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A basic assumption about the normal nervous system is that its
neurons possess identical genomes. Here we present direct evi-
dence for genomic variability, manifested as chromosomal aneu-
ploidy, among developing and mature neurons. Analysis of mouse
embryonic cerebral cortical neuroblasts in situ detected lagging
chromosomes during mitosis, suggesting the normal generation of
aneuploidy in these somatic cells. Spectral karyotype analysis
identified �33% of neuroblasts as aneuploid. Most cells lacked one
chromosome, whereas others showed hyperploidy, monosomy,
and�or trisomy. The prevalence of aneuploidy was reduced by
culturing cortical explants in medium containing fibroblast growth
factor 2. Interphase fluorescence in situ hybridization on embry-
onic cortical cells supported the rate of aneuploidy observed by
spectral karyotyping and detected aneuploidy in adult neurons.
Our results demonstrate that genomes of developing and adult
neurons can be different at the level of whole chromosomes.

The mammalian central nervous system is remarkable for its
high degree of organization among vastly heterogeneous cell

types of varied function. The molecular basis for this heteroge-
neity is thought to involve complex regulation, at both transcrip-
tional (1) and posttranscriptional levels (2), of large and diverse
gene families (3, 4). These and virtually all other mechanisms
implicated in brain development, function, and disease are
assumed to operate on a constant genome.

Indirect evidence for some form of somatic genomic alteration
has come from nervous system expression and neurogenetic
effects of a growing list of molecules that function in DNA
recombination�repair and surveillance (5–14). Interestingly,
many of these genes are also implicated in cancer, where a
commonly associated sequela is aneuploidy. Precedent exists for
aneuploidy during early mammalian development (15, 16) where
it is thought to result in cell death. These observations led us to
ask whether the number of chromosomes in neuroblasts and
neurons is variable.

Materials and Methods
Immunohistochemistry. Immunohistochemistry was performed as
described (17). The primary anti-nestin (PharMingen) and anti-
phosphorylated histone H3 (phospho-H3; Upstate Biotechnol-
ogy, Lake Placid, NY) Abs were detected with a Cy3-conjugated
secondary IgG (Jackson ImmunoResearch). High-power images
of mitotic neuroblasts were acquired and processed by using a
DeltaVision deconvolution microscope (Applied Precision, Se-
attle, WA). For microtubule-associated protein 2 (MAP2) stain-
ing of adult male brain, sections that had been hybridized with
X and Y chromosome paints and imaged were subsequently
stained with a monoclonal MAP2 Ab (Sigma) and an anti-mouse
Cy3 secondary IgG (Jackson ImmunoResearch). Cells identified
previously as aneuploid, based on fluorescence in situ hybrid-
ization (FISH), were reimaged after MAP2 immunohistochem-
istry. Images were prepared by using PHOTOSHOP (Adobe Sys-
tems, Mountain View, CA).

Abbreviations: SKY, spectral karyotype; FISH, fluorescence in situ hybridization; MAP2,
microtubule-associated protein 2; En, embryonic day n; FGF-2, fibroblast growth factor 2;
DAPI, 4�,6-diamidino-2-phenylindole; phospho-H3, phosphorylated histone H3; XY FISH,
two-color FISH using X and Y chromosome paints.
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Fig. 1. Mitotic neuroblasts in the embryonic mouse cortex with lagging chro-
mosomes. (A and B) Low magnification (�20) micrographs of the embryonic
cerebral cortex. Immunofluorescence for the intermediate filament protein nes-
tin (A), a neural progenitor cell marker, illustrates the distribution of neuroblasts
in the ventricular zone (VZ) of the embryonic cerebral cortex. Phospho-H3 label-
ing (B, red) reveals mitotic neuroblasts concentrated at the ventricular surface
(bottom) of the VZ. Nuclei are counterstained with DAPI (blue). (C–F) High
magnification (�100) Z stacks from deconvolution microscopy of phospho-H3-
labeled mitotic figures at the bottom of the VZ reveal morphologically normal
prometaphase�metaphase (C) and anaphase (D) profiles. In addition, lagging
chromosomes (arrows) are readily observed in prometaphase�metaphase (E) and
anaphase (F) profiles.
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Cell Preparation. Animal protocols have been approved by the
Animal Subjects Committee at the University of California, San
Diego, and conform to National Institutes of Health guidelines
and public law. BALB�c mice (Simonsen Laboratories, Gilroy,
CA) were used for these analyses. Timed-pregnant females were
killed by cervical dislocation, and the embryos were removed at
the appropriate age [embryonic day (E) 11–E15)]. Cortical
neuroblasts and splenic lymphocytes were obtained by using
standard techniques (18, 19). Intact hemispheres were cultured
in the presence of 50 ng�ml of fibroblast growth factor 2 (FGF-2;
GIBCO�BRL) containing OptiMem (GIBCO�BRL) by using
described methods (20, 21).

