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Abstract The nuclei of neuroepithelial cells move along the
apicobasal axis in synchronization with their cell cycle status.
This motility is known as interkinetic nuclear movement. We
discuss here the importance of cytoskeleton organization, the
centrosome, molecular motors, cell polarity proteins, and their
regulators in controlling and maintaining this typical behavior.
Furthermore, due to the tight linkage between cell prolifera-
tion, cell cycle, and nuclear motility, we speculate that
interkinetic nuclear movement is likely to be affected in the
pathophysiology of microcephaly, where the brain size is
markedly reduced.
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Background

Interkinetic nuclear migration or movement is the process
in which the nucleus moves within the cytoplasm of
elongated neuroepithelial progenitor cells in synchroniza-
tion with the cell cycle phase (Frade 2002; Baye and Link
2007). The elongated progenitors, that in the mouse span
the entire cortical thickness, display a dynamic oscillation
of the nucleus. This movement occurs within the prolifer-
ative zone that lines the ventricles (the ventricular zone,
VZ). The nucleus ascends to the upper region of the VZ
during S phase and later, during G2 phase, descends to the
apical part of this layer. Mitosis is restricted to the most

apical regions of the VZ after the nucleus completed its
descent (Fig. 1). The cell cycle-dependent variable posi-
tioning of the nucleus within the VZ is the basis for the
pseudostratified appearance of the progenitor-cell layer.

Alfred Schaper was the first to suggest that different
morphologies of the cells close to the ventricles
represent cells’ different cell cycle phases (Schaper
1897). These studies were practically ignored and redis-
covered by Sauer who found a nice correlation between
the size, structure, and position of the nucleus relative to
the ventricle in the neural tubes of pigs and chick (Sauer
1935, 1936). Better evidence connecting cell cycle with
interkinetic nuclear movement was provided with the
application of substances, which inhibit cell cycle, such
as colchicine (Watterson et al. 1956; Kallen 1962).
Furthermore, usage of additional inhibitors revealed that
proper cell cycle progression is an essential condition for
nuclear movement in neural progenitor cells (Ueno et al.
2006). Arresting cells in G2/M phase led to inhibition of
nuclear migration and accumulation of nuclei at the inner
or apical area of the VZ. Similarly, cells arrested in S
phase had their nuclei positioned in the outer or basal area
of the VZ. Nuclear positioning therefore not only correlated
with cell cycle phase, but was also found to be dependent on
its progression. The development of DNA labeling techni-
ques, that are based on intercalation of label into the DNA
during the S phase, offered a useful assay for studying the cell
cycle-dependent nuclear movement (Sauer and Walker 1959;
Sidman et al. 1959). Later, the possibility to label DNA using
two different substances significantly increased the sensitiv-
ity of these assays (Takahashi et al. 1995; Hayes and
Nowakowski 2000). Moreover, the availability of live
imaging to monitor interkinetic nuclear movement has
resulted in novel insights on the regulatory mechanisms
controlling this dynamic process.
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Interkinetic nuclear movement initiates in the primitive
neuroepithelium. Prior to neurogenesis, cells in the neuro-
epithelium are highly polarized and are connected by tight
junctions and adherens junctions (Gotz and Huttner 2005).
Early divisions are proliferative in nature and result in an
increase in the progenitor pool. In the mouse, there is a shift
to neurogenesis, approximately at E13. Asymmetrical
divisions generate new types of daughter cells, yielding a
progeny with different identities (Chenn and McConnell
1995; Miyata et al. 2004; Noctor et al. 2004, 2008). Self-
renewing divisions of the neural progenitors can be either
symmetric, generating two progenitor cells, or asymmetric,
generating one progenitor and one cell committed to
differentiate (Noctor et al. 2004; Gotz and Huttner 2005;
Huttner and Kosodo 2005). At the onset of neurogenic
divisions, some features of the neuroepithelium change.
The transition of neuroepithelial cells to radial glia is
accompanied by structural changes and disappearing of the
tight junctions while only the adherens junctions are kept.

