Movement of the X Chromosome in Epilepsy
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The position of selected chromosomes was assessed in samples of normal and epileptic
human cortex with biotinylated probes specific for individual chromosome domains.
Optical sectioning provided a rapid method for three-dimensional resolution of in situ
hybridization signals in interphase cells, and solid models were reconstructed from
digitized images for detailed rotational studies. There was a dramatic repositioning of
the X chromosome in neurons of both males and females in electrophysiologically
defined seizure foci. Other chromosomes (1, 9, and Y) showed more subtle positional
changes. Specifically altered nuclear patterns involving the X chromosome may become
established and create the genetic memory for intractable seizure activity.

HEN MAJOR CHANGES IN GENE
expression occur, as during ter-
minal differentiation, one might
predict there would be concomitant alter-
ations in nuclear structure. Although some
structural changes can be part of a global
activation that is submicroscopic, other al-
terations, such as the changes in heterochro-
matin patterns that occur during lympho-
cyte differentiation may be appreciable at the
light microscopic level (7). Furthermore,
studies of developing post-mitotic neurons
indicate that specific chromosome domains
can be reorganized and moved during differ-
entiation (2). We considered that individual
chromosomes might be dynamically rear-
ranged in pathological states. To test this
hypothesis we have used cloned DNA
probes that specifically decorate domains on
four individual chromosomes to study po-
tential rearrangements in human epileptic
foci. Seizure activity has been considered to
cause both acute and long-term changes in
cellular function (3) and recent studies indi-
cate changes in genetic expression (4).
Relatively little is known about the spatial
organization of individual chromosomes in
interphase. In situ hybridization offers a
powerful tool for marking individual chro-
mosomes, as each chromosome contains

specific DNA sequences. Recent work on
the human genome has provided a large
resource of DNA sequences that have been
cytogenetically mapped, and probes that de-
lineate individual chromosomes have been
identified. We have previously used high
resolution in situ hybridization techniques
to define the principal features of interphase
chromosome organization in normal neu-
rons of the cerebral cortex and cerebellum.
Such studies indicate that there are repro-
ducible arrangements of specific chromo-
some domains that delineate different classes
of mature neuroectodermal cells (5). For
example, many centromeres are cohesively
arrayed on the nucleoli of larger neurons,
but in small granule neurons and astrocytes
these arrays are intimately associated with
the nuclear membranes. These unique pat-
terns have been conserved during evolution
despite significant DNA sequence variations
in centromere motifs among species (6).
Nucleolus organizing regions also show de-
fined and distinct patterns of spatial organi-
zation in different types of neuroectodermal
cells (7) and, more generally, different het-
erochromatin-euchromatin features charac-
terize various neuroectodermal cell types
(8). In larger neurons, such as those in the
cerebral cortex, many chromosome arms are

Fig. 1. Representative examples of 9q12 signals by electron microscopy. (A) Arrow shows a signal in
contact with the nuclear membrane of a cortical neuron. There is only a small amount of dense
heterochromatin adjacent to the nuclear membrane. Note reasonable preservation of structure after in-
situ hybridization. (B) Typical example of neuronal perinucleolar signal (arrow). This signal is
embedded in one of several large heterochromatic arrays (arrowheads) on the nucleolus (n). Vibratome
slices were embedded for electron microscopy (5), and signals here intensified with silver (9, 12)
yielding silver grains in peroxidase reaction product.
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found in an interior compartment that is
spatially resolved from both the nucleolus
and the nuclear membrane; this interior
compartment is likely to contain many tran-
scriptionally active genes as judged by de-
oxyribonuclease I sensitivity, the presence of
many chromosome arms, and localization of
the very Alu-rich 1p telomeric domain (6).
Alu sequences are clustered in band-like
arrays on chromosomes (9) and are associat-
ed with early replicating chromosome do-
mains that contain many housekeeping
genes transcribed in all cell types (10).

