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Recent studies in neurons indicate that the large-scale chromatin architectural framework, including
chromosome territories or lamina-associated chromatin, undergoes dynamic changes that represent an
emergent level of regulation of neuronal gene-expression. This phenomenon has been implicated in
neuronal differentiation, long-term potentiation, seizures, and disorders of neural plasticity such as Rett
syndrome and epilepsy.

This article is part of a Special Issue entitled ‘Neuroepigenetic disorders’.
� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Epigenetic phenomena are key regulators of gene expression
orchestrating various forms of neuronal plasticity (Puckett and
Lubin, 2011; Sweatt, 2013; Zovkic et al., 2013). Numerous studies
have shown that covalent modifications of chromatin, e.g. DNA
methylation and histone methylation/acetylation/phosphorylation
(Day and Sweatt, 2011), as well as non-coding RNAs (Qureshi and
Mehler, 2012), play key roles in neuronal plasticity underlying
cognitive phenomena, and the pathogenesis of brain diseases
(Kobow and Blumcke, 2011; Roopra et al., 2012; Sweatt, 2013;
Urdinguio et al., 2009). However, there exist yet another class of
epigenetic mechanisms, operating at the level of higher-order
chromatin organization, and involving large-scale nuclear archi-
tectural remodeling (for general review see: (Bickmore and van
Steensel (2013), Cavalli and Misteli (2013), Gibcus and Dekker
(2013), Lanctot et al. (2007))). The early evidence suggesting that
such phenomena can occur also in neurons, as a consequence of
enhanced activity, has been brought by experiments of Barr and
Bertram (1949, 1951), who studied nuclear structure in the neurons
of the hypoglossal nucleus of female cats, upon electrical stimula-
tion of the hypoglossal nerve. The authors noticed that enhanced
neuronal activity was associated with nucleolar enlargement and
the repositioning of a conspicuous roughly spherical body, formed
by sex chromatin, from the nucleolar surface toward the nucleus
periphery. These seminal observations were followed over the past
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decades by studies demonstrating the malleability of neuronal
nuclear architecture. However, until recently, it was unknown
whether the neuronal nuclear remodeling is merely a consequence
of enhanced gene expression, or it has an instructive influence on
this process. The present review summarizes available evidence for
the importance of nuclear structure and its remodeling for the
neuronal plasticity, including an activity-dependent plasticity of
the adult brain.

2. Nuclear architecture, chromosome territories and
transcription factories

According to the current model of nuclear organization, based
on several decades of morphological studies, there are two main
structural components of the cell nucleus: a chromatin and an
interchromatin compartment (reviewed by Rouquette et al. (2010)).
Such an arrangement was originally proposed by Monneron and
Bernhard (1969) who distinguished the two components simply
on the basis of the electron density (e.g. the dense chromatin and
the lucent interchromatin space). Later studies, using more so-
phisticated methodology, including fluorescent in situ hybridiza-
tion (FISH) and three-dimensional (3D) analysis by superresolution
microscopy, fully supported the two-compartment model, and
demonstrated its physiological relevance (Markaki et al., 2010,
2012; Schermelleh et al., 2008). Collectively, the data indicate
that in the vast majority of mammalian cell types, chromatin
comprises the shell located beneath the nuclear envelope, the
clumps scattered throughout the interchromatin space, and the
nucleolus-associated masses (Rouquette et al., 2010) (Fig. 1). The
-order chromatin architecture for neuronal function and dysfunction,
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interchromatin compartment forms network of channels andwider
lacunas separating the chromatin masses (Rouquette et al., 2010). It
harbors the nucleolus, and a range of characteristic fibrillo-granular
structures called nuclear bodies (Dundr, 2012; Mao et al., 2011;
Meldi and Brickner, 2011; Morimoto and Boerkoel, 2013) (Fig. 1).
There are several types of these inclusions having distinct ultra-
structural appearance, or being identified based on their unique
molecular composition: Cajal bodies (Cioce and Lamond, 2005;
Nizami et al., 2010), interchromatin granule clusters (speckles)
(Spector and Lamond, 2011), paraspeckles (Fox and Lamond, 2010),
gems (Liu and Dreyfuss, 1996), PML bodies (Bernardi and Pandolfi,
2007), to name just a few. Although the present review is focused
on the neuronal chromatin architecture, it should be noted that the
studies in neurons contributed a lot to the description of nuclear
bodies, starting from light-microscopic investigations of cortical
neurons by Ramon y Cajal (Lafarga et al., 2009). One of the earliest,
and a very detailed ultrastructural description of nuclear bodies
were provided by Hardin et al. (1969) in peripheral sympathetic
neurons. Also later, the composition and function of the neuronal
nuclear bodies have been a subject of intense studies by Lafarga and
colleagues, mainly in peripheral sympathetic and hypothalamic
neurons ((Villagra et al., 2008) and references therein), and by
other investigators (Clark et al., 1991). The continuing interest in
these structures has been stimulated by their implication in the
pathogenesis of various neurodegenerative disorders (Woulfe,
2008).

