NPCs from LIFR(+/+)eGFP(+/0) 
and LIFR(+/-)eGFP(+/0) littermate embryos were cultured with CNTF to induce 
astrocyte differentiation through LIFR (Fig. 3.1B).  Cultures from all genotypes 
tested were capable of generating astrocytes, based on immunocytochemistry 
using antibodies against GFAP (Fig. 3.1C).  After 7DIV, cells were labeled with a 
primary antibody against astrocyte marker GLAST, and an AF647-conjugated 
secondary antibody.   

Cells were then separated into eGFP- and eGFP+ populations by 
fluorescence activated cells sorting (FACS; Fig 3.2A-C), using gating based on 
NPCs from eGFP null littermate embryos.  eGFP- cells were defined as the ~10% 
of cells with the least fluorescence.  Each population was subsequently examined 
for expression of the astrocyte marker GLAST based on AF647 intensity using 
flow cytometry.  In a representative example, GLAST expression in eGFP- cells 
from LIFR(+/+)eGFP(+/0) cortex was measured at 22.2%, whereas in 
LIFR(+/+)eGFP(+/0) cortex, 11.3% of eGFP- cells were GLAST+ (Fig. 3.2 D-E).  
Data from 7 matched pairs of littermates show that in the eGFP- population from 
LIFR(+/-)eGFP(+/0) embryos, GLAST expression was significantly reduced as 
compared to LIFR(+/+)eGFP(+/0) embryos, indicating that chromosome loss can 
affect astrocyte differentiation of NPCs (Fig. 3.2F). 
 FACS-isolated eGFP- cells from both LIFR(+/+)eGFP(+/0) and LIFR(+/-
)eGFP(+/0) cortex were analyzed for chromosome 15 aneuploidy using whole 
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chromosome FISH paints.  In eGFP- cells from LIFR(+/-)eGFP(+/0) cortex, loss 
of one copy of chromosome 15 was observed in some cells, while others 
contained two copies of chromosome 15 (Fig. 3.3).  Previous work has shown 
that approximately 45-50% of eGFP- cells have one copy of chromosome 15, 
therefore eGFP- cells with two copies of chromosome 15 represent a different 
mutational event (1). 
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Figure 3.1.  LIFR-mediated astrocyte differentiation of NPCs.  (A) LIFR+/- mice were crossed 
with mice hemizygous for an eGFP transgene on chromosome 15.  (B) Primary cortical cells from 
E16.5 progeny were cultured with CNTF and bFGF at 37°C for 7 days.  Cells were then 
separated into eGFP- and eGFP+ populations, and analyzed for expression of GLAST using flow 
cytometry.  (C) After 7 days in vitro, GFAP+ astrocytes were produced by NPCs from all 
genotypes tested. 
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Figure 3.2. GLAST expression is reduced in LIFR(+/-)eGFP(+/0) embryos.  (A-C)  Forward 
and side scatter values were used to isolate live cells while eliminating doublets and cell debris.  
Sorting gates were set up by using eGFP- cells as a control to ensure exclusion of eGFP+ cells.  
(D-E)  Representative GLAST expression histogram for eGFP- cells from a matched pair of 
LIFR(+/+)eGFP(+/0) and LIFR(+/-)eGFP(+/0) littermates.  (F) Summary of GLAST expression 
rates in eGFP- cells from matched pairs of LIFR(+/+)eGFP(+/0) and LIFR(+/-)eGFP(+/0) 
littermates.  Error bars indicate the SEM; n=7. ***p<0.0001; Paired ratio t test 
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Figure 3.3.  Chromosome 15 aneuploidy is found in eGFP- cells from LIFR(+/-)eGFP(+/0) 
cortex.  (A-C) eGFP- negative cells isolated by FACS were hybridized with whole chromosome 
paint specific for chromosome 15.  Nuclei are counterstained with DAPI. 
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GFAP transcripts reduced in eGFP- cells from LIFR(+/-)eGFP(+/0) embryos 
 