The progenitors at the proliferative VZ in the developing
mammalian cortex are mainly the bipolar long processed
radial glia cells (Malatesta et al. 2000; Miyata et al. 2001;
Noctor et al. 2001), but short neural precursors have been
observed as well. The two types of progenitors exhibit
different cell cycle kinetics, and their progeny populate
different cortical lamina (Stancik et al. 2010). This in part is
due to the fact that progeny of the radial glia includes not
only additional radial glia but also a third type of
progenitors (intermediate progenitors or basal progenitors).
Both radial glia and intermediate progenitors can also give

rise to neurons by asymmetric or symmetric divisions,
respectively. Radial glia possesses a ventricular endfoot and
a basal process of variable length that is retracted during
mitotic division (Gal et al. 2006). The attachment to the
basement membrane is a typical feature of radial glia
progenitors; however, it is not required for their identity
and/or for their proliferation. Disrupted connection between
the cortical radial glial cells and the basement membrane in
three different mouse mutants did not affect the prolifera-
tion, interkinetic nuclear migration, orientation of cell
division, and proliferation of these cells (Haubst et al.
2006). Radial glia cells display interkinetic nuclear oscilla-
tion similar to that observed in the simple neuroepithelium
with the exception that the nuclei move only within the VZ
and not all the way to the pial surface (Fig. 1).

Molecular Motors and the Cytoskeleton

How are the forces involved in interkinetic nuclear
movement generated? The answer to this question is far
from completion. Currently, three major forces had been
identified as the ones driving the nuclei: passive push of
nuclei to the basal side by nearby nuclei, kinesin and
dynein-mediated movement towards the apical and basal
sides, respectively, and actomyosin constriction apically at
the side opposite to the direction of nuclear movement. It is
therefore possible to generalize and state that interkinetic
nuclear movement is dependent on dynamic cytoskeletal
elements. The role of both the actin and the microtubule

Fig. 1 Interkinetic nuclear movement in the developing cortex. a A
section from a mouse E16 embryonic brain showing radial glia in red
and migrating neurons in green. Red nuclei are visible in the VZ. The
radial glia fibers along where the neurons are migrating span the
thickness of the cortex. b A schematic representation of interkinetic
nuclear movement in the VZ (boxed area in a). Oscillations of
progenitors nuclei in the VZ are typically coordinated with the cell

cycle when cells are in mitosis (red); their nuclei are in apical position,
while during S phase (blue), the nuclei are in basal position. The
ascent and descent of the nuclei are taking place when cells are in G1
(green) and G2 (pink), respectively. Exposure to graded Notch activity
(blue gradient) along the apical–basal axis may be partly achieved by
the repeated movement of the nuclei
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cytoskeleton in this process has been shown using chemical
inhibitors (Karfunkel 1972; Messier and Auclair 1973,
1974; Webster and Langman 1978). Thus, the polymeriza-
tion of actin filaments and microtubules may participate in
movements of the nuclei. Polymerized actin is apically
localized as well, and its localization affects the direction-
ality of the forces generated. In the cells residing in the VZ,
the centrosome, which is the known microtubule organiza-
tion center, is typically tethered to the apical side (Chenn et
al. 1998; Ochiai et al. 2007). The microtubules extend both
towards the apical and basal processes of the cycling
progenitors; however, they are less abundant in the thin
apical process of the cells during mitosis (Tsai et al. 2010;
Fig. 2). The microtubules are organized in a nearly uniform
manner, with the plus end orientated towards the pial
surface. Polymerized actin is apically localized as well. In
contrast to other events in which nuclear displacement takes
place (which involve cellular motility), the centrosome
remains in the same apical position while the nucleus is
moving.

In addition to cytoskeletal dynamics, it is likely that
some of the molecular motors associated with microtubules
and/or actin participate in this process. Indeed, evidence for
dual motor usage during nucleus oscillation has been
recently documented. Kinesin 3 (kif1a), a microtubule plus
end-directed molecular motor, was shown to mediate basal-
directed nuclear movement, whereas dynein activity, the

