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Abstract Following trauma or ischemia to the central

nervous system (CNS), there is a marked increase in the

expression of cell cycle-related proteins. This up-regulation

is associated with apoptosis of post-mitotic cells, including

neurons and oligodendrocytes, both in vitro and in vivo. Cell

cycle activation also induces proliferation of astrocytes and

microglia, contributing to the glial scar and microglial acti-

vation with release of inflammatory factors. Treatment with

cell cycle inhibitors in CNS injury models inhibits glial scar

formation and neuronal cell death, resulting in substantially

decreased lesion volumes and improved behavioral recov-

ery. Here we critically review the role of cell cycle pathways

in the pathophysiology of experimental stroke, traumatic

brain injury and spinal cord injury, and discuss the potential

of cell cycle inhibitors as neuroprotective agents.
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Introduction

Up-regulation of cell cycle proteins occurs after central

nervous system (CNS) injury [1–6], and contributes to

apoptosis of post-mitotic cells such as neurons and oligo-

dendroglia [2, 6–8]. Cell cycle activation also plays an

important role in post-traumatic gliosis and microglial

activation [1, 5, 9, 10]. Inhibition of cell cycle pathways

reduces injury-induced neuronal death in vitro [11] and

after CNS injury [12], as well as decreases glial scar

formation and release of microglial associated inflamma-

tory factors [1, 10].

Cell cycle activation induces caspase-dependent neuro-

nal apoptosis [13] in a variety of in vitro [8, 14, 15] and

in vivo models [16, 17]. Mechanisms of neuronal apoptosis

and cell cycle activation share common regulatory

elements such as retinoblastoma protein (Rb), E2F, and

p53. Generally, post-mitotic cells such as neurons do not

engage in cell cycle progression once they differentiate and

cell cycle proteins are usually down-regulated in these cells

[18]. However, mature neurons have the capacity to

re-enter the cell cycle, resulting in apoptosis rather than

neuronal proliferation [19, 20]. In contrast, mitotic cells

such as astrocytes or microglia within the CNS, respond to

cell cycle activation by proliferating, leading to increased

inflammation and glial scar formation [1, 5, 10].

The cell cycle

Progression through the cell cycle is controlled by the

interaction of numerous factors [21] including cyclins [22],

cyclin-activated kinases (CDKs) [23, 24] and cyclin-

dependent kinase inhibitors (CDKIs) [25, 26] (Fig. 1). In

response to stimulation, D-type cyclins are synthesized and

bind CDK4 and CDK6, which prompts cells to enter the G1

phase [27]. In the nucleus, CDK4/6 phosphorylates Rb on

specific residues including Ser780 and Ser795 [28].

Phosphorylation of Rb causes release of E2F transcription

factors, activating their transcriptional activity and the

transcription of genes required for the next phase of the

cycle [28–31]. Cyclin E is induced later in the G1 phase,

and its association with CDK2 is required for transition
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into the S phase, during which DNA synthesis is associated

with the active cyclin A/CDK2 complex [32]. Cyclin A is

degraded at the G2/M transition, while the released CDK2

forms a complex with newly synthesized cyclin B. The

latter complex is necessary for entry and progression

through mitosis [33], and is inactivated in late M by the

anaphase-promoting complex [34].

Progression through the cell cycle is strictly controlled,

and cells stopped at any of the checkpoints either return to

G0 phase or die by apoptosis [35, 36]. For example,

depending on the cellular conditions [37], E2F can induce

apoptosis in a variety of ways: (1) activation of B- and C-

myb genes [38], (2) increased expression of caspases-3,

-9 and -8 and Apaf-1 [39], (3) and activation of p53 and

p73 [3, 30]. p53 and p73 activate pro-apoptotic Bcl-2

family members, releasing mitochondrial pro-apoptotic

proteins such as cytochrome c [39, 40].

Cell cycle inhibitors

Endogenous and exogenous cell cycle inhibitors block the

progression of a cell through the cell cycle. There are seven

endogenous cell cycle inhibitors, comprising two families

that function by binding to the cyclin dependent kinases.

The Cip/Kip family functions to broadly and non-specifi-

cally block activity of CDKs, and includes p21Cip1,

p27Kip1, and p57Kip2 [41]. p27 is the most highly expressed

inhibitor in the brain [42]. The Ink4 family, in contrast, is

specific for CDK4/6, and includes p16Ink4A, p18Ink4C, and

p15Ink4B. These inhibitors are required to maintain cell

quiescence, and are up-regulated in response to contact

inhibition or anti-mitogenic stimuli, binding to CDK/cyclin

complex and preventing activity [41]. They are also up-

regulated during development, remaining elevated in the

adult brain.

The most commonly used CDK inhibitors include

flavopiridol, roscovitine and olomoucine (Figs. 1, 2).