Classic ultrastructural cytochemical studies demonstrated that
electron-dense chromatin is transcriptionally silent, and thus ap-
pears to correspond mainly to heterochromatin (Fakan, 2004). In
contrast, the transcriptionally active euchromatin is believed to
Fig. 1. Higher-order chromatin architecture in neurons. A) Electron-microscopic image of th
chromatin clumps; Nu e nucleolus; Igc e interchromatin granule cluster; Arrowhead e a
responds to the interchromatin space. Bar e 2 mm. B) Three-dimensional reconstruction of
hybridization for chromosome 3 territory (red) and Bdnf alleles (green); DNA is counterstain
stained for DNA (Hoechst 33342), demonstrating the variability of chromocenter size and dis
and layer V of the cerebral cortex (E). FeG) Confocal images of the rat (F) and mouse (G) de
species difference in neuronal nuclear architecture. Bar e 10 mm.
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reside at the surface of electron dense masses, extending into the
interchromatin space in a poorly defined fibrillar form (Fakan and
van Driel, 2007). Nevertheless, electron microscopy failed to
reveal higher-order levels of chromatin organization in situ, beyond
10 nm- and 30 nm-thick fibrils. This fact, together with electron
microscopic studies of isolated nuclear preparations, led, in early
seventies, to the conclusion that chromatin resembles, in fact, an
extensively interwoven amorphous tangle of fibers arising upon
total decondensation of mitotic chromosomes (reviewed by Cremer
and Cremer (2006)). However, a decade later, studies using selec-
tive irradiation of nuclei, or in situ hybridization, demonstrated that
higher-order chromatin organization does exist in the form of well-
defined chromosome territories that correspond to mitotic chro-
mosomes which underwent decondensation, yet retained the
structural integrity (for review see: Cremer and Cremer (2010),
Meaburn and Misteli (2007)). Moreover, later it was found that
the morphology of chromosome territories, and their dynamic in-
teractions with one another and with the nuclear envelope, have
profound relationship with gene expression (Geyer et al., 2011;
Lanctot et al., 2007; Misteli, 2007). For example, a centromeric
heterochromatin of different chromosomes tends to cluster within
the nucleus, forming transcriptionally-silent masses called chro-
mocenters (Manuelidis, 1984; Mayfield and Ellison, 1975; Weierich
et al., 2003). The formation and the distribution of chromocenters is
cell type- and species-dependent, and developmentally regulated
(reviewed by Politz et al. (2013)). The most striking example of
heterochromatin remodeling is the redistribution of chromocen-
ters from the nucleus periphery to the nucleus center in the nuclei
of rod photoreceptor cells, occurring during development in
nocturnal animals (Solovei et al., 2009, 2013). Such an inversion of
e nucleus of the rat dentate gyrus granule neuron. Arrows point to the electron-dense
simple nuclear body. The electron-lucent area harboring aforementioned objects cor-
the granule cell nucleus from the specimen subjected to the double fluorescent in situ
ed with TOPRO-3. CeE) Three-dimensional reconstructions of the nuclei fluorescently
tribution among the neurons from the rat dentate gyrus (C), hippocampal CA1 area (D),
ntate gyrus stained for DNA with Hoechst 33342, demonstrating the prominent inter-
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nuclear architecture has a pivotal role for vision under low light
conditions, inwhich rod nuclei are considered to act as microlenses
to better propagate light towards the photoreceptors (Solovei et al.,
2009). Another type of nuclear remodeling involving chromosome
territories is associated with gene looping. It was shown that
chromatin loops containing active genes originating from sites that
are distant from each other, in terms of DNA sequence, even
belonging to different chromosome territories, can make contacts
in the three-dimensional space to establish a common transcrip-
tion factory (Branco and Pombo, 2007; Edelman and Fraser, 2012;
Papantonis and Cook, 2011). Most recently, a range of chromo-
some conformation capture techniques, combining chromatin
cross-linking, with massive sequence analysis has emerged, and
rendered a global view of spatial interactions among genes in the
cell nucleus (Bickmore and van Steensel, 2013; Gibcus and Dekker,
2013). Together with biophysical modeling these results rendered a
model of higher-order chromatin structure called a fractal globule
(Fudenberg and Mirny, 2012).

In neurons, the light-microscopic appearance of chromatin
changes substantially during development (Aoto et al., 2006;
Martou and De Boni, 2000; Solovei et al., 2013). In vitro, stem
cells have large nuclei containing virtually no condensed chromatin
(Aoto et al., 2006). At the stage of differentiation to the neuronal
progenitors, the nuclei shrink and become populated by numerous
small chromocenters. These chromocenters coalesce into a few
large masses as the progenitors differentiate into mature neurons
(Aoto et al., 2006). A trend toward fusion of interphase centromeric
regions was observed during early postnatal development of the
mouse cerebellar Purkinje neurons, with the decrease in the
number of chromocenters from about 8 per nucleus at P0, to about
5 per nucleus at P6 (Martou and De Boni, 2000; Solovei et al., 2004).
Although subsequently the number of chromocenter increases to
about 10 per nucleus, it remains much smaller than the chromo-
some complement for the species, e.g. 40. The exact number, size,
and distribution of the chromocenters vary among different types
of neurons and different anatomical locations (Billia and de Boni,
1991; Manuelidis, 1984; Solovei et al., 2013; Vadakkan et al.,
2006) (Fig. 1). For example, mouse cerebellar Purkinje cells have
typically two large chromocenter clusters capping opposite sides of
the centrally positioned nucleolus, as well as several small clusters
attached to the nuclear envelope. Similar arrangement appears to
be present in Lugaro interneurons, except that they have only a
single central cluster. In contrast, in adult cerebellar granule neu-
rons there are only clusters located peripherally (Manuelidis, 1984;
Solovei et al., 2013). Perhaps the most prominent example of
developmentally-regulated chromatin rearrangement in neurons is
the case of the mouse olfactory sensory neurons, in which 92 ol-
factory receptors gene clusters join to form about 5 heterochro-
matic higher-order clusters located centrally in the nucleus
(Clowney et al., 2012). This phenomenon allows for a concerted
silencing of all, except one, olfactory receptor genes, and was
shown to depend on developmental downregulation of lamin B
receptor (LBR) (Clowney et al., 2012).

The overall spatial distribution of heterochromatin in the
neuronal nuclei of various species appears to be similar (Berchtold
et al., 2011; Manuelidis, 1985; Solovei et al., 2013), although there
exist species-dependent differences in the shape and size of
neuronal chromocenters; for example, human and rat neurons have
smaller and more irregular heterochromatin clusters than mouse
neurons of the same type and location, leading to the dramatically
distinct visual appearance of neuronal nuclei in mouse, compared
to the two other species (Fig. 1). This difference, which is well
known with regards to other cell types (Weierich et al., 2003),
appears to be related to the presence of very large pericentromeric
heterochromatin arrays in mouse chromosomes (Vissel and Choo,
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1989). An especially prominent common feature of the nuclei of
neurons is the presence of sex chromatin as a roughly spherical
globule having up to 1 mm in diameter (Barr and Bertram, 1949).
The size of sex chromatin is, however, also species-dependent; for
example it is much more prominent in Carnivora than in Rodentia
species (Hardin et al., 1969; Moore and Barr, 1953).