Spectral Karyotype (SKY). Chromosome spreads were obtained
from all cell types by using standard protocols (19). SKY and

4�,6-diamidino-2-phenylindole (DAPI; Sigma) staining were
performed according to manufacturer’s instructions (Applied
Spectral Imaging, Carlsbad, CA). Images of chromosome
spreads were acquired by using a Zeiss �63 or �100 objective
with an interferometer and charge-coupled device camera (Ap-
plied Spectral Imaging).

FISH. Interphase nuclei from embryonic and adult cerebral cortex
were harvested for FISH by detergent-lysis, centrifuged at 500 �
g, and affixed to glass slides (19). Frozen sections of adult brain
(10–14 �m) were prepared by using immunohistochemical pro-
tocols. Hybridization with X and Y chromosome paints (Applied
Spectral Imaging) was performed per manufacturer’s instruc-
tions. Nuclei (300–750) from each animal were examined for X
and Y chromosome hybridization signals. Nuclei were not
counted if both X and Y signals were absent. Images were
captured with a charge-coupled device camera and prepared
by using PHOTOSHOP.

Flow Cytometric Analysis of DNA Content. Lymphocytes and neu-
roblasts were stained with propidium iodide, and DNA content
was determined by flow cytometry as described (22). Chick
erythrocyte nuclei (Biosure, Grass Valley, CA) were used at
one-tenth the sample concentration. Cerebral cortices of E12
embryos were prepared as for SKY, and paired hemispheres
were analyzed separately. One hemisphere was prepared imme-

Fig. 2. Aneuploid neuroblasts in the embryonic mouse brain. (A) Flowchart summarizing the protocol for neuroblast SKY. Cortical hemispheres were pooled
from embryonic littermates to ensure abundant prometaphase�metaphase spreads. (B and C) SKYs from representative aneuploid prometaphase�metaphase
embryonic neuroblasts. (Top Left and Right) Spectral and inverse DAPI images of chromosome spreads are shown, respectively. (Bottom) The karyotypes are
shown. Note that each different chromosome has a unique spectral color. Euploid chromosome number in mice is 40. The prometaphase�metaphase spread in
B has an extra copy of chromosome 2, but has only 1 copy of chromosomes 15 and 17 (39, XY, �2, �15, �17). The prometaphase�metaphase spread in C has only
1 copy of chromosome 8 (39, XX, �8). Observed loss and gain of whole chromosomes appeared to be similar between males and females. (D and E) Graphs show
the percentage of loss (D) and gain (E) of specific chromosomes in neuroblasts. Bars are color-coded based on the spectral color of each chromosome (except
for sex chromosomes). Specific chromosomes are lost at rates of 1.6–8.4% of cells analyzed and are gained at rates of less than 2%.

Table 1. Rates of aneuploidy in adult lymphocytes, acutely
isolated embryonic neuroblasts, and cultured neuroblasts
(2 days in vitro with FGF-2) revealed by SKY

No. of spreads
examined % Aneuploid

Adult lymphocytes 88 3.4
Neuroblasts 220 33.2 -
Cultured neuroblasts 63 14.1

*, P � 10�7, �2; **, P � 0.01, �2.

*

**
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diately for flow cytometry, whereas the other was cultured for 2
days in FGF-2 before analysis by flow cytometry.