Flavopiridol, a semi-synthetic flavonoid derived from the

bark of rohitukin [43], inhibits all CDKs, reduces cyclin D1

mRNA transcription, and leads to cell cycle arrest in G1 or

at the G2/M transition [44, 45]. Roscovitine, a purine

analogue, prevents activation of CDK2 and CDK5 [46]. At

higher concentrations, it may inhibit the activity of signal

transduction pathway kinases, such as ERK1 and ERK2.

Olomoucine (2-(2-hydroxyethylamino)-6-benzylamino-9-

methylpurine) regulates the activity of CDK2 and CDK5

by competitively binding the ATP-binding site [47].

Cell cycle proteins in vitro

Neurons

Cell cycle proteins play a major role in models of neuronal

damage and death in vitro. For example, kainic acid, which
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Fig. 1 Cell cycle diagram. This

diagram indicates the role of

different cell cycle proteins

activated after CNS injury and

their related endogenous and

exogenous inhibitors.

Activation of CDK4 through the

binding with cyclin D1 results

in its translocation to the

nucleus as part of G1 phase.

There, the cyclin D1/CDK4

complex phosphorylates Rb,

releasing E2F to activate DNA

transcription. In late G1 phase,

cyclin E and A are up-regulated

and bind to CDK2, further

phosphorylating Rb and

enabling the progression into S

phase. At this point, CDK2 is

released from cyclin E/A and

binds to cyclin B, allowing for

the transition into M phase.

These various CDKs have both

endogenous and exogenous

inhibitors acting at various

points of the cycle
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induces excitotoxic cell death in cerebellar granule neu-

rons, up-regulates caspase-3 and -9 as well as the cell cycle

proteins cyclin D, cyclin E, PCNA and E2F1 [11]. Kainic

acid also increases BrdU uptake into neurons after injury,

suggesting DNA replication. Other models of neuronal

apoptosis associated with caspase activation, such as serum

withdrawal, also show increased cyclin D1 protein

expression [48].

Following KCl withdrawal from cerebellar neurons,

there is increased activity of the cyclin dependent kinases,

increased expression of cyclin E, and translocation of cy-

clin D and CDK4/6 to the nucleus prior to neuronal

apoptosis [7]. These changes are accompanied by an in-

crease in Rb phosphorylation.

Inhibition of p27 by siRNA in primary neuronal cultures

also increases Rb phosphorylation, as well as neuronal cell

death [42]. p27 siRNA decreases p27 expression within

24 h after transfection, and is accompanied by an increase

in BrdU uptake into neurons. Neuronal death induced by

p27 reduction is nearly completely inhibited by olomou-

cine [42].

Six hours of hypoxia in vitro significantly increases

PCNA expression associated with apoptosis [49]; olo-

moucine completely inhibits this neuronal cell death.

Etoposide (50 lM) application also causes neuronal

apoptosis, as measured by an increase in cleaved cas-

pase-3 reactivity [1] and LDH release [10]; this is

blocked by flavopiridol, roscovitine and olomoucine

(Figs. 1, 2). In this model, flavopiridol is the most potent,

having optimal effects at 10 lM, whereas the other drugs

were only effective at doses above 100 lM. These cell

cycle inhibitors also provide neuroprotection following

KCl withdrawal from cerebellar neurons [7]. Flavopiridol

inhibits cyclin D1 expression and translocation to the

nucleus and up-regulates p27 expression [1, 7, 10] while

decreasing phosphorylation of Rb [50]. Additionally,

flavopiridol pre-treatment decreases LDH release from

neurons treated with kainic acid and blocks the uptake of

BrdU into damaged neurons [11]. Flavopiridol is also

protective in a colchicine model of neuronal apoptosis,

reducing release of cytochrome c from mitochondria

[51].

The mechanism by which DNA damage or neuronal

injury causes up-regulation or activation of cell cycle

proteins is unknown. However, studies in other cell lines,

such as fibroblasts or kidney cells, show that the activation

of CDK4 with cyclin D1 is necessary for progression to

apoptosis [48]. Further, reduction of CDK4 expression in

neuronal cultures is protective against hypoxia-induced

neuronal apoptosis [52]. However, increased cyclin D1

expression is not necessary for apoptosis; rather, increased

CDK4 activity may be sufficient [50]. In primary neuronal

cultures treated with camptothecin, increased CDK4

activity is the first response, accompanied by an increase in

Rb phosphorylation, and followed by caspase-3 cleavage

and neuronal apoptosis [50]. In the latter model, the actual

amount of cyclin D1 and CDK4 protein did not increase as

the neurons underwent damage and death. Therefore, the

release of E2F by Rb phosphorylation appears to be the

signal driving the cell into apoptosis, as mutating Rb to

prevent phosphorylation blocks neuronal apoptosis, while

over-expression of E2F induces it [50]. It is important to

emphasize that the activation or expression of cell cycle

proteins does not necessarily cause ‘normal’ re-entry into

the cell cycle; rather, the expression and activity are

aberrant, occurring out of sequence. This is clearly dem-

onstrated by Padmanabhan et al. [7], in which cyclin E-

related kinase activity was out of sequence with CDK4/6

activity after KCl withdrawal.