main microtubule minus end-directed molecular motor, was
required for the apical-directed nuclear migrations (Tsai et
al. 2010; Fig. 2). Dynein plays an important role in
regulation of interkinetic nuclear movement. Reduction in
the protein levels of lissencephaly-1 (LIS1), which is
involved in regulation of dynein activity, resulted in ectopic
mitosis and possible impairment in interkinetic nuclear
movements in a dosage-specific manner (Gambello et al.
2003). However, in contrast with these results, a hypomor-
phic allele of Lis1 did not lead to abnormalities in
interkinetic nuclear movements, although the morphology
of the radial glia was aberrant (Cahana et al. 2001). Further
reduction of LIS1 resulted in abolishment of interkinetic
nuclear oscillations in the radial glial progenitors (Tsai et al.
2005; Yingling et al. 2008). Conditional knockout of Lis1
in neural stem cells revealed a difference in the sensitivity
to LIS1 function in neuroepithelial stem cells versus radial
glia (Yingling et al. 2008). In the neuroepithelial stem cells,
where cells divide in a symmetrical fashion, LIS1 abolish-
ment resulted in a rapid response, where spindle orientation
was disturbed and was followed by apoptotic cell death.
Radial glia cells were less affected (Yingling et al. 2008).
However, when radial glial cells were transfected with LIS1
shRNA, no cell divisions were detected (Tsai et al. 2005).
Interestingly, knockout of the microtubule-associated pro-
tein Dcx displayed spindle orientation abnormalities spe-
cifically in radial glial cells that in turn lead to moderate

Fig. 2 Dual function of molecular motors during interkinetic nuclear
movement. The scheme (zooming in from a to b, red arrows) depicts
some of the molecules and structures that contribute to the oscillating
movement of the nucleus in the VZ. a The microtubules are organized in
a generally uniform orientation with the + end pointing to the basal
aspect of the cell. b The nucleus is tethered to the microtubule network
via the SUN- and KASH-domain proteins. SUN-domain proteins
(SUN1/2) that traverse the inner nuclear membrane interact with lamin
B in the nucleoplasm. In the perinuclear space SUN 1/2 interact with

KASH-domain proteins (Syne- 1/2), which traverse the outer nuclear
membrane. In the cytoplasm Syne- 1/2 interact with dynein and kinesin
to form a bridge between the microtubules and the inner part of the
nucleus. b–c This bridge allows the molecular motor dynein to push
towards the end of the microtubules (green arrow) and to provide the
force that pushes the nucleus in the opposite direction. Kinesin 3
provides the counterforce that pushes the nucleus downwards (apically).
DCX is decorating the perinuclear microtubule cage, and LIS1 and
Ndel1 are regulators of the − end motor dynein
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proliferation defects both in vivo and in vitro, thus causing
indirectly to discontinuation of interkinetic nuclear motility
(Pramparo et al. 2010). DCX and LIS1 interact both
physically (Caspi et al. 2000) and genetically. The
combined effects of Lis1 haploinsufficiency and Dcx
knockout resulted in a more severe neuronal migration
and proliferation phenotypes when compared to the single
mutants, leading to cortical disorganization and depletion of
the progenitor pool (Pramparo et al. 2010).

The tight association between regulation of cell cycle
and interkinetic nuclear motility implies that additional
mitosis-related dynein-regulated processes are likely to
affect interkinetic nuclear movement. Nuclear envelope
breakdown occurs prior to formation of the bipolar
spindle and is a known dynein-mediated process.
Indeed, within the VZ, LIS1 and its interacting partner
NDEL1 were shown to affect nuclear envelope break-
down (Hebbar et al. 2008). More specifically, Lis1 +/−
mouse brains show reduced prophase nuclear envelope
invagination and increased the ratio of prophase to
prometaphase cells. Conversely, increased expression of
LIS1 resulted in faster motility of the nuclei within the VZ
and in ectopic mitoses (Bi et al. 2009). A clear reduction
in cellular polarity was also noted: centrosomes were
localized to different cellular positions; β-catenin and
numb, which are normally apically localized, were
dispersed throughout the cell; and the number of adherens
junctions was markedly reduced. This was accompanied
with increased apoptosis and smaller brains. The impor-
tance of LIS1 in neural stem cell division was further
underscored by the finding that mutations in the exon
junction complex component Magoh, which severely
reduce brain size, function through controlling the levels
of LIS1 during neurogenesis (Silver et al. 2010).

Knockout of Nde1, a LIS1 and dynein-interacting
protein, was shown to cause dramatic defects in mitotic
progression, mitotic orientation, and mitotic chromosome
localization in cortical progenitors (Feng and Walsh 2004),
resulting in a smaller brain. In humans, mutations in NDE1
result in severe microcephaly (Alkuraya et al. 2011;
Bakircioglu et al. 2011). Double knockout of Nde1 and
Lis1 resulted in a marked reduction in brain size (80%
decrease). In addition, abnormal morphology of metaphase
progenitors with reduced apical attachment to the ventric-
ular surface and weakened lateral contacts to neighboring
cells were noted. The reduction in cellular polarity
interfered with the accurate control of cell division
asymmetry and resulted in increased neuronal differentia-
tion (Pawlisz et al. 2008). Knockdown of the microtubule-
associated protein and dynein-interacting protein,
doublecortin-like kinase, also affected the structure of the
mitotic spindle and induced premature differentiation of
neural progenitors (Shu et al. 2006).