Results
Lagging Chromosomes in Mitotic Cerebral Cortical Neuroblasts. We
examined proliferating cerebral cortical neuroblasts isolated
from E11 to E17, the period of neurogenesis in mice (23).
Postmitotic cortical neurons arise from neuroblasts located in
the ventricular zone, a region lining the lateral ventricles of the
cerebral hemispheres (24). Neuroblasts can be identified by
their birthdate (23) and immunoreactivity for the intermediate
filament protein, nestin (ref. 25; Fig. 1A). Such combined
birthdating and immunohistochemical analyses of embryonic
preparations used in this study indicated that over 95% of
examined cells were nestin-immunoreactive neuroblasts (data
not shown).

Chromosomes of mitotic neuroblasts can be visualized by
immunostaining for phospho-H3 (Fig. 1B; ref. 26). To examine
chromosome segregation in dividing neuroblasts, freshly pre-
pared tissue sections from the embryonic cerebral cortex were
immunostained for phospho-H3 and DAPI. Deconvolution
microscopy produced three-dimensional images of condensed
chromosomes in mitotic neuroblasts (representative Z stacks
are shown in Fig. 1 C–F and in Movies 1–3, which are published
as supporting information on the PNAS web site, www.pnas.
org). Although the majority of profiles appeared normal (Fig.
1 C and D), a common finding was the presence of lagging
chromosomes. Lagging chromosomes (Fig. 1 E and F) are
physically separated from the other condensed chromosomes
and are indicative of aneuploidy in other systems (27–29). This
observation predicted the presence of aneuploid neuroblasts
during cortical neurogenesis.

Aneuploid Neuroblasts Identified by SKY. We used SKY (30) to
assess chromosomal number and identity in neuroblasts. In mice,
karyotype analysis is technically demanding because mouse
chromosomes are acrocentric and of similar size. The SKY
technique uses labeled DNA probes to ‘‘paint’’ each chromo-
some a spectral color with a unique combination of fluoro-
phores. Analysis software interprets the spectral color and
assigns a chromosomal identity to prometaphase�metaphase
genomic DNA. Over 220 cortical neuroblasts, 7-fold more than
typically analyzed in SKY studies (12, 14), were karyotyped by
SKY from 40 BALB�c embryos (Fig. 2A). SKY revealed a range
of numerical chromosomal abnormalities in neuroblasts, includ-
ing trisomies (Fig. 2B) and multiple monosomies (Fig. 2 B and
C); no obvious structural abnormalities were consistently ob-
served. Approximately 33% of neuroblasts were aneuploid
(Table 1), with 98% of these hypoploid (Fig. 3B). Individual
chromosomes were observed missing at rates from 1.6% to 8.4%
(Fig. 2D) and were gained at rates of less than 2% (Fig. 2E).
Similar results were obtained in other mouse strains (data not
shown). In striking contrast, routine karyotyping of lymphocytes
(31) identified only 3 aneuploid spreads of 88 observed (�3%)
from the parents of embryos used (Table 1). This low rate of
lymphocyte aneuploidy is consistent with previous reports in
humans and mice (32–34) and is significantly different (P �
10�7) from that observed in neuroblasts.

Aneuploidy Altered by Culturing with FGF-2. To examine whether
the rate of neuroblast aneuploidy could be altered experimen-
tally, intact cortical hemispheres were cultured for 2 days in vitro
with FGF-2, a well documented neuroblast mitogen that pro-
motes the growth of less differentiated cells (35), before SKY
analysis. This approach allowed us to alter a single variable—
growth condition—in otherwise identical preparations (Fig. 3A).
Culturing reduced the overall prevalence of aneuploidy to 14%,
compared with a rate of 33% in freshly isolated neuroblasts (P �

0.001; Table 1 and Fig. 3 B and C). This result indicated that the
proportion of aneuploid cells could be experimentally reduced
by growth conditions. Interestingly, the reduction in aneuploidy
appears to be the result of the preferential loss of those cells with
greater than one chromosome gained or lost, because the
population missing just one chromosome remained compara-
tively unchanged (Fig. 3 B and C).