As many of the cells involved in cell cycle-mediated

apoptosis also demonstrate cleavage of caspase-3 [1, 10], it

is hypothesized that this model of neuronal apoptosis is

caspase-mediated. Studies demonstrating increases in cell

cycle proteins also show increases in DEVD-AFC cleaving

activity, further supporting caspases as the mediator of

such neuronal apoptosis [7].
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Fig. 2 The chemical structures

of exogenous cell cycle

inhibitors. Flavopiridol,

roscovitine, and olomoucine are

a small sample of available

CDK inhibitors
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Astrocytes and Microglia

Whereas aberrant cell cycle activation causes apoptosis in

post-mitotic cells [53], it induces proliferation in mitotic

cells such as astrocytes and microglia [54]. Cell cycle re-

lated proteins are up-regulated following stimulation in

astrocytes and microglia. PCNA protein expression is in-

creased in microglia stimulated with lipopolysaccharide

(Fig. 3), a component of bacterial cell walls that stimulates

the toll-like receptor 4 on microglia to induce activation

(unpublished results). It is also up-regulated in astrocytes

following hypoxia [55]. Application of the cytokine GM-

CSF to a microglial cell line culture also increases cyclin

expression and BrdU uptake, which can be reversed by

cytokine withdrawal [56].

Cell cycle proteins also play a role in density dependent

inhibition of cell proliferation. As the density of the mouse

microglial cell line GMI-M6-3 increases, p27 expression is

increased, while levels of cyclin A decrease [56]. However,

no change in cyclin D1, cyclin E or CDK4 is detected. In

contrast, using a different cell line, rat GMI-R1, cyclin D1

has been shown to be density-dependent [57]; it is unclear

what role the species specificity plays in this response.

Similarly, cyclin D1 and cyclin A are density-dependent in

astrocytes; cyclin D1 is down-regulated by contact inhibi-

tion, and p27 expression increases [58]. At the same time

phosphorylation of Rb is found in growing astrocyte cul-

tures, and lost in dense cultures.

Expression of the CDK inhibitors p27 and p21 has also

been studied in microglial cultures. GM-CSF application to

a microglial cell line decreases the expression of p27 and

p21, and over-expression of p27 decreases microglial BrdU

uptake [56].

Administration of cell cycle inhibitors, including flavo-

piridol, roscovitine and olomoucine, inhibits microglial and

astrocyte proliferation [1, 10, 55]. In astrocytes, it appears

that flavopiridol is acting at the same stage of the cell cycle,

inhibiting a progression of the cell cycle to S phase, thus

blocking DNA replication [10]. Moreover, application of

roscovitine to primary rat microglial cell cultures signifi-

cantly inhibits microglial proliferation in response to LPS

and TNFa stimulation (Fig. 4). Cell cycle inhibition

appears to not only inhibit microglial proliferation, but also

activity, blocking nitric oxide (NO) production 24 h after

stimulation (Fig. 4). In addition, flavopiridol blocks COX-

2 activity in cortical mixed cultures [59].

Cell cycle proteins in vivo

In brain regions such as hippocampus, piriform cortex and

amygdala, cyclin D1 expression is normally low [60]. In

non-injured cortex, cyclin D1 is co-expressed in MAP2

positive cells, demonstrating its presence in neurons [6,

61]. Expression of the CDKIs, such as p27, is high in the

normal cortex [58]. In non-neuronal cells, such as micro-

glia and astrocytes, expression of cell cycle proteins is not

found in normal, non-injured tissue [5].

Traumatic brain and spinal cord injury

Traumatic brain (TBI) and spinal cord injury (SCI) cause a

subacute neuronal loss in the lesion periphery in the days

following the initial injury. Many of these neurons undergo

apoptosis as a result of excitotoxic-or inflammation-in-

duced injury in the surrounding tissue, and much of this

apoptosis is related to the up-regulation of cell cycle pro-

teins [2, 6, 62].

Microarray analysis shows a marked up-regulation of

cell cycle-related genes, including cyclin D1 and CDK4 at

various time points after either TBI [10, 63] or SCI [64, 65]

(Fig. 5). Confirmation of these microarray findings with

immunohistochemistry demonstrates up-regulation of these

cell cycle proteins in neurons and glia. Cell cycle proteins

in neurons are often associated with the expression of

cleaved caspase-3, a marker of caspase-mediated apoptosis

[10]. After brain trauma, 13% of neurons show an increase

in cyclin D1 expression, and 75% of those are also positive

for cleaved caspase-3 [10].

On the other hand, p27 is down-regulated after TBI,

whereas p21 remains unchanged [10]. In contrast, Findings

by Kobori et al. [66] and Katano et al. [67] show an

increase in p21 from 2 to 24 h after TBI. p21 may also play

a role after SCI, as local application of p21 following

dorsal hemisection in the spinal cord significantly improves

both motor function and increases the number of axons

extending beyond the lesion site [68].

