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Abstract
Development and normal physiology of the nervous system require proliferation and differentiation of stem and progenitor cells
in a strictly controlled manner. The number of cells generated depends on the type of cell division, the cell cycle length, and the
fraction of cells that exit the cell cycle to become quiescent or differentiate. The underlying processes are tightly controlled and
modulated by cyclin-dependent kinases (Cdks) and their interactions with cyclins and Cdk inhibitors (CKIs). Studies performed
in the nervous system with mouse models lacking individual Cdks, cyclins, and CKIs, or combinations thereof, have shown that
many of these molecules control proliferation rates in a cell-type specific and time-dependent manner. In this review, we will
provide an update on the in vivo studies on cyclins, Cdks, and CKIs in neuronal and glial tissue. The goal is to highlight their
impact on proliferation processes during the development of the peripheral and central nervous system, including and comparing
normal and pathological conditions in the adult.
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Introduction

The development of the vertebrate nervous system involves a
series of coordinated morphological events. The primordium
of the entire central nervous system (CNS) is the neural tube,
which originates from the neural plate. The latter is a special-
ized epithelial sheet of the ectoderm, which invaginates during
neurulation along a rostro-caudal axis. The resulting neural
tube differentiates into the spinal cord and the brain [1].

Peripheral Nervous System

Shortly after the neural groove closes completely, some
neuroectodermal cells delaminate from the dorsal-most region
of the neural tube. These neural crest progenitor cells are a
highly proliferative and migratory cell population. They give
rise to a wide variety of cell and tissue types including neurons

and glia of the peripheral nervous system (PNS). Themajority of
Schwann cells, the myelinating and non-myelinating glial cells
of the PNS, arise from neural crest-derived Schwann cell pre-
cursor cells that migrate along axons of developing nerves in the
embryo [2]. The proliferation rate of Schwann cell precursors
gradually decreases during the first mouse postnatal week as
differentiation into myelinating and non-myelinating Schwann
cells proceeds. Mature Schwann cells are growth-arrested; how-
ever, they remain capable of re-entering the cell cycle, as ob-
served in de- and regeneration processes after nerve damage [3].

Developing Central Nervous System

The CNS originates from neuroepithelial cells of the ectoderm
which expand by symmetric divisions and line the wall of the
neural tube. They give rise to radial glia cells, a heterogenous
population acting as neural stem and progenitor cells during
the development of the CNS. The neural stem and progenitor
cells within the ventricular zone (VZ) of the head region,
including the developing cortex, the cerebellum, and the reti-
na, are characterized by an extremely high proliferation rate
[5, 94]. Since the development of the forebrain requires a vast
expansion of tissue, an additional germinal layer, the
subventricular zone (SVZ), has developed during evolution.
It is colonized by basal progenitor cells, an amplifier
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population that emerges through asymmetric division of stem
cells within the VZ [6]. This pool is less proliferative, but
gives rise to the majority of the neurons in the cortex through
neurogenic divisions [7]. Cell cycle progression plays an im-
portant role in controlling the transition from proliferative to
neurogenic divisions of neural progenitor cells. This transition
is associated with an increase in the length of the cell cycle due
to a lengthening of the G1 phase [4, 8]. At later stages, the
cortical stem cells switch their fate and start producing glial
cells such as oligodendrocytes and astrocytes. This process is
continued and completed after birth [5, 95]. Differently, in the
spinal cord, all the neural and glial cells, with the exception of
microglia, originate from the neuroepithelium [1]. First, dis-
tinct classes of neurons arise, and as they differentiate, they
move laterally to the intermediate zone of the spinal cord
before reaching their final position in the mantle zone [1].
Following the neurogenic phase, the oligodendrocytes and
astrocytes arise from progenitor cells in spatially restricted
domains of the VZ [9].

Adult Central Nervous System

In adult mammals, multipotent stem cells persist in specialized
niches throughout the body including the brain. Unlike the
embryonal neuronal stem cells that are highly proliferative
and responsible for tissue growth, the adult neural stem cells
leave the cell cycle and become quiescent [10]. In mice, adult
neurogenesis continues in two main regions of the brain: the
SVZ of the lateral ventricles that generates neurons of the ol-
factory bulb and the subgranular zone (SGZ) of the hippocam-
pal dentate gyrus (DG) [10]. Importantly, brain injuries can
induce neurogenesis by triggering and enhancing proliferation
of quiescent stem and progenitor cells in the germinal niches of
the SVZ and SGZ. How de novo neurogenesis could be pro-
moted to reach a better recovery after CNS injuries without
provoking adverse consequences such as seizures is under in-
tense investigation [11]. In addition, oligodendrocyte progeni-
tor cells (OPCs) persist and continue to divide slowly through-
out adulthood in the brain parenchyma [12, 13]. Following an
injury, OPCs are activated, increase their proliferation rate, and
eventually move towards the lesion site [14]. Similarly, quies-
cent astrocytes become activated and restart dividing. Increased
astrocyte proliferation (astrocytosis) is also commonly ob-
served in acute and chronic brain diseases [12, 15].