The different rates of chromosome loss revealed by SKY in
cultured as compared with freshly isolated cerebral cortical
neuroblasts predicted a small difference in total DNA content
between the two populations. Based on SKY data, the mean
DNA content in freshly isolated neuroblasts (mean chromo-

Fig. 3. The rate of aneuploidy is attenuated in vitro. (A) Flowchart summa-
rizing the protocol for comparison of uncultured (acutely isolated) and cul-
tured neuroblasts by SKY and flow cytometry. (B and C) Chromosome count
histograms from SKY analysis of uncultured (B) and cultured with FGF-2 (C)
neuroblasts reveal a decrease in the proportion of aneuploid cells in cultured
preparations. The fraction of cells missing more than one chromosome was
lower in cultured than in uncultured neuroblasts. In both conditions, the
majority of prometaphases�metaphases examined had 40 chromosomes;
among aneuploid cells, the majority had lost chromosomes. The mean number
of chromosomes is 38.69 for uncultured neuroblasts and 39.77 for cultured
neuroblasts, a difference of 2.78%. (D–G) Flow cytometric analysis of pro-
pidium iodide-stained neuroblasts from uncultured (D and E) and cultured (F
and G) cortical hemispheres. DNA content histograms for uncultured (E) and
cultured (G) neuroblasts are qualitatively similar. For quantitation of DNA
content, Gaussians were fit to the G0�G1 and chick erythrocyte nuclei (CEN)
peaks. Relative DNA content was expressed as the ratio of the mean of the
G0�G1 peak to the mean of the CEN peak. (H) Cultured neuroblasts have 2%
more genomic DNA on average than uncultured neuroblasts (P � 0.01, paired
t test). Each solid line connects uncultured to cultured samples from the same
animal. Error bars are omitted for visual clarity but were never greater than
0.55%. (I) Maternal lymphocytes have more genomic DNA than uncultured
neuroblasts.
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some number � 38.69) would be 2.78% less than cultured
neuroblasts (mean chromosome number � 39.77). To measure
such hypothesized differences, f low cytometric analysis of
propidium iodide-stained cells, capable of detecting DNA
content differences of this magnitude (22), was used. In
control studies, the mean G0�G1 DNA content of adult
BALB�c lymphocytes was determined to be 6.30 � 0.02 pg per
cell in females and 6.17 � 0.01 pg per cell in males (mean �
standard error). These values agreed with those reported for
BALB�c females and males of 6.38 pg per cell and 6.16 pg per
cell, respectively (22).

Neuroblasts from the same brain were analyzed by flow
cytometry immediately, or following culture (Fig. 3A). Chick

erythrocyte nuclei were included as internal controls in all
samples. Measurements were made in triplicate, and identical
gating parameters were used for all samples (Fig. 3 D and F). The
mean G0�G1 DNA content of freshly isolated neuroblasts was
always less than that of cultured neuroblasts (Fig. 3 E, G, and H).
The average difference in DNA content between conditions was
2.0% (P � 0.01), in agreement with the predicted difference of
2.78% from SKY data.

We also compared the mean G0�G1 DNA content of female
uncultured neuroblasts and adult (maternal) lymphocytes. As
expected from SKY analyses of these cells, neuroblasts with
increased hypoploidy exhibited less DNA content than the
substantially more euploid adult lymphocytes (Fig. 3I; cf. Table 1).

Fig. 4. Aneuploid cells in the adult mouse brain. (A) Flowchart summarizing the protocol for XY FISH on isolated nuclei from embryonic and adult cerebral
cortices. (B) A male lymphocyte prometaphase�metaphase spread hybridized with X (red) and Y (green) chromosome paints illustrates the specificity of these
reagents. (C–E) Isolated interphase nuclei from adult male cortices were hybridized with X (red) and Y (green) chromosome paints. Nuclei were counterstained
with DAPI (blue�white). Euploid male nuclei showed exactly one painted X chromosome (red) and one painted Y chromosome (green). (C) The nucleus on the
right contains both an X and a Y chromosome, whereas the nucleus on the left is missing Y. (D) The nucleus in the middle is missing X, whereas the two nuclei
flanking it are euploid. (E) This nucleus contains an extra Y chromosome.