Another dynein-associated protein, which is involved in
interkinetic nuclear movement, is dynactin-1. Disruption of
dynactin-1 in the retina of zebrafish resulted in interkinetic
nuclei that migrate more rapidly and deeply into the basal
side and more slowly to the apical side (Del Bene et al.
2008). Given the described role of dynein in mediating
apically directed nuclear movement (Tsai et al. 2010), it is
possible that dynactin mutations may affect in a similar way
the movement of nuclei in the VZ of the cerebral cortex.

Additional driving forces for nuclear movement within
the VZ may come from polymerization and depolymeriza-
tion of microtubules connected to the nucleus. The
microtubule-associated protein Tpx2 may be involved in
microtubule assembly in a cell cycle-specific manner. By
redistribution in a cell cycle-dependent manner and an
effect on microtubule organization, Tpx2 couples cell cycle
and interkinetic nuclear movement (Kosodo et al. 2011).
Tpx2 begins to be expressed in S phase and accumulates in
the nucleus. Upon entry into G2 phase, Tpx2 redistributes
into the apical process and promotes nuclear migration. Cell
cycle progression from G1 to S phase is a prerequisite for
basal-to-apical nuclear migration, and Tpx2 is involved in
regulating this motility; knockdown of Tpx2 perturbed
basal-to-apical nuclear migration (Kosodo et al. 2011). In
addition to microtubules, microtubule dynamics may be
affected by centrosomal-associated proteins, which may
impact microtubules emanating from the centrosome and
through this activity regulate interkinetic nuclear move-
ment. Two such proteins have been found to affect
interkinetic nuclear motility. The first is Cep120, a
centrosomal protein highly expressed in neural progenitors.
The second is rather a group of proteins, transforming
acidic coiled-coil proteins (TACCs), centrosome- and
microtubule-associated proteins that have previously
been implicated in microtubule growth and nuclear
migration (Xie et al. 2007). Cep120 interacts with
TACCs and regulates the localization of TACC3 to the
centrosome. Silencing of either Cep120 or TACCs causes
defects in interkinetic nuclear motility and neural pro-
genitor self-renewal.

How do the microtubules connect to the nucleus? A
concentrated microtubule-based “cage” or “fork”-like struc-
ture has been observed in migrating primary cerebellar or
cortical neurons (Rivas and Hatten 1995; Xie et al. 2003).
Such a defined structure has not been observed so far in the
neuroepithelium; nevertheless, the nucleus is surrounded by
microtubules, which may be connected to the nuclear
membrane by Sad1p, UNC-84 (SUN)- and Klarsicht,
ANC-1, Syne Homology (KASH)-domain proteins (Starr
and Fridolfsson 2010; Fig. 2). SUN-domain proteins
traverse the inner nuclear membrane and interact with
KASH-domain proteins inside the perinuclear space. The
KASH-domain proteins that traverse the outer nuclear
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membrane interact with microtubule motor proteins in the
cytoplasm, thus physically linking the microtubule network
to the nucleus. Experiments in knockout mice revealed that
the SUN-domain proteins SUN1 and SUN2 and the KASH-
domain proteins Syne-1/Nesprin-1 and Syne-2/Nesprin-2
play an important role in regulating interkinetic nuclear
migration as well as neuronal migration in mice. Syne-2 is
connected to the centrosome through interactions with both
dynein/dynactin and kinesin complexes (Zhang et al. 2009).
It is likely that as they mediate the microtubule binding to
the nucleus, that they serve as transducers of the forces
applied to them by the motors to the nucleus (Fig. 2). This
is also true in scenarios in which nuclear movement is the
critical step during cellular motility. SUN1 and SUN2 form
complexes with Syne-2 to mediate the centrosome–nucleus
coupling not only during interkinetic nuclear migration but
also during radial neuronal migration in the cerebral cortex.