A few reports indicate that the rearrangement of chromosome
territories may also occur as a result of enhanced neuronal activity.
The evidence for this phenomenon was provided by Billia et al.
(1992) who showed the spatial rearrangement of centromeres,
identified by FISH, upon the induction of long-term potentiation
(LTP) in acute slices of the rat brain. This was in line with the earlier
studies by Barr and Bertram (1949, 1951). Likewise, Borden and
Manuelidis (1988) demonstrated that the position of the X chro-
mosome territory is different, e.g. more internal, in the neurons
from human cortical epileptic foci, compared to the neurons of the
healthy cortex bordering the lesion. The three-dimensional curvi-
linear movement of chromocenters was also observed in live
cultured dorsal root ganglion neurons, at a rate of about 2 degrees
per minute, as a result of intriguing, yet poorly understood, phe-
nomenon of the nuclear rotation (called also the karyoplasm
streaming) (De Boni and Mintz, 1986). The speed of such move-
ments was increased by NGF, GABA, calcium ionophore, or calcium
chelator, by up to 50%, however depolarization had no effect (Fung
and De Boni, 1988). The existence of nuclear rotation has recently
been confirmed by the state-of-art methodology (Strickfaden et al.,
2010).

Most recently, Crepaldi et al. (2013) demonstrated an activation-
dependent relocation of some immediate-early genes (IEGs)
(including c-Fos) to transcription factories in cultured cortical
neurons. Most importantly, the authors found that this phenome-
non depends on TFIIIC, which binds to transposon-like short-
interspersed repeats (SINEs) located in the vicinity of activity-
dependent genes. Silencing TFIIIC lead to uncontrolled association
of IEGs with transcription factories, resulting in profound
morphological consequences to the cell, namely the prominent
elaboration of its dendritic tree (Crepaldi et al., 2013).

3. Nuclear lamina and its influence on gene-expression

Another important nuclear architectural element having pro-
found influence on gene expression is nuclear lamina (Gerace and
Huber, 2012; Zuleger et al., 2011). This is a fibrous sheath
attached to the inner surface of the nuclear envelope, composed
primarily of type A and type B lamins (Burke and Stewart, 2013).
Other important components of the lamina are membrane proteins
of the inner leaflet of the nuclear envelope, such as emerin or LBR
(Berk et al., 2013; Brachner and Foisner, 2011; Olins et al., 2010).
These proteins ensure an anchoring of the phospholipid bilayer to
the lamin fibrils and chromatin. The lamina was demonstrated to
provide a mechanical stability for the nucleus, it is also believed to
provide an important structural framework organizing the genome
(de Las Heras et al., 2013; Gerace and Huber, 2012; Zuleger et al.,
2011). The mechanical functions of lamins occurred to be very
important for proper neuronal migration in the developing brain
(Coffinier et al., 2011; Jung et al., 2013). A key role of lamina in
organizing higher-order chromatin architecture was supported by
tiling microarray sequence analysis of lamina-associated chromatin
which demonstrated the existence, in mammalian cells, of about
1000 discrete 50 kb- to 10 Mb-large lamina-associated domains,
which cover 30%e40% of the genome (Gibcus and Dekker, 2013;
Peric-Hupkes and van Steensel, 2010). However, due to the vari-
ability in the chromosomal positioning among individual cells, that
could result at least in part, from rotational movements of large
chromatin assemblies (Strickfaden et al., 2010), only a fraction of
-order chromatin architecture for neuronal function and dysfunction,
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these sequences is expected to represent actual LADs in a given
nucleus.

In mammals, nuclear lamina is known to exert strong inhibitory
effect on the expression of genes located in its vicinity. Such an
activity is fully consistent with an electron-microscopic images of
the cell nucleus showing typically a rim of condensed chromatin
beneath the nuclear envelope. More importantly, it was demon-
strated explicitly that tethering of genes to the nuclear lamina,
using LacO/LacL tethering technology induces gene silencing
(Peric-Hupkes and van Steensel, 2010; Zuleger et al., 2011). The
molecular mechanisms of the transcription suppression by the
lamina are poorly understood. It was demonstrated that histone
deacetylase 3 (HDAC3) binds, both to lamina-associated poly-
peptide 2b and emerin, thereby leading to deacetylation of the
adjacent chromatin (Demmerle et al., 2012; Somech et al., 2005).
Consistently, hepatocytes of HDAC3 knockout mice have strongly
reduced content of lamina-associated condensed chromatin
(Bhaskara et al., 2010). A number of studies have shown that the
interactions of chromatin with the nuclear lamina can change
during cellular differentiation, and that this is correlated with the
chromatin’s transcriptional activity in a variety of cell types (Kosak
et al., 2002; Peric-Hupkes et al., 2010; Ragoczy et al., 2006;
Szczerbal et al., 2009; Williams et al., 2006; Zink et al., 2004). With
regards to neuronal lineage, a repositioning of a gene encoding for
Mash1 transcriptional regulator away from the nuclear lamina was
demonstrated using fluorescent in situ hybridization (FISH) to
occur during differentiation of embryonic stem cells (ES) into the
neurally-committed progenitors (Williams et al., 2006). Moreover,
with the use of a methylation-based tagging method (DamID)
(Orian et al., 2009), followed by massive sequence analysis, Peric-
Hupkes et al. (2010) showed, that during differentiation from
neuronal stem-cells via lineage committed neural precursor cells
into terminally differentiated astrocytes, there is a relationship
between geneelamina interaction and the level of the expression of
the particular gene. (Peric-Hupkes et al., 2010).

The two most recent developmental studies have provided an
unprecedented insight into the mechanisms of lamina-dependent
chromatin organization in neurons (Clowney et al., 2012; Solovei
et al., 2013). The study on olfactory sensory neurons (OSNs) by
Clowney et al. (2012) demonstrates that LBR plays a key role in
developmentally regulated spatial distribution of heterochromatin
in these cells. Similarly to mature rod cells, OSNs have an inverted
heterochromatin arrangement, with a centrally positioned het-
erochromatin and peripheral euchromatin. Such a nuclear archi-
tecture arises during differentiation and is coincident with a
downregulation of LBR expression. Importantly, ectopic expression
of LBR inmature OSN leads to a profound remodeling of the nucleus
with an eccentric redistribution of heterochromatin. Concomi-
tantly, the developmentally determined silencing of about 2800
olfactory receptor genes (except one), that occurs in each OSN,
became disrupted, demonstrating the significance of an inverted
heterochromatin arrangement for SON function. The paper by
Solovei et al. (2013) demonstrates that LBR and lamin A/C are the
proteins playing key role in tethering of the heterochromatin to the
nuclear envelope in a variety of cell types, including neurons.
Interestingly, LBR and lamin A/C function sequentially during
development. In general, LBR proceeds, and is replaced by, lamin-A/
C. Among neurons, some cell types lack LBR already at birth
(cerebellar Purkinje cells, cortical neurons) whereas some switch to
lamin A/C-dependent tether later (P5) (retinal bipolar, amacrine,
horizontal and ganglion neurons, cerebellar granular cells). As a
consequence, the neuronal nuclear architecture of the adult ani-
mals is not affected by LBR knockout. Interestingly, lamin A/C
knockout also does not affect neuronal nucleus, being compensated
by prolonged expression of LBR. Nevertheless, LBR and lamin A/C
Please cite this article in press as: Wilczynski, G.M., Significance of higher
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
double knockout induces an inversed nuclear architecture in all cell
types in the body, including neurons (Solovei et al., 2013).