Summing up, the development of the nervous system, its
normal physiology, and the ability to respond to injuries re-
quire a sophisticated coordination between cell division,
growth arrest, and differentiation of progenitor cells.

Cell Division

Cell division is a complex process that is regulated at multiple
levels [5, 11, 96]. The cell cycle is divided in four phases

organized as DNA synthesis (S), mitosis (M), and two gap
phases, G1 and G2, preceding S and M phases, respectively
(Fig. 1a). There are a number of checkpoints at which the cell
examines external cues (like molecular signals) and internal
cues (like DNA damage) and decides whether or not to move
forward with division [102]. Once the cell passes the G1
checkpoint and enters S phase, it becomes irreversibly com-
mitted to division. The G2 checkpoint at the G2/M transition
ensures that the replicated DNA is not damaged before the cell
enters mitosis. If DNA has been damaged, the tumor suppres-
sor gene p53 is activated. The cell cycle is blocked until the
damage has been repaired or apoptosis is induced if the dam-
age is unrepairable [102]. The mitotic checkpoint at the tran-
sition from metaphase to anaphase determines whether all the
sister chromatids are correctly attached to the spindle micro-
tubules. It is regulated by proteins centered around the activity
of the anaphase-promoting complex (APC). To drive the cell
cycle in one direction, mitotic proteins such as CyclinB are
cyclically destroyed via ubiquitin (Ub)-mediated proteolysis.
The rapid degradation is triggered by APC, a multi-subunit E3
ligase that facilitates conjugation of Ub to targeted substrates
during mitosis [103].

Cell cycle progression is initiated by mitogen stimulation
during G1 phase, the only time period the cell cycle is respon-
sive to extrinsic signals. In G1, at the restriction point, cells
commit to a new round of cycle or exit from the cell cycle,
either permanently (differentiation) or transiently (G0) [109].
Mitogen stimulation activates multiple signaling pathways
that eventually induce the expression of D-type cyclins [104,
110]. These proteins, in association with their catalytic part-
ners, Cdk4 and Cdk6, are fundamental to the regulation of the
G1/S phase transition. CyclinD-Cdk4/6 and CyclinE-Cdk2
complexes mediate phosphorylation of the retinoblastoma
protein pRb. This event disrupts the association of pRB with
various family members of the E2F transcription factors that
subsequently bind to their dimerization protein (DP) partners
and activate the transcription of genes required for further
progression through the cell cycle (Fig. 1b) [5]. The rate of
cell cycle progression is tightly regulated by CKIs, which halt
cell cycle progression under unfavorable conditions [5]. In
mammals, CKIs are divided into two families: the Ink family
includes p16, p15, p18, and p19, and the Cip/Kip family com-
prises p21, p27, and p57. Ink proteins specifically bind to and
inhibit Cdk4/6, while Cip/Kip family members disrupt and
inactivate cyclin/Cdk complexes, including CyclinE-Cdk2,
Cyclin A-Cdk2, and CyclinB-Cdk1 (Fig. 1a).

In this review, we summarize in vivo studies of
cyclins, Cdks, and CKIs in the nervous system, in which
mouse models lacking individual members of these cell
cycle molecules or combinations thereof were used. In
doing so, we concentrate on those cyclins, Cdks, and
CKIs that regulate the cell cycle of glial and neural pro-
genitor cells [5, 11, 96].
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Neurogenesis

There are numerous studies reporting on the expression of cell
cycle activators and inhibitors in cells and tissues of the CNS
and PNS. In Table 1, we have compiled the available infor-
mation and provide an overview of the mRNA and protein
expression patterns of cyclins, Cdks, and CKIs that are in-
volved in proliferation processes during embryonic, postnatal,
and adult stages in the mouse. Table 2 provides a list of ref-
erences on in vivo studies in the mouse, in which the func-
tional impact upon loss of cyclins, Cdks, and CKIs in neural
and glial cells of the CNS and PNS was studied.