Traumatic injury to the adult CNS also rapidly acti-

vates resident astrocytes, leading to glial scarring [69].

Astrocytes appear to isolate the damaged region by

increasing the expression of a structural protein, glial

fibrillary acidic protein (GFAP), migrating from the

bordering undamaged tissue towards the injured site, and

entangling their processes [70]. Moreover, astrocytes

produce a class of molecules known as extracellular

SPLL+FL+F SPL V .heV.he
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Fig. 3 Proliferating cell nuclear antigen (PCNA), a marker of cell

cycle activation, Western blot. PCNA is detected 24 h after LPS

stimulation of purified microglial cultures, while it is not seen in

vehicle (Veh.) cultures. Pre-treatment of these cells with the cell cycle

inhibitor flavopiridol (F) blocks this increase in PCNA
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matrix (ECM) molecules with distinct inhibitory effects

on axonal regeneration [71]. In contrast, it has been

suggested that the glial scar may also contribute to the

blood-brain barrier repair, prevent excessive inflamma-

tory responses, and limit cellular degeneration [72].

Nevertheless, considerable evidence indicates that pre-

venting and/or reducing the inhibitory environment of the

glial scar provides a better environment for neurons to

regenerate [73].

After TBI, both microglia and astrocytes show increases

in cyclin D1 by 24 h [10]. Additionally, proliferation of

microglia in response to a cortical stab wound, as measured

by BrdU uptake, is inhibited by over-expression of p27

[56]. However, in this model, the microglia do not return to

a ramified, resting form; rather, they remain in an amoe-

boid ‘activated’ state, although the level of their activation

was not measured.

After TBI, flavopiridol reduces the number of neurons

with increased cyclin D1 expression by over 50% [10]. It

also decreases the expression of cell cycle proteins in mi-

croglia and astrocytes, as well as the amount of GFAP and

OX-42 staining after TBI [1]. Moreover, flavopiridol

treatment significantly reduces brain lesion volume and

improves functional recovery by 21-days post-injury [1].

Olomoucine also improves function and decreases lesion

volume when administered after SCI [74]. Further,

olomoucine significantly reduces the number of TUNEL

positive neurons at 3 days after SCI, while decreasing

astrocyte proliferation by 7 days.

Preliminary work on cyclin D1 knockout mice shows

that lack of this cell cycle protein improves recovery after

SCI (unpublished results; Fig. 6). Tissue was obtained

from wild-type and cyclin D1 knockout mice at 72 h after

moderate SCI. Lesion size, obtained from at least 10

randomly selected sections spanning the 10 mm centered

around the lesion site and assessed using the Cavalieri

method [75], shows a decrease in knockout mice. Further,

cyclin D1 knockout mice demonstrate a greater recovery of

movement of the hindlimbs by 72 h post-injury than their

wild-type littermates (Fig. 6).

Fig. 5 Cell cycle protein mRNA expression after moderate SCI.

Cyclin D1 (a) and CDK4 (b) are both significantly up-regulated by

24–48 h after SCI (dashed line) in comparison to sham controls (solid
line). This up-regulation persists for at least 7 days post-injury, and

disappears by 28 days. Individual measurements are indicated by

boxes, averages are indicated by circles. X-axis = days post-injury.

Y-axis = fold increase. Only values above 1.5-fold are considered

significant

Fig. 4 Response of microglia to LPS and roscovitine. LPS and TNFa
result in an increase in both microglial proliferation (a; as measured

by a MTS assay) and nitric oxide (b) synthesis. However, 1-h pre-

treatment of purified microglial cells with roscovitine (100 lM)

resulted in a complete loss of this LPS-induced increase in

proliferation and activity. **P < 0.001 in comparison to vehicle.

++P < 0.001 in comparison to LPS/TNFa (One-way ANOVA). Bars
represent mean ± SEM
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Ischemia

Following transient brain ischemia, there is an increase in

BrdU uptake into adult neurons [76], accompanied by po-

sitive TUNEL staining [77], indicating aberrant cell cycle

reentry by hippocampal neurons.

Cyclin D1 and CDK4 are both expressed in association

with apoptosis after transient spinal cord ischemia [78].

However, after global brain ischemia cyclin D1 and CDK4

are not increased above normal values [4, 61, 76]. How-

ever, elevated levels of CDK5 were found after ischemia

[76]. Importantly, CDK5 was found to be essential for cell

cycle control; knockout of CDK5 resulted in continuous

BrdU labeling of post-mitotic neurons [79].