The recent paper byWalczak et al. (2013) demonstrated that the
dynamic association-dissociation of the genes to/from the nuclear
lamina can occur also as a result of neuronal activity. In a rat model
of massive neuronal activation upon kainate-induced seizures, the
authors found, using FISH-based innovative image analysis, and
chromatin immunoprecipitation, that elevated neuronal expres-
sion of the Bdnf gene is associated with its detachment from the
nuclear lamina, and translocation toward the nucleus center. In
contrast, the position of stably expressed Trkb remains unchanged
after seizures. This study demonstrated that activation-dependent
architectural remodeling of the neuronal cell nucleus in vivo con-
tributes to activity-dependent changes in gene expression in the
adult brain.

4. Higher-order chromatin architecture in neuropsychiatric
disorders

Recently, an important pathogenic role in disorders of the ner-
vous system has been ascribed to epigenetic mechanisms. With
regards to the higher order chromatin structures, the two recent
studies point to the involvement of this phenomenon in the path-
ogenesis of Rett syndrome (Agarwal et al., 2011; Singleton et al.,
2011). The disease is an X-liked mental retardation syndrome
occurring due to the loss-of-function mutations of the gene
encoding Methyl-Cytosine binding Protein 2 (MeCP2) (Berger-
Sweeney, 2011). Agarwal et al. (2011) found that various muta-
tions causing abnormal interactions of MeCP2 protein with chro-
matin lead to large-scale alterations in chromocenter number and
size in cultured cells. The authors hypothesized, that subtle tran-
scriptional changes detected in MeCP2 mutant mice might results
from the remodeling of the higher-order chromatin structure,
independently of MeCP2 role as a transcriptional repressor. In
addition, Singleton et al. (2011) showed that MeCP2 knockout mice
have developmental abnormalities in chromocenter size and dis-
tribution, resulting in larger and more numerous chromocenters in
the adult mutants. Another brain disease that has strong links to
higher-order chromatin architecture is epilepsy, as demonstrated
by an early study of human brain (Borden and Manuelidis, 1988).
However, also a recent study by Walczak et al. (2013) can have
some implications related to epilepsy pathogenesis. The kainate-
induced status epilepticus model, utilized by Walczak et al.
(2013), is also a model of epileptogenesis, for about 50% of exper-
imental animals develop chronic limbic epilepsy resembling hu-
man temporal epilepsy (Ben-Ari, 2001; Morimoto et al., 2004). Our
unpublished results indicate that among epileptic animals the
percentage of nuclei in which the Bdnf gene detaches from the
nuclear lamina positively correlates with the degree of both
behavioral alterations and histological alterations in the form of
mossy fibers sprouting (Walczak et al., in preparation).

5. Higher-order chromatin architecture as both, the effect
and the cause, of gene expression

The fact that the architecture of the neuronal nucleus depends
on ongoing gene-expression orchestrated by molecular machinery
is a reductionist concept very much consistent with the knowledge
accumulated throughout many decades. However, it is less obvious
that the reverse is also true, e.g. that nuclear architecture is an in-
dependent, emergent mechanism governing the gene expression.
Regarding neurons, the studies on the interactions of genes with
the nuclear lamina provide some evidence that actually both the
aforementioned views are correct. Peric-Hupkes et al. (2010)
demonstrated that although during neuronal differentiation
-order chromatin architecture for neuronal function and dysfunction,
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plenty of genes that move away from lamina are concomitantly
activated, many others remain inactive but are unlocked for acti-
vation in the next differentiation step. Thus the architectural
change is a priming event that happens ahead of subsequent
changes in expression. Similar conclusion comes from the study of
Clowney et al. (2012) on olfactory sensory neurons. Likewise,
Walczak et al. (2013) showed that although the Bdnf allele that had
dissociated from the lamina upon seizures, loosed, over several
weeks, its enhanced expression, yet the allele remained sensitized
to the incoming activation. It is tempting to speculate that archi-
tectural changes represent an exceptionably long-lasting epigenetic
alterations underlying long-term cellular memory, that upon
pathologic conditions transforms to a form of durable molecular
scar. Altogether, the aforementioned evidence points to the bidi-
rectional relationship between gene expression and large-scale
chromatin architecture, as an attractive research line for the future.
Acknowledgments

I am grateful to my lab-fellows Andrzej Szczepankiewicz,
Agnieszka Walczak, Marta Pyskaty, Kamil Parobczak and Iwona
Czaban for providing me with their micrographs. This review is
supported by the grant no. 2012/05/E/NZ4/02997 from National
Science Center, and by theEuropean Regional Development Fund
POIG 01.01.02-00-008/08.
References

Agarwal, N., Becker, A., Jost, K.L., Haase, S., Thakur, B.K., Brero, A., Hardt, T., Kudo, S.,
Leonhardt, H., Cardoso, M.C., 2011. MeCP2 Rett mutations affect large scale
chromatin organization. Hum. Mol. Genet. 20, 4187e4195.

Aoto, T., Saitoh, N., Ichimura, T., Niwa, H., Nakao, M., 2006. Nuclear and chromatin
reorganization in the MHC-Oct3/4 locus at developmental phases of embryonic
stem cell differentiation. Dev. Biol. 298, 354e367.

Barr, M.L., Bertram, E.G., 1949. A morphological distinction between neurones of the
male and female, and the behaviour of the nucleolar satellite during accelerated
nucleoprotein synthesis. Nature 163, 676.

Barr, M.L., Bertram, E.G., 1951. The behaviour of nuclear structures during depletion
and restoration of Nissl material in motor neurons. J. Anat. 85, 171e181.