Neuronal Development

Most of the insight into the requirements for cell cycle pro-
teins during mouse embryonic development has been gained
from the analysis of neural progenitor cells in the cortex, the
retina, and the cerebellum [5, 94]. In the cortex, it is well

known that apical progenitor cells in the ventricular zone
(VZ) have a high proliferative potential, whereas the basal
progenitors in the subventricular zone (SVZ) divide only a
few times [16]. All the more surprising is the fact that to date,
only a few cell cycle proteins have been identified as regula-
tors of cell cycle progression in distinct neural progenitor cells
(NPCs) in the developing brain. For example, deletion of
CyclinD1 affects the development of the retina by inducing
a lengthening of the cell cycle in retinal progenitor cells [17,
18]. However, its loss in NPCs of the dorsal and ventral fore-
brain has no evident impact on cell division of these cells [19,
20]. A different outcome is observed upon loss of CyclinD2.
In its absence, the basal progenitor pool in the dorsal and
ventral SVZ of the developing cortex is diminished [19, 20].
Its lack also affects the progenitor pool in both the cerebellum
and the retina during development [21–23]. These results
demonstrate that a decrease in cell proliferation rates upon loss
of distinct cell cycle proteins is cell-type specific. While
CyclinD2 is indispensable for the proliferation of the
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Fig. 1 Regulation of the cell cycle. a The cell cycle is divided into four
phases: S-phase, in which DNA synthesis takes place, M-phase (mitosis)
and two G (gap) phases, G1 and G2. The course of the cell cycle is
regulated particularly at the transition between G1-S, G2-M, and M-
phase, three check points that ensure the integrity of the genome. In G1,
the cell responds to extrinsic signals. After the restriction point, the cell
passes through the cell cycle without further mitogen stimulation. The
Cdk complexes control the course of the cell cycle. Their catalytic

activities are modulated by interactions with cyclins and Cdk inhibitors.
Two classes of inhibitors regulate Cdk activities: the Ink4 family (p15,
p16, p18, p19) and the Cip/Kip family (p27, p21, p27). b
Unphosphorylated retinoblastoma (Rb) protein binds the transcription
factor E2F and inhibits its activity. The CyclinD-Cdk4/6 and CyclinE-
Cdk2 complexes phosphorylate Rb, which releases E2F. Free E2F binds
to DP proteins and transcribes genes necessary for progression through
the cell cycle
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Table 1 Data on mRNA and protein expression of cyclins (italics), Cdks (bold), and CKIs (bold-italics) involved in proliferation processes during
embryonic, postnatal, and adult stages in the mouse nervous system

ID proteina and/or mRNAb Stage References

CyclinA retinaa postnatal 24

CyclinB hyppocampusa embryo, postnatal, adult 76

CyclinD1 telencephalon, oral and nasal cavitiesb embryo 17

retina embryo, postnatal, adult 17, 18, 20, 24,34, 74, 77

hippocampus embryo, adult 20, 69, 74, 76

cortex embryo, postnatal, adult 19, 20, 26, 48, 49, 69, 74, 78

anterior pituitary glanda embryo 30

cerebellum embryo, postnatal, adult 20, 22, 48, 69, 74

spinal cord embryo 17, 79

SVZa embryo, adult 42

Schwann cellsa embryo, adult 53

sciatic nervea adult 53

CyclinD2 retinaa embryo, adult 20, 23, 74

braina embryo 80

VZ and SVZ, cortex embryo; postnatal, adult 19, 20, 48, 74, 81

anterior pituitary glanda embryo 30

cerebellum embryo, postnatal, adult 20, 21, 22, 48, 74

hippocampusa embryo, adult 20, 74

DG and SVZb adult 21

CyclinD3 braina embryo 80

retina embryo, postnatal, adult 24, 34, 82

CyclinE anterior pituitary glan a embryo 30

hippocampusa embryo, postnatal, adult 76, 83

thalamus and olfactory bulbsa embryo, adult 83

retinaa postnatal 24

braina embryo, postnatal, adult 76, 83, 84

cerebelluma embryo, postnatal, adult 48, 83

SVZa postnatal, adult 42

cortexa embryo, postnatal, adult 48, 83, 85

striatuma embryo, adult 83, 85

Cdk1 hippocampus and braina embryo, adult 76

Cdk2 retinaa embryo 77

hippocampusa embryo, adult 76

cortex and cerebelluma postnatal 48

sciatic nervea postnatal, adult 55, 86

SVZa postnatal, adult 42

braina embryo, postnatal, adult 76, 83, 84

Cdk4 retinaa embryo, postnatal 24, 77

braina embryo, adult 76

cortex and cerebellum embryo, postnatal, adult 48, 69

SVZ and DGa postnatal, adult 41, 42

sciatic nervea postnatal, adult 55

neurons, microglia, oligodendrocytes and astrocytesa adult 87, 88

spinal corda adult 89

hippocampus embryo, adult 69, 76

Cdk6 cortexa embryo 26

retinaa postnatal 24

SVZ and DGa postnatal, adult 41, 42
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progenitor cells in various developing brain tissues, CyclinD1
ablation appears to be compensated in most cases by an up-
regulation of other cyclin family members, such as CyclinD2
in the cortex [19, 20] or CyclinD3 in the retina [24].