Cyclin D1 levels remain constant over the 7 days after

reperfusion [61], perhaps because increased microglial

expression is offset by decreased neuronal expression

(due to neuronal death). In this model, only microglia are

found to express nuclear cyclin D1 positive staining. On

the other hand, this study used MAP-2 staining as a

neuronal marker, noting that MAP-2 staining decreases

over time. The authors also note that there are nuclear

cyclin D1 positive cells that fail to label with a mi-

croglial marker, allowing for the possibility of MAP-2

negative, cyclin D1 positive neurons in the cortex prior

to neuronal apoptosis. In contrast, Kato et al. [5] showed

a slight increase in cyclin D1 expression in damaged

hippocampal neurons after global ischemia, as well as in

microglia.

Regardless, administration of either CDK inhibitors or

dominant negative CDK4/5 results in a reduction of neu-

ronal apoptosis [31]. Further, knockout cyclin D1 dimin-

ishes the proliferation of astrocytes after focal ischemia, as

does application of olomoucine [55]. Dominant negative

knock-down of CDK4 also reduces neuronal death after

global ischemia; however, knock-down of CDK2 or 5

failed to result in neuroprotection [52]. Interestingly, when

using a focal ischemia model, hypothesized to induce

excitotoxic neuronal death, knockout of CDK5 was

neuroprotective [52].
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Fig. 6 Histological and functional assessment at 3 days after

moderate SCI in wild type and cyclin D1 knockout mice. Cresyl

violet stained transverse spinal cord sections at 2 mm rostral to the

lesion epicenter demonstrate a maintenance of gray and white matter

architecture in cyclin D1 knockout mice (b), while wild type animals

showed signs of tissue loss and disrupted gray and white matter

viability. Quantitation of the lesion area within the 10 mm segment

centered around the lesion epicenter demonstrated a reduction in area

in knockout animals (c). Assessment of function at 3 days post-injury

in wild type and knockout mice using the BBB locomotor score

shows improvement in the knockout mice (d). Of the three animals in

this preliminary study, 100% of the knockout mice achieived some

functional movement (BBB score = 1) by day 3, whereas only 1 of

the wild-type mice had any hindlimb movement at this point. Bars
represent mean ± SEM
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Other models

Using an animal model of excitotoxic cell death, Ino et al.

[60] demonstrated an up-regulation of both CDK4 and

cyclin D1 in neurons of the amygdala, hippocampus and

piriform cortex after application of kainic acid, as well as

nuclear translocation of these proteins. However, no CDK4

staining is apparent in cells actively undergoing apoptosis

and TUNEL positive, although addition of anti-sense oli-

gonucleotides against CDK4 or cyclin D1 after kainic acid

treatment effectively blocks the excitotoxic neuronal death,

demonstrating the necessity of both CDK4 and cyclin D1

in this model.

Microglia also show increased cyclin D1 and CDK4

translocation into the nucleus after excitotoxic neuronal

death [60]. It is unclear, however, whether this is due to

signals from dying neurons or from kainic acid activity on

microglia directly.

Summary

Considerable data indicate that cell cycle proteins can

cause both proliferation of mitotic cells and apoptosis of

post-mitotic cells. There are numerous examples showing

that activation of the cyclin D1/CDK4 complex and

phosphorylation of Rb can lead to caspase-dependent

apoptosis in neurons, although it is debated as to whether

these proteins must be up-regulated as well. Whether there

is increased protein expression of cyclin D1, for example,

may be dependent on the injury model and species.

Regardless, many studies demonstrate that inhibition of

cell cycle activity in post-mitotic neurons prevents neuro-

nal cell death, whereas such inhibition in mitotic astrocytes

and microglia reduces scar formation and inflammation.

Thus, cell cycle inhibition can serve to decrease post-

traumatic or post-ischemic injury through multiple mech-

anisms.