Ben-Ari, Y., 2001. Cell death and synaptic reorganizations produced by seizures.
Epilepsia 42 (Suppl. 3), 5e7.

Berchtold, D., Fesser, S., Bachmann, G., Kaiser, A., Eilert, J.C., Frohns, F., Sadoni, N.,
Muck, J., Kremmer, E., Eick, D., Layer, P.G., Zink, D., 2011. Nuclei of chicken
neurons in tissues and three-dimensional cell cultures are organized into
distinct radial zones. Chromosome Res. 19, 165e182.

Berger-Sweeney, J., 2011. Cognitive deficits in Rett syndrome: what we know and
what we need to know to treat them. Neurobiol. Learn. Mem. 96, 637e646.

Berk, J.M., Tifft, K.E., Wilson, K.L., 2013. The nuclear envelope LEM-domain protein
emerin. Nucleus 4, 298e314.

Bernardi, R., Pandolfi, P.P., 2007. Structure, dynamics and functions of promyelocytic
leukaemia nuclear bodies. Nat. Rev. Mol. Cell Biol. 8, 1006e1016.

Bhaskara, S., Knutson, S.K., Jiang, G., Chandrasekharan, M.B., Wilson, A.J., Zheng, S.,
Yenamandra, A., Locke, K., Yuan, J.L., Bonine-Summers, A.R., Wells, C.E.,
Kaiser, J.F., Washington, M.K., Zhao, Z., Wagner, F.F., Sun, Z.W., Xia, F.,
Holson, E.B., Khabele, D., Hiebert, S.W., 2010. Hdac3 is essential for the main-
tenance of chromatin structure and genome stability. Cancer Cell 18, 436e447.

Bickmore, W.A., van Steensel, B., 2013. Genome architecture: domain organization
of interphase chromosomes. Cell 152, 1270e1284.

Billia, F., Baskys, A., Carlen, P.L., De Boni, U., 1992. Rearrangement of centromeric
satellite DNA in hippocampal neurons exhibiting long-term potentiation. Brain
Res. Mol. Brain Res. 14, 101e108.

Billia, F., de Boni, U., 1991. Localization of centromeric satellite and telomeric DNA
sequences in dorsal root ganglion neurons, in vitro. J. Cell Sci.100 (Pt 1), 219e226.

Borden, J., Manuelidis, L., 1988. Movement of the X chromosome in epilepsy. Sci-
ence 242, 1687e1691.

Brachner, A., Foisner, R., 2011. Evolvement of LEM proteins as chromatin tethers at
the nuclear periphery. Biochem. Soc. Trans. 39, 1735e1741.

Branco, M.R., Pombo, A., 2007. Chromosome organization: new facts, new models.
Trends Cell Biol. 17, 127e134.

Burke, B., Stewart, C.L., 2013. The nuclear lamins: flexibility in function. Nat. Rev.
Mol. Cell Biol. 14, 13e24.

Cavalli, G., Misteli, T., 2013. Functional implications of genome topology. Nat. Struct.
Mol. Biol. 20, 290e299.

Cioce, M., Lamond, A.I., 2005. Cajal bodies: a long history of discovery. Annu. Rev.
Cell Dev. Biol. 21, 105e131.
Please cite this article in press as: Wilczynski, G.M., Significance of higher
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
Clark, P., Jones, K.J., LaVelle, A., 1991. Ultrastructural changes in the nucleolus of
facial motor neurons following axotomy during an early critical period in
development. J. Comp. Neurol. 312, 132e144.

Clowney, E.J., LeGros, M.A., Mosley, C.P., Clowney, F.G., Markenskoff-
Papadimitriou, E.C., Myllys, M., Barnea, G., Larabell, C.A., Lomvardas, S., 2012.
Nuclear aggregation of olfactory receptor genes governs their monogenic
expression. Cell 151, 724e737.

Coffinier, C., Jung, H.J., Nobumori, C., Chang, S., Tu, Y., Barnes 2nd, R.H., Yoshinaga, Y.,
de Jong, P.J., Vergnes, L., Reue, K., Fong, L.G., Young, S.G., 2011. Deficiencies in
lamin B1 and lamin B2 cause neurodevelopmental defects and distinct nuclear
shape abnormalities in neurons. Mol. Biol. Cell 22, 4683e4693.

Cremer, T., Cremer, C., 2006. Rise, fall and resurrection of chromosome territories: a
historical perspective. Part II. Fall and resurrection of chromosome territories
during the 1950s to 1980s. Part III. Chromosome territories and the functional
nuclear architecture: experiments and models from the 1990s to the present.
Eur. J. Histochem. 50, 223e272.

Cremer, T., Cremer, M., 2010. Chromosome territories. Cold Spring Harb. Perspect.
Biol. 2, a003889.

Crepaldi, L., Policarpi, C., Coatti, A., Sherlock, W.T., Jongbloets, B.C., Down, T.A.,
Riccio, A., 2013. Binding of TFIIIC to sine elements controls the relocation of
activity-dependent neuronal genes to transcription factories. PLoS Genet. 9,
e1003699.

Day, J.J., Sweatt, J.D., 2011. Epigenetic mechanisms in cognition. Neuron 70, 813e829.
De Boni, U., Mintz, A.H., 1986. Curvilinear, three-dimensional motion of chromatin

domains and nucleoli in neuronal interphase nuclei. Science 234, 863e866.
de Las Heras, J.I., Meinke, P., Batrakou, D.G., Srsen, V., Zuleger, N., Kerr, A.R.,

Schirmer, E.C., 2013. Tissue specificity in the nuclear envelope supports its
functional complexity. Nucleus 4.

Demmerle, J., Koch, A.J., Holaska, J.M., 2012. The nuclear envelope protein emerin
binds directly to histone deacetylase 3 (HDAC3) and activates HDAC3 activity.
J. Biol. Chem. 287, 22080e22088.

Dundr, M., 2012. Nuclear bodies: multifunctional companions of the genome. Curr.
Opin. Cell Biol. 24, 415e422.

Edelman, L.B., Fraser, P., 2012. Transcription factories: genetic programming in three
dimensions. Curr. Opin. Genet. Dev. 22, 110e114.

Fakan, S., 2004. Ultrastructural cytochemical analyses of nuclear functional archi-
tecture. Eur. J. Histochem. 48, 5e14.