As noted, the microtubules are not the single cytoskeletal
element participating in interkinetic nuclear movement. A
role for actomyosin contraction has been demonstrated for
apical to basal movement of the nucleus during the G1
phase of the cell cycle (Schenk et al. 2009). The role of
myosin II in this process is controversial. Inhibition of
myosin II activity in the Zebrafish retina (Norden et al.
2009) or in the mammalian neuroepithelial cells (Schenk et
al. 2009) affected basal or bidirectional nuclear migration.
However, either myosin II inhibition or knockdown had no
effect on the basal or apical-oriented movements in
organotypic rat slices (Tsai et al. 2010).

The Role of the Centrosome

Nucleokinesis during interkinetic nuclear movement, unlike
nuclear dislocation during neuronal migration, does not
involve the motility of centrosomes. Centrosomes are found
at the endfeet of radial glia as cell cycle progresses.
Nevertheless, centrosomal integrity and the regulation of
microtubules associated with the centrosome are important
for proper nuclear oscillation (Xie et al. 2007). Further-
more, the asymmetric segregation of the centrioles to the
daughter cells affects cell fate. As mentioned above, a key
transition to generate neurons is the introduction of
asymmetrical cell divisions. One mode of asymmetrical
cell generation is inheritance of the mother centrosome
(Yamashita et al. 2007; Wang et al. 2009). The centrosome
retaining the old mother centriole stays in the VZ and is
preferentially inherited by radial glia progenitors, whereas
the centrosome containing the new centriole mostly leaves
the VZ and is largely associated with differentiating cells.
Removal of ninein, a mature centriole-specific protein,
disrupts the asymmetric inheritance of the centrosome and
causes premature depletion of progenitors from the VZ.

These results indicate that preferential inheritance of the
centrosome with the mature older mother centriole is
required for maintaining radial glia progenitors in the
developing mammalian neocortex (Wang et al. 2009).
Interkinetic nuclear movement has not been studied directly
in these experiments. However, since the old and the new
centrosome differ in their biophysical parameters, with a
strong microtubule anchorage activity associated with the
centrosome retaining the older mother centriole, it is
likely to assume that interkinetic nuclear motility
parameters will be affected by the identity of the centriole
residing in the cell.

Cell Polarity and Interkinetic Nuclear Movements

Proper cell polarity is a key feature in regulation of the
progenitors in the VZ (Chenn et al. 1998). Of the most
prominent polarity features are the organization and/or the
localization of polarized microtubules, the centrosome,
signaling molecules, and adhesion junctions. Adherens
junctions that are apically localized contain the β-catenin
protein, which is a downstream target of the Wnt pathway
that is involved in polarity regulation. Mice expressing
activated β-catenin exhibit expansion of the proliferative
zone and enlarged, disorganized brains (Chenn and Walsh
2002, 2003; Zechner et al. 2003). Conditional inactivation
of β-catenin in the developing brain resulted in severe
abnormalities in the organization of the neuroepithelium.
Interkinetic nuclear migration was disrupted, adherens
junctions were lost, as well as impaired radial migration
of neurons toward superficial layers and cell proliferation
after E15.5 was decreased (Machon et al. 2003; Zechner et
al. 2003). Polarized microtubules define directed transport
and display typical arrangements in the neuroepithelium
(Tsai et al. 2010) and in radially migrating neurons (Tsai et
al. 2007). It is therefore practically impossible to completely
dissociate between polarity regulation and cytoskeleton
regulation. Dynein binds to beta-catenin and may tether
microtubules at adherens junctions (Ligon et al. 2001). As
mentioned above, conditional overexpression of LIS1 leads
to abnormal adherens junctions in mice and faster movement
of nuclei in the VZ (Bi et al. 2009).

Adenomatous polyposis coli (APC), which is connected
both to the Wnt pathway and to microtubule regulation, is
required for multiple aspects of early cerebral cortical
development, including the regulation of cell number,
interkinetic nuclear migration, cell polarity, and cell type
specification (Ivaniutsin et al. 2009). In particular, condi-
tional inactivation of APC interfered with the normal
polarity of neuroepithelial cells in the cortex, where apical
proteins such as beta-catenin became cytoplasmic and
centrosomes lost their apical localization. Following APC
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knockdown, cells in S phase were not located in the outer
surface of the VZ, but rather close to the apical surface,
therefore strongly suggesting abnormal interkinetic nuclear
migration.