The chromosomes studied here represent
a range of sizes, and do not include the
ribosomal  gene—containing  acrocentric
chromosomes, which should remain an-
chored to the nucleolus. The “normal” posi-
tion of each human chromosome domain
was first evaluated in samples of apparently
normal cerebral cortex (11). No tumors,
infectious processes, or significant patholo-
gy were detected in these specimens. Multi-
ple blocks from ten patients (22 to 55 years
old) were evaluated by in situ hybridization
to chromosome-specific probes. The normal
spatial residence of the 1ql2, 9q12, and
Yq12 domains, the specificity of the probes,
and the hybridization methods used were as
described (6, 12). We have now additionally
evaluated the spatal residence of the X
centromere region in interphase neurons,
and confirmed the specificity of this probe
(13) by in situ hybridization to metaphase
chromosomes simultaneously banded with
bromodeoxyurdine (BrdU); as expected
only two signals were present in female cells,
and one signal was seen in male cells (14).
Whole chromosomes occupy discrete terri-
tories in interphase nuclei, as shown previ-
ously in rodent-human hybrid cells (15) and
more recently by decoration of entire indi-
vidual chromosomes in human cells with
libraries of cloned probes from sorted chro-
mosomes (16). Three of the probes used
here (1q12, 9912, and X centromere region)
reasonably define the center of each these
metacentric chromosomes in the decorated
interphase territory, as shown in examples of
double label/color hybridizations (17).

In normal cortical tissue the 1q12 and
9q12 neuronal signals are found only on the
nuclear membrane or abutting the nucleolus
(6). In both instances each homolog occu-
pies a separate nuclear territory; for exam-
ple, one homolog is on the nucleolus and
the other is on the membrane, two distinct
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perinucleolar signals are seen, or two sepa-
rated membrane signals are observed. Each
of these homolog arrangements may relate
to neuronal size (18) and possibly to specific
functional subsets of neurons. We here con-
firmed the accuracy of these assignments
which had been made by light microscopy,
by use of the higher resolving power of the
electron microscope (Fig. 1). The perinu-
cleolar signals were embedded in dense het-
erochromatic aggregates (Fig. 1B), typical
of those present in many species (5, 7) and
contained a majority of the centromeric
domains; this region showed very bright
fluorescence when counterstained with
DAPI (diamido phenyl indole) or propi-
dium iodide (6) and was often distinguised
by its enhanced contrast in differential inter-
ference microscopy. Generally, membrane-
associated signals were not associated with
large heterochromatic aggregates (Fig. 1A)
and were often more extended in three-
dimensional reconstructions.

In normal specimens, less than 5% of
1q12 or 9q12 signals were found in interior
and predominantly euchromatic regions of
the nucleus, with presumed transcriptional
activity (a distance of >1 um from the
nucleolus or membrane was counted as an
interior signal). Typically, neither the two
1q12 nor the 9ql2 signals were reposi-
tioned interiorly in seizure foci. Fewer than
10% of neurons had an interior signal in the
seizure focus with these probes, although
there was an appreciable increase in interior
9q12 signals in the focus of one patient (Fig.
2A). In the few neurons from the seizure

Fig. 2. Representative cases were used to system-
atically count chromosome positions in neurons
from non-seizure and seizure foci (n = 1763).
Several vibratome slices of each case were counted
[error bars = SEM, n = 282 to 487 neurons for
cach bar shown in (A)]. Seizure focus samples are
shown as solid bars; corresponding control sam-
ples shown as open bars (for males) or lightly
shaded bars (for females). (A) Percent interior X
signals are dramatically increased in seizure foci
(Sz) as compared to normal samples (NI). In the
male frontal cortex seizure specimen, adjacent
vibratome slices from the same tissue block were
hybridized to the 9q12 probe and X probes;
interior 9q12 signals were considerably less nu-
merous than interior X chromosome signals in the
seizure focus. Two seizure foci (parietal and tem-
poral cortex) from females show similar percent-
ages of interior X signal nuclei as male seizure
specimen. Each of the two female seizure foci
were also not significantly different from each
other (14). These two specimen are here com-
pared to parallel hybridizations from a female

focus in which a 1q12 or 9q12 domain was
interior, increased numbers of surrounding
astrocytes were observed. This astrocytosis
was found beside ~50% of interior signal
neurons, equivalent to <5% of sampled neu-
rons, and numerically accounted for the small
additional population of interior-signal nuclei
in the seizure focus. Thus, additional patho-
logical effects may be responsible for the
relatively infrequent interior repositioning of
these two chromosomes in the seizure foci.
Figure 3A shows a solid model reconstruction
of numerous astrocytic nuclei surrounding
such a neuron, with one interior and one
membrane signal for each neuronal 9q12
homolog depicted in red.