Fakan, S., van Driel, R., 2007. The perichromatin region: a functional compartment
in the nucleus that determines large-scale chromatin folding. Semin. Cell Dev.
Biol. 18, 676e681.

Fox, A.H., Lamond, A.I., 2010. Paraspeckles. Cold Spring Harb. Perspect. Biol. 2,
a000687.

Fudenberg, G., Mirny, L.A., 2012. Higher-order chromatin structure: bridging physics
and biology. Curr. Opin. Genet. Dev. 22, 115e124.

Fung, L.C., De Boni, U., 1988. Modulation of nuclear rotation in neuronal interphase
nuclei by nerve growth factor, by gamma-aminobutyric acid, and by changes in
intracellular calcium. Cell Motil. Cytoskeleton 10, 363e373.

Gerace, L., Huber, M.D., 2012. Nuclear lamina at the crossroads of the cytoplasm and
nucleus. J. Struct. Biol. 177, 24e31.

Geyer, P.K., Vitalini, M.W., Wallrath, L.L., 2011. Nuclear organization: taking a posi-
tion on gene expression. Curr. Opin. Cell Biol. 23, 354e359.

Gibcus, J.H., Dekker, J., 2013. The hierarchy of the 3D genome. Mol. Cell 49, 773e782.
Hardin, J.H., Spicer, S.S., Greene, W.B., 1969. The paranucleolar structure, acces-

sory body of Cajal, sex chromatin, and related structures in nuclei of rat
trigeminal neurons: a cytochemical and ultrastructural study. Anat. Rec. 164,
403e431.

Jung, H.J., Nobumori, C., Goulbourne, C.N., Tu, Y., Lee, J.M., Tatar, A., Wu, D.,
Yoshinaga, Y., de Jong, P.J., Coffinier, C., Fong, L.G., Young, S.G., 2013. Farnesy-
lation of lamin B1 is important for retention of nuclear chromatin during
neuronal migration. Proc. Natl. Acad. Sci. U. S. A. 110, E1923eE1932.

Kobow, K., Blumcke, I., 2011. The methylation hypothesis: do epigenetic chromatin
modifications play a role in epileptogenesis? Epilepsia 52 (Suppl. 4), 15e19.

Kosak, S.T., Skok, J.A., Medina, K.L., Riblet, R., Le Beau, M.M., Fisher, A.G., Singh, H.,
2002. Subnuclear compartmentalization of immunoglobulin loci during
lymphocyte development. Science 296, 158e162.

Lafarga, M., Casafont, I., Bengoechea, R., Tapia, O., Berciano, M.T., 2009. Cajal’s
contribution to the knowledge of the neuronal cell nucleus. Chromosoma 118,
437e443.

Lanctot, C., Cheutin, T., Cremer, M., Cavalli, G., Cremer, T., 2007. Dynamic genome
architecture in the nuclear space: regulation of gene expression in three di-
mensions. Nat. Rev. Genet. 8, 104e115.

Liu, Q., Dreyfuss, G., 1996. A novel nuclear structure containing the survival of motor
neurons protein. EMBO J. 15, 3555e3565.

Manuelidis, L., 1984. Different central nervous system cell types display distinct and
nonrandom arrangements of satellite DNA sequences. Proc. Natl. Acad. Sci. U. S.
A. 81, 3123e3127.

Manuelidis, L., 1985. Indications of centromere movement during interphase and
differentiation. Ann. N. Y. Acad. Sci. 450, 205e221.

Mao, Y.S., Zhang, B., Spector, D.L., 2011. Biogenesis and function of nuclear bodies.
Trends Genet. 27, 295e306.

Markaki, Y., Gunkel, M., Schermelleh, L., Beichmanis, S., Neumann, J.,
Heidemann, M., Leonhardt, H., Eick, D., Cremer, C., Cremer, T., 2010. Functional
nuclear organization of transcription and DNA replication: a topographical
marriage between chromatin domains and the interchromatin compartment.
Cold Spring Harb. Symp. Quant. Biol. 75, 475e492.
-order chromatin architecture for neuronal function and dysfunction,
.01.016

http://refhub.elsevier.com/S0028-3908(14)00023-9/sref1
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref1
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref1
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref1
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref2
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref2
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref2
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref2
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref3
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref3
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref3
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref4
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref4
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref4
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref5
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref5
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref5
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref6
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref6
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref6
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref6
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref6
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref7
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref7
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref7
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref8
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref8
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref8
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref9
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref9
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref9
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref10
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref11
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref11
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref11
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref12
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref12
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref12
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref12
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref13
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref13
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref13
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref14
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref14
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref14
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref15
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref15
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref15
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref16
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref16
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref16
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref17
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref17
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref17
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref18
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref18
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref18
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref19
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref19
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref19
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref20
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref20
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref20
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref20
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref21
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref21
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref21
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref21
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref21
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref22
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref22
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref22
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref22
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref22
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref23
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref24
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref24
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref25
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref25
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref25
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref25
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref26
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref26
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref27
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref27
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref27
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref28
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref28
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref28
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref29
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref29
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref29
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref29
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref30
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref30
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref30
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref31
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref31
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref31
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref32
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref32
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref32
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref33
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref33
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref33
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref33
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref34
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref34
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref35
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref35
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref35
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref36
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref36
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref36
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref36
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref37
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref37
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref37
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref38
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref38
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref38
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref39
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref39
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref40
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref40
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref40
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref40
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref40
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref41
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref41
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref41
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref41
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref41
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref42
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref42
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref42
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref43
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref43
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref43
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref43
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref44
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref44
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref44
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref44
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref45
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref45
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref45
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref45
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref46
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref46
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref46
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref47
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref47
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref47
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref47
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref48
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref48
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref48
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref49
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref49
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref49
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref50


G.M. Wilczynski / Neuropharmacology xxx (2014) 1e66
Markaki, Y., Smeets, D., Fiedler, S., Schmid, V.J., Schermelleh, L., Cremer, T.,
Cremer, M., 2012. The potential of 3D-FISH and super-resolution structured
illumination microscopy for studies of 3D nuclear architecture: 3D structured
illumination microscopy of defined chromosomal structures visualized by 3D
(immuno)-FISH opens new perspectives for studies of nuclear architecture.
Bioessays 34, 412e426.