To date, only a few publications report on the impact of
Cdk deficiencies in the nervous system. Mice with single ab-
lations of Cdk2, Cdk4, or Cdk6 survive, and their mutant
apical and basal progenitors in the developing cortex show
no major defects in cell cycle characteristics [25]. There are,
however, contradictory results regarding Cdk6. Mi et al. re-
ported that ablation of Cdk6 induced a reduction in the prolif-
eration rate of cortical progenitors at embryonic day (E)12.5
[26]. Regional differences along the rostral-caudal axis might
account for the discrepancy in the published studies and need
to be further examined. Our group recently reported that con-
comitant deletion of Cdk4 and Cdk6 specifically affected bas-
al but not apical progenitor cell populations in the ventral and
dorsal cortex [25]. Similarly, Lim and Kaldis observed that
Cdk2/Cdk4 double knockout embryos displayed a reduced
thickness specifically of the SVZ and the cortical plate, but

not of the VZ [27]. Notably, both studies came to the conclu-
sion that proliferation rates of apical progenitors were not
affected, which reveals substantial differences in the regula-
tion of cell division in the SVZ vs. the VZ. Moreover, the
finding that concomitant ablation of Cdk2 and Cdk6 had no
effect on progenitor cell proliferation [25] demonstrates that
only distinct combinations of Cdk molecules regulate the bas-
al progenitor pool in the developing cortex.

Studies using specific shRNAs demonstrated that concom-
itant inhibition of Cdk4 and CyclinD1 in the developing cor-
tex was required to induce a prolonged G1 phase in targeted
cells accompanied by an increase in neurogenesis [28]. These
findings substantiate the results obtained in the knockout
mice, where single ablations of Cdk molecules were less ef-
fective in inducing a proliferation phenotype.

In addition to the role of cyclins and Cdks, CKIs have also
been identified to be essential players in regulating prolifera-
tion of neural progenitor cells. In the retina, the absence of the
inhibitors p19 and p27 caused an extended period of progen-
itor cell proliferation [29]. Similarly, p57-deficient mice

Table 1 (continued)

ID proteina and/or mRNAb Stage References

p16 hippocampusa embryo, postnatal, adult 76

sciatic nerveb postnatal, adult 56

cortex and cerebelluma postnatal, adult 48

SVZa adult 42

striatuma adult 90

p18 neocortexb embryo 91

hippocampus embryo, postnatal, adult 76, 91

SGZa adult 93

p19 cortex and cerebellum embryo, postnatal, adult 48, 91

hippocampus embryo, postnatal, adult 76, 91

p21 cortex embryo, postnatal, adult 32, 48, 73

cerebellum embryo, postnatal, adult 48, 32

hippocampus embryo, postnatal, adult 43, 76

SVZ and DGa postnatal, adult 42, 92, 93

p27 brain and forebrain embryo, adult 31, 89

VZ, SVZ, IZ, CP and cortex embryo 32, 73

anterior pituitary glanda embryo 30

hippocampusa embryo, postnatal, adult 76

retinaa embryo, postnatal, adult 24, 34, 82

sciatic nervea postnatal, adult 93

Schwann cellsa postnatal, adult 56

SVZ, DGa postnatal, adult 42, 43

p57 cortex embryo 32, 73

hippocampusa embryo, postnatal, adult 47, 76

anterior pituitary glanda embryo, adult 30

aOnly protein
b Only mRNA
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displayed a hyperplastic anterior pituitary gland caused by
increased proliferation of progenitors during development
[30]. In accordance, forced overexpression of cell cycle inhib-
itors induced opposite effects: in the cortex, overexpression of
p57 and p27 led to cell cycle exit of cortical progenitors
[31–33], while in the retina, overexpression of p27 caused
retinal progenitors to prematurely leave the cell cycle [34].