The position of the X chromosome in
cortical pyramidal neurons of nine species
has been studied by means of Nissl and
other classical staining techniques; these
techniques highlight the inactive X, or Barr
body (19). Such studies indicate only a
perinucleolar or a membrane residence. for
the Barr body in female samples; in other
words, it is compartmentalized together
with transcriptionally inactive centromeric/
heterochromatic chromosome domains. The
position of the X chromosome in male nu-
clei, and the non-heterochromatic X homo-
log in female nuclei has been ambiguous, as
these chromosomes do not form large,
dense, Nissl-staining domains in the inter-
phase nucleus.

When X-specific probes were used, almost
all normal male cortical neurons showed a
single signal only on the nuclear membrane
regardless of the cortical region sampled
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control block only 3 cm distant from the focus, which may not be entirely normal (“NI”). (B)
Distribution of X signals: on the membrane (M), on the nucleolus (Ns) or in an interior position (I),
where solid bars represent the arrangement of X signals in nuclei of the seizure focus. Inset shows single
male X signal is normally positioned on the membrane, and is moved interiorly in the seizure focus. In
female neurons, the majority of control neurons show one homolog on the membrane and one on the nucleolus. Both of these X homologs can be
repositioned interiorly in the seizure focus (I + I). However, the most conspicuously rearranged cells in seizure foci are M + 1, that is, the nucleolar signal is
preferentially repositioned. The altered arrangement of signals in seizure foci as compared to controls were highly significant by x? tests (P < 0.0005 for male

samples, P = 0.001 for female samples).
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(Fig. 3, B and C). These in situ results are
clearly different than those of Barr et al. (18)
who suggested that the X chromosome in
cerebral cortex of normal males is perinu-
cleolar; possibly they were detecting perinu-
cleolar centromeres. Unlike the X, the con-
stitutive heterochromatin of Yq12 was nor-
mally aggregated with other centromeres on
the nucleolus (Fig. 3C) in ~95% of neurons
by in situ hybridization. When a seizure
focus was compared either to a normal
sample from another male patient, or to a
non-focus control from the same patient,
there was a dramatic increase in the percent
of interior X ¢hromosome signals (Fig. 2, A
and B, inset). An example of this reposition-
ing is shown in Fig. 3E. In contrast, the
Yq12 domain, a sex chromosome control,
was not moved interiorly in four seizure
specimen examined (<10% interior signal
neurons). The 9q12 signals were also reposi-
tioned interiorly much less frequently than
the X chromosome, as counted in parallel,
~40-um vibratome slices from the same
tissue blocks (Fig. 2A). This indicates that
the euchromatic X chromosome on the
membrane of male neurons was specifically
repositioned in the epileptic focus. Since
control cortical blocks from a patient with
severe uncontrollable seizures did not show
the robust positional X changes of the sei-
zure focus, it is most likely that these
changes in focal epilepsy are not simply a
consequence of secondary stimulation
events.

In normal female neurons, X homologs
were typically either on the nucleolus or on
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the nuclear membrane of cortical neurons,
which is similar to the arrangement of the 1
and 9 homologs. The majority of neurons
displayed one homolog on the nucleolus
with the other on the nuclear membrane
(Fig. 2B, lightly shaded bars), although