Martou, G., De Boni, U., 2000. Nuclear topology of murine, cerebellar Purkinje
neurons: changes as a function of development. Exp. Cell Res. 256, 131e139.

Mayfield, J.E., Ellison, J.R., 1975. The organization of interphase chromatin in dro-
sophilidae: the self adhesion of chromatin containing the same DNA sequences.
Chromosoma 52, 37e48.

Meaburn, K.J., Misteli, T., 2007. Cell biology: chromosome territories. Nature 445,
379e781.

Meldi, L., Brickner, J.H., 2011. Compartmentalization of the nucleus. Trends Cell Biol.
21, 701e708.

Misteli, T., 2007. Beyond the sequence: cellular organization of genome function.
Cell 128, 787e800.

Monneron, A., Bernhard, W., 1969. Fine structural organization of the interphase
nucleus in some mammalian cells. J. Ultrastruct. Res. 27, 266e288.

Moore, K.L., Barr, M.L., 1953. Morphology of the nerve cell nucleus in mammals,
with special reference to the sex chromatin. J. Comp. Neurol. 98, 213e231.

Morimoto, K., Fahnestock, M., Racine, R.J., 2004. Kindling and status epilepticus
models of epilepsy: rewiring the brain. Prog. Neurobiol. 73, 1e60.

Morimoto, M., Boerkoel, C.F., 2013. The role of nuclear bodies in gene expression
and disease. Biology (Basel) 2, 976e1033.

Nizami, Z., Deryusheva, S., Gall, J.G., 2010. The Cajal body and histone locus body.
Cold Spring Harb. Perspect. Biol. 2, 26.

Olins, A.L., Rhodes, G., Welch, D.B., Zwerger, M., Olins, D.E., 2010. Lamin B receptor:
multi-tasking at the nuclear envelope. Nucleus 1, 53e70.

Orian, A., Abed, M., Kenyagin-Karsenti, D., Boico, O., 2009. DamID: a methylation-
based chromatin profiling approach. Methods Mol. Biol. 567, 155e169.

Papantonis, A., Cook, P.R., 2011. Fixing the model for transcription: the DNA moves,
not the polymerase. Transcription 2, 41e44.

Peric-Hupkes, D., Meuleman, W., Pagie, L., Bruggeman, S.W., Solovei, I.,
Brugman, W., Graf, S., Flicek, P., Kerkhoven, R.M., van Lohuizen, M., Reinders, M.,
Wessels, L., van Steensel, B., 2010. Molecular maps of the reorganization of
genome-nuclear lamina interactions during differentiation. Mol. Cell 38, 603e
613.

Peric-Hupkes, D., van Steensel, B., 2010. Role of the nuclear lamina in genome or-
ganization and gene expression. Cold Spring Harb. Symp. Quant. Biol. 75, 517e
524.

Politz, J.C., Scalzo, D., Groudine, M., 2013. Something silent this way forms: the
functional organization of the repressive nuclear compartment. Annu. Rev. Cell
Dev. Biol. 29, 241e270.

Puckett, R.E., Lubin, F.D., 2011. Epigenetic mechanisms in experience-driven mem-
ory formation and behavior. Epigenomics 3, 649e664.

Qureshi, I.A., Mehler, M.F., 2012. Emerging roles of non-coding RNAs in brain evo-
lution, development, plasticity and disease. Nat. Rev. Neurosci. 13, 528e541.

Ragoczy, T., Bender, M.A., Telling, A., Byron, R., Groudine, M., 2006. The locus control
region is required for association of the murine beta-globin locus with engaged
transcription factories during erythroid maturation. Genes Dev. 20, 1447e1457.

Roopra, A., Dingledine, R., Hsieh, J., 2012. Epigenetics and epilepsy. Epilepsia 9, 2e
10.

Rouquette, J., Cremer, C., Cremer, T., Fakan, S., 2010. Functional nuclear architecture
studied by microscopy: present and future. Int. Rev. Cell Mol. Biol. 282, 1e90.

Schermelleh, L., Carlton, P.M., Haase, S., Shao, L., Winoto, L., Kner, P., Burke, B.,
Cardoso, M.C., Agard, D.A., Gustafsson, M.G., Leonhardt, H., Sedat, J.W., 2008.
Subdiffraction multicolor imaging of the nuclear periphery with 3D structured
illumination microscopy. Science 320, 1332e1336.

Singleton, M.K., Gonzales, M.L., Leung, K.N., Yasui, D.H., Schroeder, D.I., Dunaway, K.,
LaSalle, J.M., 2011. MeCP2 is required for global heterochromatic and nucleolar
changes during activity-dependent neuronal maturation. Neurobiol. Dis. 43,
190e200.
Please cite this article in press as: Wilczynski, G.M., Significance of higher
Neuropharmacology (2014), http://dx.doi.org/10.1016/j.neuropharm.2014
Solovei, I., Grandi, N., Knoth, R., Volk, B., Cremer, T., 2004. Positional changes of
pericentromeric heterochromatin and nucleoli in postmitotic Purkinje cells
during murine cerebellum development. Cytogenet. Genome Res. 105, 302e
310.

Solovei, I., Kreysing, M., Lanctot, C., Kosem, S., Peichl, L., Cremer, T., Guck, J., Joffe, B.,
2009. Nuclear architecture of rod photoreceptor cells adapts to vision in
mammalian evolution. Cell 137, 356e368.

Solovei, I., Wang, A.S., Thanisch, K., Schmidt, C.S., Krebs, S., Zwerger, M., Cohen, T.V.,
Devys, D., Foisner, R., Peichl, L., Herrmann, H., Blum, H., Engelkamp, D.,
Stewart, C.L., Leonhardt, H., Joffe, B., 2013. LBR and lamin A/C sequentially tether
peripheral heterochromatin and inversely regulate differentiation. Cell 152,
584e598.

Somech, R., Shaklai, S., Geller, O., Amariglio, N., Simon, A.J., Rechavi, G., Gal-
Yam, E.N., 2005. The nuclear-envelope protein and transcriptional repressor
LAP2beta interacts with HDAC3 at the nuclear periphery, and induces histone
H4 deacetylation. J. Cell Sci. 118, 4017e4025.