Adult Neurogenesis

In adult mice, cell division continues throughout life in two
main regions of the CNS, the SVZ, and the SGZ (for adult
neurogenesis, see [35]). The resulting continuous addition of
new neurons into the circuitry is the focus of extensive re-
search. Several studies have shown that dysregulation of the
cell cycle is a primary cause of the alteration of the homeosta-
sis in the adult neurogenic niches leading to neurological dis-
eases [10]. One of the critical players in adult neurogenesis is
CyclinD1. Its deletion inhibits the proliferation of neuronal
progenitor cells in both the SVZ and SGZ [36], as well as
the retina [37]. Similarly, mice lacking CyclinD2 display a
reduction in the size of the hippocampus and the olfactory
bulbs. This is in line with direct measurements of cell prolif-
eration by in vivo labeling of newly synthesized DNA, where
reduced neurogenesis in both the SVZ and SGZ was observed
upon loss of CyclinD2 [38]. Interestingly, CyclinD2 only be-
comes indispensable 4 weeks after birth in the SGZ [39], and
its loss is not compensated by overexpression of CyclinD1 in
the adult hippocampus [40]. These data reveal remarkable

functional differences between the two closely related family
members during development and adulthood.

Proliferation of adult neural progenitor cells is also highly
dependent on Cdk expression. Cdk6-deficient neural commit-
ted progenitors displayed reduced proliferation rates accom-
panied by a reduction of neurogenesis in the SVZ and SGZ
[41]. Loss of Cdk2 began to affect progenitor proliferation in
the SVZ only at 2 weeks after birth. Elevated levels of Cdk4
expression in the Cdk2-deficient mice point to potential com-
pensatory mechanisms during the first days after birth [42].
Unlike Cdk2 and Cdk6, lack of Cdk4 did not significantly
affect adult neurogenesis [41].

Studies on the requirement for CKIs in adult neural pro-
genitor cells are scarce and have produced contradicting find-
ings. Qiu et al. reported that the deletion of p21 had no effect
on the proliferation rate in the SGZ [43], while Kippin et al.
demonstrated the opposite [44]. During adulthood, the pro-
duction of neural progenitors and neurons declines with age
[45]. In the SVZ, the expression levels of the p16 inhibitor
increase with age. Accordingly, deletion of p16 prevents the
age-dependent decline in neural progenitor proliferation and
neuron production specifically in the SVZ but not in the SGZ
[46]. Similarly, the deletion of p57 promoted neurogenesis in
both young and aged mice, but led to an exhaustion of the
neural progenitor pool in the long term [47].

Gliogenesis

Gliogenesis in the CNS

During mouse brain development, the generation of glial
cells starts shortly before birth. Hence, the prenatal time
window is rather short and only few cell cycle proteins
have been studied in this context. The loss of one of them,
the p27 inhibitor, was shown to enhance the proliferation
of glia progenitors in many areas, such as the spinal cord,
the subcortical white matter, and the cerebellum.
Interestingly, this effect was found to be transient, as the
proliferation rate of OPCs equaled that of the wild-type
counterpart in the spinal cord by E19 and in the cerebel-
lum by postnatal day (P) 16 [48].

Gliogenesis mainly occurs postnatally, and it can be acti-
vated during the entire lifespan in response to stimulation such
as traumatic injuries, as discussed later in the text. Cortices of
mice lacking CyclinD1 exhibit a cell- and stage-specific re-
quirement for CyclinD1 in the various glial lineages. While
proliferation of fast dividing OPCs at early postnatal stages
becomes gradually dependent on CyclinD1, this particular G1
regulator is strictly required for the slow divisions of OPCs in
the adult cerebral cortex [49]. Indeed, in the adult mutant
mice, the number of mature oligodendrocytes is reduced in
both prefrontal cortex and corpus callosum with a consequent

Table 2 List of publications investigating the impact of cyclins (italics),
Cdks (bold), and CKIs (bold-italics) on proliferation of neuronal and glial
progenitors in the CNS and PNS under physiological conditions and upon
injury

ID Embryonic Postnatal/
adult

Injury

CyclinD1 17, 18 36, 37, 49, 53 53, 65, 67

CyclinD2 19–23 38–40, 54 53, 54

Cdk2 25, 27 42, 50, 55 50, 55

Cdk4 25, 27 41, 55 55, 65

Cdk6 25, 26 41, 55 55

p16 – 46, 56 56

p19 29 – –

p21 – 43, 44, 52, 56 43, 56

p27 29, 48 48, 51 70

p57 30 47 –

The studies were performed using mouse models lacking individual
cyclins, Cdks, and CKIs, or combinations thereof. References 17–23,
25–27, 29, 30, 48: CNS, neural and glial development; references
36–44, 46, 47: CNS postnatal/adult neurogenesis; references 48–52:
CNS, postnatal/adult gliogenesis; references 53–56: PNS, gliogenesis/
injury; references 43, 50, 65, 67, 70: CNS, injury