Table 2. Rates of sex chromosome loss and gain measured by XY FISH

Sample Normal X and Y, % Lost Y, % Lost X, % Total lost, % Gained Y, % Gained X, % Total gained, %

Adult lymphocyte
metaphases

99.04 0.96 0.00 0.96 — — —

Adult lymphocyte interphases 98.81 0.59 0.59 1.19 — — —
Embryonic cortex 93.26 4.50 1.40 5.90 0.17 0.67 0.84
Adult cortex 98.84 0.64 0.37 1.01 0.10 0.05 0.15
Adult cortex �10 �m 98.85 0.29 0.14 0.43 0.43 0.29 0.72

Cells were isolated from adult lymphocytes and E13–E14 and adult cerebral cortices. �10 �m, isolated adult cortical nuclei with diameters greater than or equal
to 10 �m.

13364 � www.pnas.org�cgi�doi�10.1073�pnas.231487398 Rehen et al.



Aneuploid Neurons Identified by Interphase FISH. To assess the rate
of aneuploidy in interphase embryonic neuroblasts and neurons,
we optimized two-color FISH by using X and Y chromosome
paints (XY FISH) on samples from male (XY) mice (Fig. 4A).
Chromosome paints hybridize to sequences along the entire
length of a chromosome, providing better chromosome detec-
tion compared with point probes. The use of paints for two
different chromosomes controlled against hybridization-
dependent false negatives. Analysis of sex chromosomes in males
with a red X paint and a green Y paint allowed less ambiguous
detection than for an autosomal pair.

The XY FISH technique was validated on stimulated lym-
phocytes. These preparations contained both interphase nuclei
and prometaphase�metaphase chromosome spreads (Fig. 4B).
XY FISH detected equivalent rates of sex chromosome loss
(�1%) in both populations (Table 2) and matched the rate of sex
chromosome loss measured by SKY (data not shown). Applica-
tion of this approach to embryonic cerebral cortical cells re-
vealed that 5.90% of these nuclei were missing an X or Y
chromosome, whereas 0.84% of nuclei had gained an X or Y
(Table 2). This result agrees with the �8% loss and 2% gain
measured in neuroblast prometaphase�metaphase spreads by
SKY (Fig. 2 D and E).

Neurons are postmitotic, and thus SKY cannot be used to
measure mitotic neuronal aneuploidy in the adult brain. How-
ever, XY FISH, which analyzes interphase chromosomes and
produces results in agreement with SKY (see above), could be
used to detect aneuploidy in adult neurons. Isolated nuclei from
the adult male cerebral cortex (Fig. 4 C–E) revealed aneuploidy
in nuclei typical of neurons (nuclear diameter � 10 �m; Table
2; ref. 36). Adult nuclei were missing an X or Y chromosome at
a rate of 1.01%, whereas 0.15% had gained an X or Y (Table 2).
These rates, as with all XY FISH measurements, were lower than
the rate of aneuploidy measured by SKY (33%). XY FISH
analysis measured only sex chromosome gain and loss, whereas
SKY data assessed all chromosomes (Fig. 2 D and E). Therefore,
the overall percentage of aneuploid cells in the adult cortex is
likely to be higher than that measured with XY FISH.

Aneuploid nuclei from the adult cortex were likely neuronal
based on their large diameters, but positive identification was
complicated by loss of cytoskeletal antigens during nuclear
isolation. To determine the cellular identity of aneuploid
nuclei, XY FISH was combined with immunohistochemistry
on adult tissue sections. Aneuploid nuclei were identified in
adult cortical cells that were also immunoreactive for the
neuronal marker, MAP2 (Fig. 5; ref. 37). MAP2-immunore-
active aneuploid cells were also observed throughout the
central nervous system, including the cerebellum and hip-
pocampus (data not shown).

Discussion
The fundamental observation of this study is neuroblast
aneuploidy. By comparison to an accepted cytogenetic stan-
dard, lymphocytes, 10 times as many neuroblasts were aneu-
ploid. This surprising extent of aneuploidy led us to seriously
question these results. However, no artifact or combination of
artifacts can reasonably explain these data, and multiple lines
of evidence supporting the existence of aneuploidy include the
following: (i) Lagging chromosomes were commonly seen in
neurogenic regions of freshly isolated embryonic cortex. This
observation suggests an innate biological mechanism for gen-
erating aneuploidy. (ii) Approximately 97% of adult lympho-
cytes were identified as euploid by SKY and 	98% contained
both sex chromosomes as measured by XY FISH. Thus, the
approaches used in the present study can reliably identify
euploid cells. (iii) Some neuroblasts were hyperploid, whereas
some hypoploid cells were trisomic for individual chromo-
somes. This result renders trivial explanations of chromosome