To further characterize relative levels of astrocyte differentiation using an 
additional marker, quantitative assessment of GFAP mRNA expression was 
performed on FACS-isolated cells.  Real time quantitative RT-PCR using cDNA 
from a matched littermate pair showed that eGFP- cells isolated from LIFR(+/-
)eGFP(+/0) cortex displayed a reduced level of GFAP expression compared to 
LIFR(+/+)eGFP(+/0) NPCs (Fig. 3.4).  These data are in agreement with GLAST 
expression levels determined by FACS.  
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Figure 3.4 Transcripts of astrocyte marker reduced in LIFR(+/-)eGFP(+/0) embryos.  
Quantitative RT-PCR results show that GFAP transcript levels are reduced in FACS-isolated 
eGFP- cortical cells isolated from LIFR(+/-)eGFP(+/0) embryos as compared to LIFR(+/-
)eGFP(+/0) littermates.  Expression levels were evaluated relative to GAPDH housekeeping gene 
control.  The 25% percent reduction for this particular littermate pair in is accordance with the 
19% decrease in GLAST expression revealed by FACS for these embryos. 
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Discussion 
 
 This study is the first to show a functional alteration in neural cell fate 
specification as a result of normal aneuploidy.  We have shown that chromosome 
loss can lead to a change in phenotype when a dominant allele is eliminated.  In 
cells from LIFR(+/-)eGFP(+/0) cortex, the eGFP- population shows a reduction of 
roughly half in expression of GLAST, reflecting failure of astrocyte differentiation.  
We have also shown that cells aneuploid for chromosome 15 are present in this 
population.  Additionally, this population of cells shows a reduction in the levels of 
GFAP transcripts.  These data are consistent with the work of Kaushal et al, 
which showed that 45-50% of FACS-sorted eGFP- cells had lost a copy of 
chromosome 15.  The following model of how chromosome 15 aneuploidy can 
alter astrocyte via LOH was developed based previous studies and the current 
data (Fig. 3.5) (1).   

In LIFR(+/+)eGFP(+/0) cortex, the presence of both copies of the 
functional LIFR allele allow eGFP- NPCs the ability to differentiate into astrocytes 
regardless of whether the eGFP transgene was inactivated by mitotic 
recombination or chromosome loss.  In contrast eGFP- cells from LIFR(+/-
)eGFP(+/0) cortex are only half as likely to undergo CNTF-induced astrocyte 
differentiation, depending on ploidy for chromosome 15.  Euploid eGFP- cells, 
which lose transgene expression through a mutational event such as mitotic 
recombination or deletion, retain their functional LIFR allele, and therefore the 
capacity to respond to CNTF.  LIFR(+/-)eGFP(+/0) cells that do not express 
eGFP due to loss of chromosome 15 may have also lost their only wild type LIFR 
allele, resulting in an inability to undergo CNTF-dependent astrocyte 
differentiation.  This model is in agreement with our result that LIFR(+/-
)eGFP(+/0) NPCs showed a 43.9% decrease in GLAST+ cells from the eGFP- 
fraction as compared to LIFR(+/+)eGFP(+/0) (Fig 3.2F). 
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Though the current study evaluated one specific form of aneuploidy, loss 
of chromosome 15, the developing brain is a genetic mosaic, containing cells of 
various karyotypes.  All chromosomes were capable of being gained or lost in 
cortical NPCs (2).  The developing brain is likely to contain many individual cells 
that exhibit LOH for different genes involved in cortical development.  Some of 
these LOH events may lead to cell death, while others may produce changes that 
can be tolerated by the cell.  Alterations in cell fate may occur in other lineages 
by this mechanism, and LOH may produce changes in other genetically 
determined characteristics of neural cells.  While chromosome loss is the most 
common form of aneuploidy in the developing brain, some cells do show 
chromosome gain, while others show coincident gains and losses.  What kind of 
phenotypic changes are associated with those karyotypes?  Are these cells 
preferentially lost to cell death?  These are just some of the many outstanding 
questions requiring further study regarding the role of mosaic aneuploidy in 
cortical development. 

Alterations in phenotype related to aneuploidy have often been associated 
with resultant changes in gene expression.  It is also thought that measurable 
differences in gene expression levels are a major contributor to both the benign 
and pathological phenotypic variability seen among individuals.  Differential gene 
expression was observed among eGFP+ and eGFP- glial cells, with various 
genes on multiple chromosomes showing both increased and decreased levels, 
indicating that loss of chromosome 15 affects changes that extend beyond the 
aneuploid chromosome (1).  The alteration of cell fate seen in the present study 
could be just one of several possible phenotypic changes that could occur in 
eGFP- cells due to LOH at other loci. 