3211Mol Neurobiol  (2020) 57:3206–3218



reduction in the number of myelinated axons. In contrast, the
pool of microglia cells is diminished already a few days after
birth, while the number of astrocytes is not affected [49].
Regarding the role of Cdks, it has been shown that the loss
of Cdk2 has neither an effect on OPC proliferation nor on the
rate of myelination in the corpus callosum [50]. Little more
data is available regarding the cell cycle inhibitors: p27 has
been identified as an important player in OPC proliferation in
the postnatal cerebellum, since lack of p27 leads to an expan-
sion of the proliferating progenitors. Moreover, glial cell num-
bers were increased in the optic nerve consistent with the
function of p27 as an inhibitor of cell cycle progression [48,
51]. In contrast, p21-deficient OPCs exit from the cell cycle in
a manner comparable to that in control wild-type cells [52].

Gliogenesis in the PNS

The involvement of cell cycle proteins during postnatal glial
development has been studied more extensively in the PNS.
Using CyclinD1 and CyclinD2-deficient mice, it was demon-
strated that immature Schwann cells depend on neither
CyclinD1 nor CyclinD2 for cell cycle progression [53, 54].
Immunohistochemical analyses revealed that immature
Schwann cells express CyclinD1 in the cytoplasm but not in
the nucleus (Fig. 2a), providing an explanation for why its
absence does not affect proliferation at these early develop-
mental stages [54]. Studies with mice lacking Cdk proteins
showed that lack of Cdk4 affected Schwann cell proliferation
during early postnatal stages, while neither Cdk2 nor Cdk6
appeared to be essential for Schwann cells proliferation [55].
Notably, proliferation of embryonic Schwann cells was not
affected by the loss of Cdk4, suggesting that prenatal and
postnatal proliferation are regulated by distinct molecular
mechanisms. Regarding the cell cycle inhibitors, p21 and
p16 were identified to be individually required for proper
withdrawal of Schwann cells during postnatal development.

Interestingly, p21 only appears in the cytoplasm at P7, when
Schwann cells have mostly stopped dividing. Ablation of p21
after P7 induces a prolonged proliferative phase pointing to a
novel function attributed to cytoplasmic p21 [56].

Injury

Cell cycle activation is a prominent feature in both acute and
chronic neurodegenerative disorders. This has been extensive-
ly discussed in some recent reviews [57–62, 105]. Here, we
will focus on the requirements for cell cycle proteins in re-
sponse to neural injures in mice. An increase in the expression
of cyclins and Cdks accompanied by decreased expression
levels of CKIs is a typical feature observed in various types
of injuries [63]. Depending on the cell type, these changes in
expression levels of cyclins, Cdks, or CKIs lead to opposing
effects in mice: in glial cells, they affect proliferation, while in
neurons, they trigger apoptosis. In some cases, terminally dif-
ferentiated neurons that replicate their DNA do not die, but
remain alive with double the amount of DNA [105, 111].
There are various types of injuries that are applied in mouse
models to study the influence of cell cycle proteins in degen-
eration and regeneration processes in the CNS and PNS. For
example, mechanical insults such as spinal cord injury (SCI)
or middle cerebral artery occlusion (MCAO) to mimic
ischemic/hypoxic damage are typically used as injury models
in the CNS [97, 98]. Systemic applications of brain-lesioning
compounds such as excitotoxic kainic acid (KA) are also com-
mon approaches [99]. Further, ibotenic acid (IBO), a gluta-
mate receptor agonist, induces injuries within well-defined
borders [65], whereas lysolecithin (LPC) is used to induce
focal de-myelination in the CNS [100]. In the PNS, nerve
crush injuries are typically applied to study degeneration and
regeneration, while nerve cut injuries serve as a model to
investigate terminal degeneration.
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Injury in the CNS

In mice, tissue damage induces mature neurons to re-enter the
cell cycle, which in turn triggers apoptosis and leads to the loss
of these cells (Fig. 3a). Simultaneously, glial proliferation is
activated, which ultimately contributes to scar formation at the
injury site (Fig. 3b). Altogether, these effects on neurons and
glial cells make cell cycle proteins in this context a very inter-
esting topic [64].