Fig. 3. (A) Solid model recon-
struction from temporal cortex
hybridized to the 9q12 probe;
stereo pair. A neuronal nucleus
with a large nucleolus (yellow)
shows one homolog is interior
and the other is on the mem-
brane (red signals). This neuron
is surrounded by many astrocyt-
ic nuclei; 9q12 signals are de-
picted in magenta (pink) or
cyan (turquoise) for each of
these astrocytes. (B and C)
Male frontal and temporal cor-
tex respectively showing signals
of the X chromosome on the
membrane (arrows) of neurons
with different morphology and
size. Namorski optical section
of vibratome slice by conven-
tional photography; pink color
due to storage for several
months prior to photography.
(D) In contrast to X, the Y
signal was almost always posi-
tioned on the nucleolus, as
shown here in a solid model
reconstruction where the nucle-
olus is yellow, the Y chromo-
some signal is red and the major
dendrite orientation is shown in
brown. (E) Single X signal in a
male neuron was repositioned
interiorly in the seizure focus;
the most intense center of the
signal in this digitized optical
section is readily discriminated
by gray scale (pseudocolored in
red) and the arrow points to the
nucleolus, which begins to
show the perinucleolar hetero-
chromatin. (F) Digitized opti-
cal sections (frames 13 and 16
of 33 frames with standard 0.3-
u steps) from a normal female
neuron with two perinucleolar
X signals (pseudocolored red).
Arrow shows region of perinu-
cleolar heterochromatin. (G)
Solid model reconstruction of
nucleus shown in (F), with two
perinucleolar X chromosome
signals in red, nucleolus in yel-
low. (H and I) Digitized optical
sections showing neurons (32
frames each) from female seci-
zure foci with interior X signals,
n denotes nucleolus, numbers
denote level of optical section
within in each series. An inter-
ior + membrane arrangement
of X signals is seen in (H). The
interior signal in this nucleus

other arrangements were also present. Fig-
ure 3 (F and G) shows a normal but less
prevalent arrangement of two perinucleolar
signals in a neuronal nucleus in relevant
optical sections and by three-dimensional
reconstruction.

One or both X chromosome signals were
moved interiorly in seizure foci from fe-
males. There was a numerically significant
increase in interior X signals in the seizure
foci of two representative female patients
where all neurons in the slices were system-

shows an extended doublet motif (greatest signal intensity in yellow, with lower intensity pseudocolored in red in all four frames) and a more compact
membrane signal (only frames 14 and 15). I shows an cxaglc of a neuron with a perinucleolar (frames 5 and 7) and an interior (frames 11 and 13) X si‘gnzl

(dark blue shows most intense region of signal, surrounds

dark
ue of 0—256 total scale) as described (6, 12).
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by cyan). Orientation of the major dendrite (d) highlighted by pink-yellow pseudocolor of less
. In all digitized frames the darkest feature in the field was the signal(s), and signals were captured in the linear camera range (80110 grey scale val-
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atically counted (Fig. 2A). The somewhat
higher proportion of interior X signals in
control slices from females, as compared to
the male cells above, probably relates to the
fact that the slices counted for comparison in
this analysis were from blocks closely adja-
cent to the seizure focus (~3 cm apart).
Thus there appears to be a gradient of X
positional changes spreading from the sei-
zure focus, although other secondary patho-
logical factors, not histologically apparent in
this adjacent region, may also be contribu-
tory. Unlike the few additional interior-
signal nuclei detected with the 1q12 and
9q12 probes, neurons with an interior X
signal in the seizure focus did not show
significant adjacent astrocytosis. Typical ex-
amples of these altered neurons are shown in
digitized optical sections (Fig. 3, H and I)
and in reconstructions (Fig. 4). As shown in
Fig. 4, both large and smaller neurons were
affected. Interior X signals were often more
extended (Figs. 3H and 4B), a feature that
may suggest more genetically active do-
mains (6).

In order to better appreciate if there was a
preferential repositioning of one X chromo-
some, each possible combination of homo-
log positions was analyzed. In seizure foci
(Fig. 2B) there was a decrease of 25% in
membrane (M) plus nucleolar (Ns) signal
neurons as compared to more normal speci-
mens, and a concomitant increase of 27% of

cells with interior (I) signals in seizure foci.
Neurons with a membrane plus interior
signal were most conspicuously increased in
the seizure focus (Fig. 2B). It is apparent
that both nucleolar and membrane signals
can be repositioned to the interior compart-
ment of the nucleus (for example, I + I)
although, unlike neurons of the male, there
seems to be a slight preference for reposi-
tioning of the perinucleolar X chromosome
in female cells. This could suggest that in
female cells the normally inactive X can be
recruited and repositioned.

Thus, chronic uncontrolled seizure activi-
ty was linked to profound and specific posi-
tional changes of the X chromosome in both
males and females. Since these changes oc-
curred in both sexes it was not due to simple
recruitment of facultative heterochromatin
of the inactive X chromosome in female
cells. Remarkably, in 1949 Barr and Ber-
tram found the female X chromosome is
repositioned from its normal nucleolar or
membrane position in a similar proportion
of neurons after 8 hours of continuous
electrical stimulation (20). Although the
Barr body can be confused with other het-
erochromatic arrays, and has also been mis-
takenly associated with dense RNA-rich
bodies (8, 21), the present in situ methods
unambiguously define the X chromosome
domain.