References

1. Cernak I, Stoica B, Byrnes KR et al (2005) Role of the cell cycle

in the pathobiology of central nervous system trauma. Cell Cycle

4:1286–1293

2. Di Giovanni S, Knoblach SM, Brandoli C et al (2003) Gene

profiling in spinal cord injury shows role of cell cycle in neuronal

death. Ann Neurol 53:454–468

3. Greene LA, Biswas SC, Liu DX (2004) Cell cycle molecules and

vertebrate neuron death: E2F at the hub. Cell Death Differ 11:49–

60

4. Hayashi T, Sakurai M, Abe K et al (1999) DNA fragmentation

precedes aberrant expression of cell cycle-related protein in rat

brain after MCA occlusion. Neurol Res 21:695–698

5. Kato H, Takahashi A, Itoyama Y (2003) Cell cycle protein

expression in proliferating microglia and astrocytes following

transient global cerebral ischemia in the rat. Brain Res Bull

60:215–221

6. Kaya SS, Mahmood A, Li Y et al (1999) Apoptosis and

expression of p53 response proteins and cyclin D1 after cortical

impact in rat brain. Brain Res 818:23–33

7. Padmanabhan J, Park DS, Greene LA et al (1999) Role of cell

cycle regulatory proteins in cerebellar granule neuron apoptosis. J

Neurosci 19:8747–8756

8. Strazza M, Luddi A, Brogi A et al (2004) Activation of cell cycle

regulatory proteins in the apoptosis of terminally differentiated

oligodendrocytes. Neurochem Res 29:923–931

9. Wiessner C, Brink I, Lorenz P et al (1996) Cyclin D1 messenger

RNA is induced in microglia rather than neurons following

transient forebrain ischaemia. Neuroscience 72:947–958

10. Di Giovanni S, Movsesyan V, Ahmed F et al (2005) Cell cycle

inhibition provides neuroprotection and reduces glial prolifera-

tion and scar formation after traumatic brain injury. Proc Natl

Acad Sci USA 102:8333–8338

11. Verdaguer E, Jimenez A, Canudas AM et al (2004) Inhibition of

cell cycle pathway by flavopiridol promotes survival of cerebellar

granule cells after an excitotoxic treatment. J Pharmacol Exp

Ther 308:609–616

12. Wang F, Corbett D, Osuga H et al (2002) Inhibition of cyclin-

dependent kinases improves CA1 neuronal survival and behav-

ioral performance after global ischemia in the rat. J Cereb Blood

Flow Metab 22:171–182

13. Kruman II, Wersto RP, Cardozo-Pelaez F et al (2004) Cell cycle

activation linked to neuronal cell death initiated by DNA damage.

Neuron 41:549–561

14. Otsuka Y, Tanaka T, Uchida D et al (2004) Roles of cyclin-

dependent kinase 4 and p53 in neuronal cell death induced by

doxorubicin on cerebellar granule neurons in mouse. Neurosci

Lett 365:180–185

15. Park DS, Obeidat A, Giovanni A et al (2000) Cell cycle regula-

tors in neuronal death evoked by excitotoxic stress: implications

for neurodegeneration and its treatment. Neurobiol Aging

21:771–781

16. Wen Y, Yang S, Liu R et al (2004) Transient cerebral ischemia

induces aberrant neuronal cell cycle re-entry and Alzheimer’s

disease-like tauopathy in female rats. J Biol Chem 279:22684–

22692

17. Love S (2003) Apoptosis and brain ischaemia. Prog Neuropsy-

chopharmacol Biol Psychiatry 27:267–282

18. Okano HJ, Pfaff DW, Gibbs RB (1993) RB and Cdc2 expression

in brain: correlations with 3H-thymidine incorporation and neu-

rogenesis. J Neurosci 13:2930–2938

19. Nguyen MD, Mushynski WE, Julien JP (2002) Cycling at the

interface between neurodevelopment and neurodegeneration. Cell

Death Differ 9:1294–1306

20. Wartiovaara K, Barnabe-Heider F, Miller FD et al (2002) N-myc

promotes survival and induces S-phase entry of postmitotic

sympathetic neurons. J Neurosci 22:815–824

21. Boonstra J (2003) Progression through the G1-phase of the on-

going cell cycle. J Cell Biochem 90:244–252

22. Sherr CJ (1993) Mammalian G1 cyclins. Cell 73:1059–1065

23. Nishitani H, Lygerou Z (2002) Control of DNA replication

licensing in a cell cycle. Genes Cells 7:523–534

24. Obaya AJ, Sedivy JM (2002) Regulation of cyclin-Cdk activity in

mammalian cells. Cell Mol Life Sci 59:126–142

25. Fischer PM, Endicott J, Meijer L (2003) Cyclin-dependent kinase

inhibitors. Prog Cell Cycle Res 5:235–248

26. Coqueret O (2003) New roles for p21 and p27 cell-cycle inhib-

itors: a function for each cell compartment? Trends Cell Biol

13:65–70

27. Sherr CJ (1995) Mammalian G1 cyclins and cell cycle progres-

sion. Proc Assoc Am Physicians 107:181–186

Neurochem Res (2007) 32:1799–1807 1805

123



28. Kitagawa M, Higashi H, Jung HK et al (1996) The consensus

motif for phosphorylation by cyclin D1-Cdk4 is different from

that for phosphorylation by cyclin A/E-Cdk2. Embo J 15:7060–

7069

29. Liu DX, Greene LA (2001) Regulation of neuronal survival and

death by E2F-dependent gene repression and derepression.