In the literature, most of the in vivo studies in mice related
to neuronal injuries focus on CyclinD1. Mice lacking
CyclinD1 often display better responses to various types of
insults (Fig. 3a, b). Typical examples are reduced lesion areas
upon administration of IBO in the cortex [65], improved lo-
comotor scores in response to SCI [66], or limited reactive
gliosis and neuronal apoptosis induced by ischemic damage
[15, 64, 67, 68]. Moreover, knockdown of CyclinD1 with
antisense oligonucleotides is protective against KA-induced
neuronal apoptosis [69]. In addition, ablation of CyclinD1
leads to reduced proliferation rates of various glial subpopu-
lations in mutant compared to control cortices in IBO-induced
injury models [65]. Similarly, in response to IBO, the prolif-
eration rates of cortical Olig2-positive glial cells were reduced
upon loss of Cdk4 compared to wild-type mice [65], while
antisense oligonucleotides targeting Cdk4 were protective
against KA-induced apoptosis of neurons in the cortex and
the amygdala [69]. Loss of Cdk2 was studied in a different

context: experiments performed with LPC to induce focal de-
myelination in the corpus callosum showed that in the absence
of Cdk2, OPC proliferation was reduced and remyelination
was promoted in the CNS [50]. The role of CKIs was studied
in adult stem cells and neurons using ischemic models [64].
p21-null mice displayed a significant activation of the quies-
cent stem cell pool in the SGZ and in the SVZ after brain
ischemia, promoting cell division and neurogenesis [43].
Similarly, neural progenitor proliferation was elevated upon
loss of p27 in the ischemic SGZ [70].

Altogether, these results indicate that cell cycle proteins
play an important role in various pathological conditions. It
is under intensive debate whether their manipulation could be
a valuable approach for supporting the survival of neurons or
even promoting de novo neurogenesis after an insult.

Injury in the PNS

Injuries to peripheral nerves have profound effects on
Schwann cell proliferation both during postnatal development
and in the adult. Hence, several studies focused on the impact
of cell cycle components during degeneration and regenera-
tion processes in the PNS. Studies on CyclinD1 showed that
this G1-cyclin only translocates into nuclei of immature and
mature Schwann cell upon axonal damage (Fig. 2b).
Consistent with this observation, proliferation of both devel-
oping and adult Schwann cells was significantly reduced
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Fig. 3 Activation of the cell cycle
upon injury in the CNS.
Damaging stress to the mouse
nervous system induces CyclinD1
expression in both neurons and
glial cells, but leads to opposite
effects in vivo. a In neurons, re-
entry into the cell cycle induces
cell death, and ablation of
CyclinD1 leads to improved neu-
ronal survival. b In glial cells,
expression of CyclinD1 promotes
cell division, and lack of
CyclinD1 reduces glial prolifera-
tion and limits reactive gliosis
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following an injury in the absence of CyclinD1 compared to
wild type [53]. CyclinD2, however, was dispensable for the
proliferation response of Schwann cells after peripheral nerve
damage [53, 54]. Interestingly, replacing CyclinD1 coding
sequences with human CyclinE was not sufficient to rescue
the phenotype observed following an insult [54]. These data
support the notion that individual G1-cyclin members exert
specific functions and cannot always compensate for each
other under any circumstances. Similarly, members of the
Cdk family were differentially required after nerve injury.
While Schwann cells lacking Cdk4 were unable to re-enter
the cell cycle, loss of Cdk2 or Cdk6 had only a minor effect
on proliferation rates compared to controls [55]. Few data are
available on the role of CKIs. Absence of p16 and p21 was
found to be required for correct cell cycle control at the peak
of Schwann cell proliferation in denervated nerves [56]. In
summary, knowledge about the requirement for specific cell
cycle components in this context is limited, but the available
data suggest that a more detailed understanding of the proteins
would be beneficial towards a better understanding of
Schwann cell function in response to damage.

Differentiation and Cell Fate Determination

The manipulation of cell cycle proteins is not only elucidating
their effects on proliferation processes, but is also providing
increasing evidence that some members, in particular CKIs,
can directly control the differentiation fate of progenitor cells.
For example, p21 inhibits Sox2 expression in the SVZ by
directly binding to a Sox2 enhancer element. Upon loss of
p21, Sox2 accumulates at the protein level inducing a replica-
tive stress that leads to growth arrest of progenitor cells in the
SVZ [71]. p21 was also shown to modulate Bmp2 signaling,
and loss of p21 induced premature differentiation of progen-
itor cells into the astrocytic fate [72]. In the developing cortex,
lack of p27 leads to an increase in the generation of superficial
layer neurons [33]. Thereby, p27 promotes neuronal differen-
tiation through a mechanism that is independent of its function
as cell cycle regulator: it stabilizes the transcription factor
Neurogenin2 and consequently enhances the expression of
pro-neural genes [73]. In addition, it increases neuronal mi-
gration by blocking RhoA signaling [73]. In the same context,
the effects of p57 overexpression depended on the develop-
mental stage. Early in development, forced expression of p57
enhanced neurogenesis, while at later stages, it induced the
switch to gliogenesis. The effects on both neurogenesis and
gliogenesis were mediated by the N-terminal cyclin/Cdk bind-
ing site [32]. In the retina, the simultaneous deletion of p19
and p27 increased the number of horizontal cells postnatally,
although this type of neuron is normally born only in the
embryonic period [29]. Conversely, the overexpression of
p27 induced the generation of small clones, and only few