We have previously proposed that centro-

meric and constitutive heterochromatic re-
gions may function in interphase and act as
organizing centers for the coalescence of
facultative heterochromatin during global
transcriptional overhauls, such as during
differentiation (6). The present results sup-
port that theory, since the facultative X
chromosome was intimately associated with
constitutive heterochromatic compartments,
defined by paracentromeric, repeated DNA
sequence arrays. However, the changes in
the X chromosome position in epilepsy were
less subtle than we would have predicted,
and clearly the X centromere region can be
separated from this compartment. The pre-
sent results also indicate that substantial
movements of chromosomes in interphase
can occur in the absence of DNA replication
and mitosis.

We have shown that these X chromosome
movements are essentially limited to epilep-
tic foci and thus they cannot be simply the
consequence of generalized seizure activity.
With experimental stimulation, the move-
ment of the Barr body in the hypoglossal
nucleus of cats took 2 to 3 days to be
manifest, and a considerably longer time
(~16 days) to show reversion to a normal
pattern (20). Clearly many of the X chromo-
somes in this study have not reverted to a
normal pattern, and the changes appear to
be less acute and transient than recently
described changes in fos transcripts (4). Fu-

Fig. 4. Representative three-dimensional reconstructions of interior X signals in seizure foci from females; (A) and (B) each represent stereo pairs. (A) Two
smaller neurons, one with interior + perinucleolar signals (magenta) and the second with interior + membrane signals (red). (B) A large neuronal nucleus
with an extended doublet interior signal. (C) Small cortical neuron with two interior X signals (red), and perinucleolar centromere-rich heterochromatin
depicted in cyan. Adjacent single glial nucleus is shown in gray (without transparency).
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ture studies with animal models of epilepsy
and seizure may provide additional insights
into the mechanisms, factors, and detailed
temporal events that are important in nucle-
ar reorganization, when specific chromo-
somal probes for these species become avail-
able. Although the X chromosome appears
to be selectively altered in the present study,
additional chromosomes should be sampled.

The current studies provide a novel struc-
tural approach for the delineation of nuclear
changes in disease processes. Some of the
observations here suggest different mecha-
nisms than previously considered in human
epilepsy. In the kindling model of focal
epilepsy, repeated subclinical stimulation is
thought to result in functional alterations in
an epileptic focus which then assumes an
independent capability to initiate seizures
(22). Many studies have focused on long-
term neuronal membrane potentiation ef-
fects and on synaptic modulation to explain
kindling. We propose that specific nuclear
patterns involving specific chromosome re-
arrangements may be more or less perma-
nently established from a variety of causes
(for example, trauma, developmental abnor-
malities, scarring, toxins and membrane/
seizure activity itself), and that such nuclear
changes underlie or give rise to intractable
foci of neuronal activity. In this context,
relevant genes on the X chromosome, possi-
bly those arrayed near the centromere, de-
serve further attention.
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Complementary Hemispheric Specialization in

Monkeys

CHARLES R. HAMILTON AND BETTY A. VERMEIRE

Twenty-five split-brain monkeys were taught to discriminate two types of visual
stimuli that engage lateralized cerebral processing in human subjects. Differential
lateralization for the two kinds of discriminations was found; the left hemisphere was
better at distinguishing between tilted lines and the right hemisphere was better at
discriminating faces. These results indicate that lateralization of cognitive processing
appeared in primates independently of language or handedness. In addition, cerebral
lateralization in monkeys may provide an appropriate model for studying the biologi-

cal basis of hemispheric specialization.

T IS IMPORTANT TO KNOW WHETHER
nonhuman primates have complemen-
tary specialization of the cerebral hemi-
spheres corresponding to the well-known
differences described for human beings (1-
5), in whom some types of information are
typically processed better by the left side of
the brain and other types better by the right
(2). For example, such information would

help to determine whether the lateralization
of handedness or language in humans led to
more global hemispheric specialization for
cognitive processing, as is frequently stated
(3, 4), or whether hemispheric differences in
cognition are independent of handedness
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