LOH is a common feature of many cancers and other disorders.  
Glioblastomas, the most frequent and most malignant human brain tumors, often 
exhibit LOH at chromosome 10, which can lead to elimination of the tumor 
suppressor gene PTEN (12).  Lymphoblastoid cells from patients suffering from 
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the neurodevelopmental disorder Williams-Beuren Syndrome also exhibit LOH 
that leads to changes in gene expression representing loci on unaffected 
chromosomes (13).  In some cases these changes may induce disease 
processes, but they also may alter the cell in a non-pathologic way, leading to 
other phenotypic and functional alterations.  This may be related to the fact that 
certain aneuploidies may be permissive for, or protective, against tumorigenesis, 
while other aberrant karyotypes may have no effect at all (6, 14).  Other forms of 
genetic variation may play a role in modulating the phenotypic impact of 
aneuploidy. 

Copy number variations (CNVs) are structural alteration of the genome 
such that regions of genomic DNA are gained or lost in patterns that vary among 
individuals, representing an additional form of genomic diversity that could 
explain heterogeneity in the phenotypic expression of aneuploidies (15).  Two 
randomly selected genomes differ by at least 1% with most of this difference due 
to CNVs, and common CNVs can affect as much as 10% of the genome, creating 
the possibility for any variation to have wide-ranging effects (16).  The size of the 
genomic regions implicated in these variations may be an underestimation, as 
there are likely many CNVs yet to be discovered.  The phenotypic variability 
attributed to aneuploidy may be modulated by CNVs. 

Similar to aneuploidy, CNVs have been shown to influence gene 
expression in intricate ways, such that chromosome gain or increase copy 
number are not always positively correlated with increases in gene expression 
levels, and vice versa (17).  The complexity of the relationships between these 
two types of genetic variation and phenotypic diversity may involve modification 
of dosage sensitive genes (18).  Aneuploidy may unmask or exacerbate the 
functional consequences of these genes, leading to differential expression of the 
phenotype.  Both aneuploidy and CNVs cause changes in expression of genes 
that are located outside the lost or duplicated genomic region, increasing the 
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potential contributions of dosage sensitive genes to phenotypic and functional 
diversity (1, 19).   

There is evidence that specific functional categories of genes are more 
often associated with CNVs, for example, genes related to responsiveness to 
environmental cues (18).  Consequently, NPCs that look to extrinsic factors 
determining differentiation and cell fate, or other event in corticogenesis, may be 
subject to phenotypic variability based on CNVs.  However, studies regarding 
CNV influences on gene expression in the mouse found that there was less of a 
correlation between copy number and gene expression levels in highly 
specialized tissues such as the brain, compared to adipose tissue, a much more 
homogeneous region that displays a greater number of genes whose expression 
was closely tied to copy number(20).  Whether this is a consequence of or a 
mechanism for the phenotypic and functional heterogeneity of the brain would be 
an intriguing question for future study.   

Recent studies suggest that there is somatic mosaicism for CNVs in 
differentiated human tissues and organs (21, 22).  Differential CNV profiles 
among monozygotic twins provide further evidence for this type of mosaicism, 
which is also seen in twins that are discordant for neurological disorders such as 
Parkinsonʼs Disease (23).  Aneuploidy-related neurological disorders such as 
Down Syndrome, which shows genetic mosaicism as well as a wide array of 
clinical manifestations, may provide a good model to determine the interplay 
between aneuploidy, CNVs, and diversity.  Our results have shown that 
chromosome loss can modify phenotype in the normal developing cortex.  The 
impact of genomic variation on the central nervous system in health and disease 
demands further study, which will undoubtedly expand our knowledge of these 
processes in previously unexpected ways.
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Figure 3.5.  Chromosome 15 aneuploidy alters astrocyte fate via LOH.  In 
LIFR(+/+)eGFP(+/0) cortex, the presence of both copies of the functional LIFR allele allow eGFP- 
NPCs the ability to differentiate into astrocytes regardless of whether the eGFP transgene was 
inactivated by a deletion or through chromosome loss.  Approximately half of eGFP- NPCs from 
LIFR(+/-)eGFP(+/0) cortex should exhibit LOH due to chromosome loss, and therefore fail to 
differentiate in response to CNTF treatment. 
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