Neuron 32:425–438

30. Sears RC, Nevins JR (2002) Signaling networks that link cell

proliferation and cell fate. J Biol Chem 277:11617–11620

31. Osuga H, Osuga S, Wang F et al (2000) Cyclin-dependent kinases

as a therapeutic target for stroke. Proc Natl Acad Sci USA

97:10254–10259

32. Li LJ, Naeve GS, Lee AS (1993) Temporal regulation of cyclin

A-p107 and p33cdk2 complexes binding to a human thymidine

kinase promoter element important for G1-S phase transcriptional

regulation. Proc Natl Acad Sci USA 90:3554–3558

33. Guadagno TM, Newport JW (1996) Cdk2 kinase is required for

entry into mitosis as a positive regulator of Cdc2-cyclin B kinase

activity. Cell 84:73–82

34. Thornton BR, Toczyski DP (2003) Securin and B-cyclin/CDK are

the only essential targets of the APC. Nat Cell Biol 5:1090–1094

35. Pietenpol JA, Stewart ZA (2002) Cell cycle checkpoint signaling:

cell cycle arrest versus apoptosis. Toxicology 181–182:475–481

36. Nagy Z (2000) Cell cycle regulatory failure in neurones: causes

and consequences. Neurobiol Aging 21:761–769

37. DeGregori J, Johnson DG (2006) Distinct and overlapping roles

for E2F family members in transcription, proliferation and

apoptosis. Curr Mol Med 6:739–748

38. Liu DX, Biswas SC, Greene LA (2004) B-myb and C-myb play

required roles in neuronal apoptosis evoked by nerve growth

factor deprivation and DNA damage. J Neurosci 24:8720–8725

39. Nahle Z, Polakoff J, Davuluri RV et al (2002) Direct coupling of

the cell cycle and cell death machinery by E2F. Nat Cell Biol

4:859–864

40. Nguyen MD, Boudreau M, Kriz J et al (2003) Cell cycle regu-

lators in the neuronal death pathway of amyotrophic lateral

sclerosis caused by mutant superoxide dismutase 1. J Neurosci

23:2131–2140

41. Lee MH, Nikolic M, Baptista CA et al (1996) The brain-specific

activator p35 allows Cdk5 to escape inhibition by p27Kip1 in

neurons. Proc Natl Acad Sci USA 93:3259–3263

42. Akashiba H, Matsuki N, Nishiyama N (2006) p27 small inter-

fering RNA induces cell death through elevating cell cycle

activity in cultured cortical neurons: a proof-of-concept study.

Cell Mol Life Sci 63:2397–2404

43. Newcomb EW, Tamasdan C, Entzminger Y et al (2004) Flavo-

piridol inhibits the growth of GL261 gliomas in vivo: implica-

tions for malignant glioma therapy. Cell Cycle 3:230–234

44. Swanton C (2004) Cell-cycle targeted therapies. Lancet Oncol

5:27–36

45. Dai Y, Grant S (2004) Small molecule inhibitors targeting cyclin-

dependent kinases as anticancer agents. Curr Oncol Rep 6:123–

130

46. Meijer L, Raymond E (2003) Roscovitine and other purines as

kinase inhibitors. From starfish oocytes to clinical trials. Acc

Chem Res 36:417–425

47. Abraham RT, Acquarone M, Andersen A et al (1995) Cellular

effects of olomoucine, an inhibitor of cyclin-dependent kinases.