Spector, D.L., Lamond, A.I., 2011. Nuclear speckles. Cold Spring Harb. Perspect. Biol.
3.

Strickfaden, H., Zunhammer, A., van Koningsbruggen, S., Kohler, D., Cremer, T., 2010.
4D chromatin dynamics in cycling cells: Theodor Boveri’s hypotheses revisited.
Nucleus 1, 284e297.

Sweatt, J.D., 2013. Epigenetic Regulation in the Nervous System Basic Mechanisms
and Clinical Impact. Elsevier Science, San Diego, p. 1 online resource (374 p.).

Szczerbal, I., Foster, H.A., Bridger, J.M., 2009. The spatial repositioning of adipo-
genesis genes is correlated with their expression status in a porcine mesen-
chymal stem cell adipogenesis model system. Chromosoma 118, 647e663.

Urdinguio, R.G., Sanchez-Mut, J.V., Esteller, M., 2009. Epigenetic mechanisms in
neurological diseases: genes, syndromes, and therapies. Lancet Neurol. 8, 1056e
1072.

Vadakkan, K.I., Li, B., De Boni, U., 2006. Cell-type specific proximity of centromeric
domains of one homologue each of chromosomes 2 and 11 in nuclei of cere-
bellar Purkinje neurons. Chromosoma 115, 395e402.

Villagra, N.T., Bengoechea, R., Vaque, J.P., Llorca, J., Berciano, M.T., Lafarga, M., 2008.
Nuclear compartmentalization and dynamics of the poly(A)-binding protein
nuclear 1 (PABPN1) inclusions in supraoptic neurons under physiological and
osmotic stress conditions. Mol. Cell. Neurosci. 37, 622e633.

Vissel, B., Choo, K.H., 1989. Mouse major (gamma) satellite DNA is highly conserved
and organized into extremely long tandem arrays: implications for recombi-
nation between nonhomologous chromosomes. Genomics 5, 407e414.

Walczak, A., Szczepankiewicz, A.A., Ruszczycki, B., Magalska, A., Zamlynska, K.,
Dzwonek, J., Wilczek, E., Zybura-Broda, K., Rylski, M., Malinowska, M.,
Dabrowski, M., Szczepinska, T., Pawlowski, K., Pyskaty, M., Wlodarczyk, J.,
Szczerbal, I., Switonski, M., Cremer, M., Wilczynski, G.M., 2013. Novel higher-
order epigenetic regulation of the Bdnf gene upon seizures. J. Neurosci. 33,
2507e2511.

Weierich, C., Brero, A., Stein, S., von Hase, J., Cremer, C., Cremer, T., Solovei, I., 2003.
Three-dimensional arrangements of centromeres and telomeres in nuclei of
human and murine lymphocytes. Chromosome Res. 11, 485e502.

Williams, R.R., Azuara, V., Perry, P., Sauer, S., Dvorkina, M., Jorgensen, H., Roix, J.,
McQueen, P., Misteli, T., Merkenschlager, M., Fisher, A.G., 2006. Neural induction
promotes large-scale chromatin reorganisation of the Mash1 locus. J. Cell Sci.
119, 132e140.

Woulfe, J., 2008. Nuclear bodies in neurodegenerative disease. Biochim. Biophys.
Acta 1783, 2195e2206.

Zink, D., Amaral, M.D., Englmann, A., Lang, S., Clarke, L.A., Rudolph, C., Alt, F.,
Luther, K., Braz, C., Sadoni, N., Rosenecker, J., Schindelhauer, D., 2004. Tran-
scription-dependent spatial arrangements of CFTR and adjacent genes in hu-
man cell nuclei. J. Cell Biol. 166, 815e825.

Zovkic, I.B., Guzman-Karlsson, M.C., Sweatt, J.D., 2013. Epigenetic regulation of
memory formation and maintenance. Learn. Mem. 20, 61e74.

Zuleger, N., Robson, M.I., Schirmer, E.C., 2011. The nuclear envelope as a chromatin
organizer. Nucleus 2, 339e349.
-order chromatin architecture for neuronal function and dysfunction,
.01.016

http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref51
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref52
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref52
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref52
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref53
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref53
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref53
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref53
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref54
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref54
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref54
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref55
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref55
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref55
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref56
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref56
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref56
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref57
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref57
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref57
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref58
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref58
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref58
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref59
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref59
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref59
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref60
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref60
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref60
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref61
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref61
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref62
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref62
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref62
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref63
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref63
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref63
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref64
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref64
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref64
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref65
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref65
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref65
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref65
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref65
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref66
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref66
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref66
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref67
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref67
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref67
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref67
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref68
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref68
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref68
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref69
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref69
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref69
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref70
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref70
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref70
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref70
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref71
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref71
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref72
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref72
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref72
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref73
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref73
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref73
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref73
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref73
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref74
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref74
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref74
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref74
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref74
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref75
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref75
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref75
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref75
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref76
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref76
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref76
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref76
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref77
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref78
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref78
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref78
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref78
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref78
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref79
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref79
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref80
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref80
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref80
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref80
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref81
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref81
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref82
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref82
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref82
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref82
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref83
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref83
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref83
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref84
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref84
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref84
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref84
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref93
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref93
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref93
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref93
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref93
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref85
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref85
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref85
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref85
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref86
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref87
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref87
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref87
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref87
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref88
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref88
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref88
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref88
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref88
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref89
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref89
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref89
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref90
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref90
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref90
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref90
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref90
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref91
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref91
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref91
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref92
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref92
http://refhub.elsevier.com/S0028-3908(14)00023-9/sref92

	Significance of higher-order chromatin architecture for neuronal function and dysfunction
	1 Introduction
	2 Nuclear architecture, chromosome territories and transcription factories
	3 Nuclear lamina and its influence on gene-expression
	4 Higher-order chromatin architecture in neuropsychiatric disorders
	5 Higher-order chromatin architecture as both, the effect and the cause, of gene expression
	Acknowledgments
	References