contained bipolar cells orMüller glia (for retinal development,
see [34]). In the SGZ, during the transition from early to late
postnatal stages, neurogenesis becomes gradually dependent
on CyclinD2 [39]. Lack of CyclinD2 not only diminished
neuronal production in the adult tissue, but the few progenitor
cells that were still generated preferentially differentiated to-
wards the gliogenic lineage [38]. Moreover, in the CyclinD2
mutant cortex, a significant reduction of parvalbumin
positive- (PV+) interneurons associated with electrophysio-
logical defects was observed [74].

In conclusion, cell cycle activators and inhibitors not only
regulate proliferation of progenitor cells, but can directly in-
fluence their fate determination through cell cycle-
independent mechanisms.

Conclusions

Development and normal physiology of the nervous system
require proliferation and differentiation events that have to be
fine-tuned in a spatio-temporal manner. In this work, we
reviewed studies that describe in vivo expression and func-
tions of cyclins, Cdks, and CKIs in the nervous system during
development and in the adulthood, under normal and patho-
logical conditions.

We specifically focused on studies that apply knockout
strategies in mice. In addition to this approach, further valu-
able insight into the molecular mechanisms that regulate pro-
liferation and differentiation processes in the nervous system
in vivo has been gained from overexpression experiments. For
example, forced expression of CyclinD1/Cdk4 in the devel-
oping cortex using in utero electroporation prevented G1
lengthening, inhibited neurogenesis, and led to an increase
of the basal progenitor population [28]. A separate study by
Pilaz et al. showed that the sole overexpression of CyclinD1 or
CyclinE was sufficient to shorten the G1 phase and delay
neurogenesis [75]. In another tissue, the adult hippocampus,
overexpression of CyclinD1/Cdk4 induced the expansion of
the neuronal stem cell pool but did not affect the pool of
committed progenitors. Similar to the results using knockout
mice, also these findings point to differences in cell cycle
dynamics between embryonic and adult progenitor cells, sug-
gesting that the experimental approaches applied are faithfully
revealing some fundamental physiological principles applied
by neural and glial progenitor cells in vivo [101]. First, cell
cycle proteins act in a cell-type-specific, context-, and time-
dependent manner. Second, there are remarkable functional
differences between closely related family members during
development and adulthood. Third, there is growing evidence
that components of the cell cycle machinery also play central
roles during neuronal and glial differentiation.

In compiling the available in vivo data, it was striking to
notice how few types of cyclins, Cdks, and CKIs have been
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studied in the nervous system to date, and how limited our
knowledge on the in vivo functions of these cell cycle com-
ponents is. In contrast, much effort was put into the investiga-
tion of Cdk5, an unconventional Cdk that is predominantly
activated in post-mitotic neurons of the developing cerebral
cortex and cerebellum, where it is involved in neurogenesis,
neuronal migration, and axon and dendrite formation.
Moreover, there is extensive data on the multiple molecular
and cellular functions of Cdk5, which are based on the fact
that Cdk5 phosphorylates many proteins involved in various
cellular events [106]. Hyperactivation of Cdk5 due to binding
to p35, p39, or p25 molecules is associated with a number of
neurological disorders and neurodegenerative diseases such as
Alzheimer’s, Huntington’s, or ischemia [107, 108]. Future
studies are needed to expand current information, and they
will possibly require double or triple knockout and knock-in
strategies. In this context, it is worthwhile to consider that
straight knockouts might exacerbate compensatory mecha-
nisms. This could explain why many studies found that a
significant number of cell cycle molecules seem to be dispens-
able for the survival of the organism. These effects appear to
be stronger during embryonic development than in adulthood.
Conditional knockout strategies are needed to capture the in-
dividual functions of cell cycle components in more detail
in vivo and to expand our knowledge for the benefit of treating
neurodegenerative diseases, injuries, and cancers.
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