It is very likely that interkinetic nuclear movements
will be disrupted when neuroepithelial polarity is
abnormal. However, this issue has not been directly
investigated in all cases. Expression and localization of
the polarity protein, mPar-3, are dynamically regulated
throughout the cell cycle in radial glia (Bultje et al.
2009). While in interphase radial glia mPar3 is enriched at
the ZO-1-expressing lateral membrane domain that is
apical to the region where β-catenin is expressed, in
mitotic radial glia, its localization is more diffuse. When
mPar3 was either knocked down or overexpressed, the
number of progenitor that divided asymmetrically was
drastically reduced. However, while reduction in mPar3
resulted in an increase in neuron production, overexpres-
sion of mPar3 promoted radial glial progenitor cell fate
(Bultje et al. 2009). mPar3 regulates cell fate through
mediating the Notch pathway, in which its relevance to
interkinetic nuclear migration will be discussed below.

Pax6 is a multifunctional protein required in developing
cortical progenitors to control the cell cycle duration, the
rate of progression from symmetrical to asymmetrical
division, and the onset of expression of neural-specific
markers. In the cortex of Pax6 mutant mouse (Sey/Sey), at
E15.5, interkinetic nuclear migration was disrupted, and the
length of the cell cycle was significantly longer than
normal, with a lengthening of S phase (Estivill-Torrus et
al. 2002). A study using organotypic slices from the Pax6
mutant rat revealed premature descent of S phase nuclei,
unsteady ascent or descent of G2 phase nuclei, and ectopic
cell division within the basal side of the VZ. The position
of the centrosome during interkinetic nuclear movement
was also abnormal in the absence of Pax6. The centrosome
normally stayed at the most apical side of the neuro-
epithelial cells, apart from the nucleus during the S to G2
phase, while the Pax6 mutant showed unstable movement
of the centrosome associated with an abnormal interkinetic
nuclear movement. It has been suggested that Pax6
regulates interkinetic nuclear movement by stabilizing the
centrosome at the apical side (Tamai et al. 2007).

Central nervous system-specific deletion of an addition-
al, important, adherens junction gene, alpha-E-catenin,
resulted in shortening of the cell cycle, decreased apoptosis,
and cortical hyperplasia (Stocker and Chenn 2009). At the
cellular level, alpha-E-catenin allowed to maintain precur-
sors in a proliferative state. Its reduction causes neuronal
progenitors to prematurely exit the cell cycle and to leave
the VZ. This work revealed an unexpected function for
alpha-E-catenin in preserving β-catenin mediated Wnt
signaling during cortical development.

Mouse numb and numb-like proteins are involved in the
maintenance of radial glia adherens junctions. Numb
accumulates in the apical endfeet, where it localizes to
adherens junction-associated vesicles and interacts with
cadherins. Numb and Numbl inactivation in radial glia
decreases proper basolateral insertion of cadherins and
disrupts adherens junction assembly and polarity, leading to
progenitor dispersion and disorganized cortical lamination.
Conversely, overexpression of Numb prolongs radial glia
polarization, in a cadherin-dependent manner, beyond the
normal neurogenic period. Thus, by regulating radial glia
adhesion and polarity, Numb and Numbl are required for
the tissue architecture of neurogenic niches and the cerebral
cortex (Rasin et al. 2007).

Tempering with the VZ apical–basal polarity may result in
different outcomes none of which is compatible with normal
progression of cortical development. The results of reduction
in cellular polarity in the VZ are highly variable even with the
same gene involved. For example, conditional knockout of
cdc42 was carried out using different Cre drivers, in both
cases reduced ventricular cell polarity was observed,
followed by changes in cell fate (Chen et al. 2006) or
holoprosencephaly, a fusion of the two hemispheres (Chae et
al. 2004).

Abnormal polarity and changes in cell fates were also
described in Hyh mutant mice. These mice carry a
hypomorphic mutation in the Napa gene encoding for
soluble N-ethylmaleimide-sensitive factor attachment pro-
tein (SNAP) alpha, which is involved in SNAP receptor-
mediated vesicle fusion (Pawlisz et al. 2008). The VZ of
these mice exhibits abnormal localization of many of the
apical proteins, which is accompanied by change in
neuronal cell fate.