loss during sample preparation extremely unlikely. (iv) DNA
content measured by f low cytometry is independent of nucle-
otide hybridization used for SKY and FISH, yet f low cytom-
etry also detected differences in mean DNA content consistent
with SKY and XY FISH analyses. In addition, aneuploidy
could be altered by culturing as measured by both SKY and
f low cytometry. These data demonstrate that aneuploidy, as
measured by two different techniques, can be experimentally

Fig. 5. Aneuploid cells in the adult cortex are neurons. (A) The presence of
both MAP2-positive (large arrow) and MAP2-negative (small arrows) cells in a
10 �m section through adult cerebral cortex demonstrates the specificity of
MAP2 labeling (red). Nuclei were counterstained with DAPI (blue). (B–G) Cells
in 10 �m sections through the adult male cortex were hybridized with X (red)
and Y (green) chromosome paints (B, D, and F). Cells in these same 10 �m
sections were then immunostained for MAP2 (C, E, and G). (B and C) The cell
on the left contains both an X and a Y chromosome, whereas the cell on the
right has an extra Y chromosome (B). The cell with 2 Y chromosomes is
MAP2-positive (C). These cells are in visual cortex. (D and E) A cell in motor
cortex contains an extra X chromosome (D) and is MAP2-positive (E). (F and G)
A cell in motor cortex contains an extra Y chromosome (F) and is MAP2-positive
(G). [Bars � 10 �m (A and C) and 5 �m (E and G).]
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altered. (v) XY FISH detects aneuploidy at rates comparable
to those observed by SKY, despite use of fundamentally
different tissue preparations. This observation further dem-
onstrates that aneuploidy cannot be explained by an artifact
like sample preparation. From these and other considerations,
we conclude that the aneuploidy observed in neuroblasts and
neurons is not caused by technical artifact but instead ref lects
the normal existence of aneuploid neuroblasts.

What is the fate of aneuploid neuroblasts? One probable fate
is cell death, as observed in aneuploid embryos during in vitro
fertilization (15, 16, 38). The decreased aneuploidy we observed
in the adult cortex relative to the embryonic cortex suggests that
aneuploid neuroblasts may be preferentially prone to cell death
during central nervous system development. This fate is consis-
tent with ongoing programmed cell death normally occurring in
neuroproliferative zones (39–41). However, as observed in
cancer cells (42), aneuploidy may not necessarily augur death.
Our observations of aneuploid interphase neuroblasts during
embryonic development and of MAP2-immunoreactive aneu-
ploid cells in the adult brain support the view that a significant
population of aneuploid neuroblasts can survive for periods of
time, including survival into adulthood as postmitotic neurons.
An alternative, but not mutually exclusive, possibility is that
mature neurons may also undergo distinct processes resulting in
aneuploidy.

Our results indicate that the central nervous system, both
during development and in adulthood, is a genetic mosaic: a
euploid population intermixed with a smaller but genetically
diverse aneuploid population. Such mosaicism may have rele-
vance to a variety of fields including stem cell biology, mamma-

lian cloning, genomics, neurogenetics, and neuropsychiatric dis-
eases. The biological consequences of neural aneuploidy may be
similar to X-inactivation, genetic imprinting (43), or allelic
inactivation (44). One possibility is that aneuploid neuroblasts
and neurons have quantitatively altered signaling properties
(45–47) through mechanisms like ploidy-dependent gene ex-
pression (48). Aneuploidy in solitary non-neoplastic cells may be
of little consequence to the organism. However, we note that a
hallmark of the nervous system is its myriad connections that
form elaborate and functionally essential neural networks. In this
setting, the presence of even a few genomically distinct neurons
with altered physiology could have substantial effects on net-
works formed by interconnected cells. At the organismal level,
these permanent genomic changes might contribute to physio-
logical and behavioral variation among individuals not ac-
counted for by classical genetics.
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