Biol Cell 83:105–120

48. Kranenburg O, van der Eb AJ, Zantema A (1996) Cyclin D1 is an

essential mediator of apoptotic neuronal cell death. Embo J

15:46–54

49. Bossenmeyer-Pourie C, Chihab R, Schroeder H et al (1999)

Transient hypoxia may lead to neuronal proliferation in the

developing mammalian brain: from apoptosis to cell cycle com-

pletion. Neuroscience 91:221–231

50. Park DS, Morris EJ, Bremner R et al (2000) Involvement of

retinoblastoma family members and E2F/DP complexes in the

death of neurons evoked by DNA damage. J Neurosci 20:3104–

3114

51. Jorda EG, Verdaguer E, Canudas AM et al (2003) Neuroprotec-

tive action of flavopiridol, a cyclin-dependent kinase inhibitor, in

colchicine-induced apoptosis. Neuropharmacology 45:672–683

52. Rashidian J, Iyirhiaro G, Aleyasin H et al (2005) Multiple cyclin-

dependent kinases signals are critical mediators of ischemia/

hypoxic neuronal death in vitro and in vivo. Proc Natl Acad Sci

USA 102:14080–14085

53. Becker EB, Bonni A (2004) Cell cycle regulation of neuronal

apoptosis in development and disease. Prog Neurobiol 72:1–25

54. Takuma K, Baba A, Matsuda T (2004) Astrocyte apoptosis:

implications for neuroprotection. Prog Neurobiol 72:111–127

55. Zhu Z, Zhang Q, Yu Z et al (2007) Inhibiting cell cycle pro-

gression reduces reactive astrogliosis initiated by scratch injury

in vitro and by cerebral ischemia in vivo. Glia 55:546–558

56. Koguchi K, Nakatsuji Y, Okuno T et al (2003) Microglial cell

cycle-associated proteins control microglial proliferation in vivo

and in vitro and are regulated by GM-CSF and density-dependent

inhibition. J Neurosci Res 74:898–905

57. Yamada J, Sawada M, Nakanishi H (2006) Cell cycle-dependent

regulation of kainate-induced inward currents in microglia. Bio-

chem Biophys Res Commun 349:913–919

58. Nakatsuji Y, Miller RH (2001) Density dependent modulation of

cell cycle protein expression in astrocytes. J Neurosci Res

66:487–496

59. Mirjany M, Ho L, Pasinetti GM (2002) Role of cyclooxygenase-2

in neuronal cell cycle activity and glutamate-mediated excito-

toxicity. J Pharmacol Exp Ther 301:494–500

60. Ino H, Chiba T (2001) Cyclin-dependent kinase 4 and cyclin D1

are required for excitotoxin-induced neuronal cell death in vivo. J

Neurosci 21:6086–6094

61. Small DL, Monette R, Fournier MC et al (2001) Characterization

of cyclin D1 expression in a rat global model of cerebral ische-

mia. Brain Res 900:26–37

62. van Lookeren Campagne M, Gill R (1998) Cell cycle-related

gene expression in the adult rat brain: selective induction of cy-

clin G1 and p21WAF1/CIP1 in neurons following focal cerebral

ischemia. Neuroscience 84:1097–1112

63. Faden AI, Movsesyan VA, Knoblach SM et al (2005) Neuro-

protective effects of novel small peptides in vitro and after brain

injury. Neuropharmacology 49:410–424

64. Kang SK, So HH, Moon YS et al (2006) Proteomic analysis of

injured spinal cord tissue proteins using 2-DE and MALDI-TOF

MS. Proteomics 6:2797–2812

65. Velardo MJ, Burger C, Williams PR et al (2004) Patterns of gene

expression reveal a temporally orchestrated wound healing re-

sponse in the injured spinal cord. J Neurosci 24:8562–8576

66. Kobori N, Clifton GL, Dash P (2002) Altered expression of novel

genes in the cerebral cortex following experimental brain injury.

Brain Res Mol Brain Res 104:148–158

67. Katano H, Masago A, Taki H et al (2000) p53-independent

transient p21(WAF1/CIP1) mRNA induction in the rat brain

following experimental traumatic injury. Neuroreport 11:2073–

2078

68. Tanaka H, Yamashita T, Yachi K et al (2004) Cytoplasmic

p21(Cip1/WAF1) enhances axonal regeneration and functional

recovery after spinal cord injury in rats. Neuroscience 127:155–

164

69. Hoke A, Silver J (1994) Heterogeneity among astrocytes in

reactive gliosis. Perspect Dev Neurobiol 2:269–274

70. Ridet JL, Malhotra SK, Privat A et al (1997) Reactive astrocytes:

cellular and molecular cues to biological function. Trends Neu-

rosci 20:570–577

1806 Neurochem Res (2007) 32:1799–1807

123



71. Davies SJ, Field PM, Raisman G (1996) Regeneration of cut adult

axons fails even in the presence of continuous aligned glial

pathways. Exp Neurol 142:203–216

72. Faulkner JR, Herrmann JE, Woo MJ et al (2004) Reactive as-

trocytes protect tissue and preserve function after spinal cord

injury. J Neurosci 24:2143–2155

73. McGraw J, Hiebert GW, Steeves JD (2001) Modulating astrogl-

iosis after neurotrauma. J Neurosci Res 63:109–115

74. Tian DS, Yu ZY, Xie MJ et al (2006) Suppression of astroglial

scar formation and enhanced axonal regeneration associated with

functional recovery in a spinal cord injury rat model by the cell

cycle inhibitor olomoucine. J Neurosci Res 84:1053–1063

75. Iannotti C, Ping Zhang Y, Shields CB et al (2004) A neuropro-

tective role of glial cell line-derived neurotrophic factor follow-

ing moderate spinal cord contusion injury. Exp Neurol 189:

317–332

76. Burns KA, Ayoub AE, Breunig JJ et al (2007) Nestin-CreER

mice reveal DNA synthesis by nonapoptotic neurons following

cerebral ischemia-hypoxia. Cereb Cortex

77. Kuan CY, Schloemer AJ, Lu A et al (2004) Hypoxia-ischemia

induces DNA synthesis without cell proliferation in dying neu-

rons in adult rodent brain. J Neurosci 24:10763–10772

78. Sakurai M, Hayashi T, Abe K et al (2000) Cyclin D1 and Cdk4

protein induction in motor neurons after transient spinal cord

ischemia in rabbits. Stroke 31:200–207

79. Cicero S, Herrup K (2005) Cyclin-dependent kinase 5 is essential

for neuronal cell cycle arrest and differentiation. J Neurosci

25:9658–9668

Neurochem Res (2007) 32:1799–1807 1807

123


	Role of Cell Cycle Proteins in CNS Injury
	Abstract
	Introduction
	The cell cycle
	Cell cycle inhibitors
	Cell cycle proteins in&blank;vitro
	Neurons
	Astrocytes and Microglia

	Cell cycle proteins in&blank;vivo
	Traumatic brain and spinal cord injury
	Ischemia
	Other models

	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