Conditional inactivation of the polarity atypical protein
kinase C (aPKC)1 resulted in a severe disruption of
adherens junctions, but affected neither neurogenesis nor
neuronal migration (Imai et al. 2006). Nevertheless, in the
zebrafish retina, aPKC-mediated cell polarity is essential
for the coordination between nuclear position and neuro-
genesis. Loss of aPKC resulted in increased proliferative
cell divisions and reduced retinal neurogenesis (Baye and
Link 2007). In that system, various parameters of inter-
kinetic nuclear migration were found to be significantly
heterogeneous among cells. An interesting noted feature
was that neurogenic progenitors exhibited a higher ratio of
basal nuclei migrations during the last cell cycle preceding
a terminal mitosis.

In addition to cell polarity, cell–cell interactions via gap
junctions may be involved in regulation of interkinetic
nuclear movements. In the chick retina, the coupling of gap
junctions and gap junction-dependent calcium activity are
common features of the proliferating cells in the immature
nervous system. Nuclear movements were associated with
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Ca2+ transients, and buffering of these transients slowed
the movement down. Conventional blockers of gap
junctions, transfection of cells with dominant-negative
constructs of connexin 43, and expression of specific
antisense oligodeoxynucleotides reduced interkinetic
nuclear movement. Thus, communication through gap
junctions is an important requirement for the mainte-
nance of normal nuclear movement in retinal progenitor
cells (Pearson et al. 2005). Progenitors in the VZ are also
connected by gap junctions (LoTurco and Kriegstein 1991;
Bittman et al. 1997); therefore, it is likely that similar
regulatory mechanisms involving gap junctions and calcium
transients are functional there as well (Elias and Kriegstein
2008).

Interkinetic Nuclear Movements:
What is the Rationale?

Is there any reasoning why the organism should spend so
much energy on oscillating the nuclei of immobile cells?
Several hypotheses for this phenomenon were presented. It
has been speculated that this may be a way of increasing
the density of precursor cells while maintaining adherens
junctions during mitosis (Frade 2002). In support of this
view, it has been observed that migration towards the basal
side of the VZ occurs in a passive manner due to migration
of nuclei at the G2/M phase towards the apical side
(Kosodo et al. 2011). An additional option is that this
movement allows differential exposure to environmental
cues that differ in the apical (mitotic) versus the basal
(neurogenic) domains. This suggestion implicates that the
length of time the nucleus spends in an apical or a basal
position and the speed of movement may be manifested in
the fate of the progeny. In regard to that notion, Notch
signaling is activated in the developing retina as the nuclei
move into the apical compartment and downregulated in
nuclei that move in the opposite direction (Del Bene et al.
2008). The Notch pathway has a well-characterized role
during neurogenesis (Shen et al. 2002; Mizutani et al. 2007;
Del Bene et al. 2008; Yoon et al. 2008; Latasa et al. 2009).
Notch signal prevents progenitors from leaving the cell
cycle and differentiating prematurely. Its activation during
the time progenitors are competent to produce radial glia
leads to a depletion of this cell type. Notch mRNA is
increased on the apical side, whereas Delta (one of the
Notch ligands) mRNA and protein are enriched basally.
Between mitoses, a progenitor nucleus moves twice
through a Notch spatial gradient. If the nucleus stays close
to the apical side, it will encounter high Notch levels
throughout the cell cycle, and both of its daughters are
likely to remain proliferative. On the other hand, if the
nucleus is translocated more basally, Notch activity is

reduced, predisposing the progenitor to produce one or two
daughter neurons during its subsequent mitosis.

As mentioned above, the polarity protein mPar3 is
also involved in Notch regulation. Cells with a high
level of mPar3 expression are exposed to high Notch
signaling activity, and cells with low levels of mPar3
expression harbor low Notch signaling activity. mPar3’s
effect on asymmetry in radial glial daughter cell fate
specification is mediated through the Notch signaling
pathway (Bultje et al. 2009). Furthermore, in several
systems, Notch has been shown to act upstream to Pax6,
which has been discussed previously (Kumar and Moses
2001; Onuma et al. 2002).

Microcephaly in Humans—Diseases of Interkinetic
Nuclear Movement?

An interesting connection between regulation of the cell
cycle, neurogenesis, and human developmental diseases
came from the identification of genes associated with
microcephaly in humans (Bond and Woods 2006; O'Driscoll
et al. 2006; Nigg and Raff 2009; Shimada and Komatsu
2009). Many of these genes or the cellular components that
malfunction in these diseases are also important for normal
interkinetic nuclear movement. Here, we will highlight some
examples of microcephaly-associated genes, which are
involved in centrosomal function and/or cell cycle and as
such may affect interkinetic nuclear movements. So far, there
is no direct evidence connecting aberrant interkinetic nuclear
movements with microcephaly disease-causing mutations.
Nevertheless, reduction in the number of neurons produced
is typically seen in microcephaly possibly partly due to
abnormal interkinetic nuclear movements. Microcephalic
brains in the mouse were noted following knockout of
Nde1, where dramatic defects in mitotic progression, mitotic
orientation, and mitotic chromosome localization in cortical
progenitors were observed as well as altered neuronal cell
fates (Feng and Walsh 2004). Microdeletions encompassing
the human NDE1 gene have been to be one of the risk
factors for microcephaly, mental retardation, and epilepsy
(Hannes et al. 2009). Furthermore, mutations in NDE1 result
in extreme microcephaly and grossly simplified cortical gyral
structure, a condition referred to as microlissencephaly
(Alkuraya et al. 2011; Bakircioglu et al. 2011). Mutated
NDE1 proteins were found to be unstable, incapable of
binding cytoplasmic dynein, and did not localize properly to
the centrosome. In addition, a CDK1 phosphorylation site
within the C-terminal region disrupted by the mutations is
required for cell cycle progression from the G2 to the M
phase.

Additional mutations in humans reveal the importance of
proper centrosomal function for normal brain size. Micro-
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tubules usually emanate from the centrosome, and mutations
in tubulin are also associated with congenital microcephaly
(Bahi-Buisson et al. 2008; Morris-Rosendahl et al. 2008).
Mutations in WDR62, which encodes for a centrosome-
associated protein, cause microcephaly with simplified gyri
and abnormal cortical architecture (Nicholas et al. 2010; Yu
et al. 2010). Mutations in the centrosomal protein CEP152
result in primary microcephaly (Guernsey et al. 2010).
CEP152 is the putative mammalian ortholog of Drosophila,
asterless, mutations in which affect mitosis in the fly.
Mutations in the pericentriolar and centrosomal encoding
protein STIL cause primary microcephaly (Kumar et al.
2009). In addition, mutations in cyclin-dependent kinase 5
regulatory-associated protein 2 (CDK5RAP2) and in the
centromere-associated protein J (CENPJ) are the genetic
cause in some cases of primary microcephaly (Bond et al.
2005; Gul et al. 2006). Both CDK5RAP2 and CENPJ are
localized to the centrosomes. In the mouse brain, Cdk5rap2
is highly expressed in the neural progenitor pool, and its loss
results in a depletion of apical progenitors and increased cell-
cycle exit leading to premature neuronal differentiation
(Buchman et al. 2010). Cdk5rap2 function was further
linked to the pericentriolar material protein pericentrin.
Depletion of pericentrin in neural progenitor phenocopies
the effects Cdk5rap2 knockdown and results in decreased
recruitment of Cdk5rap2 to the centrosome (Buchman et al.
2010). Pericentrin is mutated in human patients with reduced
brain and body size (Seckel syndrome; Griffith et al. 2008).
In this study, an interesting link has been made between the
role of this centrosomal protein and defective ATR-
dependent DNA damage signaling. Additional links between
regulation of mitosis, microcephaly, and DNA damage
response have been noted. Microcephalin, an additional
gene implicated in human microcephaly, has a role in the
initiation of chromosome condensation during mitosis and
DNA damage-induced cellular responses (Trimborn et al.
2004; Xu et al. 2004; O'Driscoll et al. 2006). Furthermore,
patients with mutations in microcephalin can be more readily
diagnosed by the finding of increased numbers of "prophase-
like cells" on routine cytogenetic investigation (Cox et al.
2006). This observation strongly suggests problems in cell
cycle control, which may be mirrored in interkinetic nuclear
migrations. Furthermore, it has been suggested that the
abnormal spindle-like microcephaly-associated protein
(ASPM), which regulates brain size (Bond et al. 2002), is
involved in maintaining symmetric divisions of the apical
progenitors (Fish et al. 2006). In addition, ASPM may be
involved in completion of cytokinesis (Paramasivam et al.
2007). Despite the known effect of microcephaly-associated
proteins on the neuronal progenitor cell cycle and fate, a
direct role for microcephaly-associated proteins in the
regulation of interkinetic nuclear movements is still to be
discovered.
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