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Abstract

Background and aims Cyclin-dependent kinase inhibitor

p15INK4b is thought to be an important player in regulating

astrocytic cell cycle. However, little is known with regard

to the expression of p15INK4b and its function in hip-

pocampal astrocytes. This study evaluated the expression

of p15INK4b and its function during different development

stages in hippocampal astrocytes.

Methods In this study, we cultured hippocampal astro-

cytes from neonatal adult and aged rats. The expression of

p15INK4b in neonatal, adult and aged astrocytes was

examined. Short interfering RNA (siRNA) was then used

to study the functional effects of p15INK4b down-regulation

during cell cycle regulation.

Results We found the expression of p15INK4b in hip-

pocampal astrocytes was detectable on postnatal day 7, was

expressed at moderate levels in adult mice (9 months old)

astrocytes and peaked in aged rat (24 months old) astro-

cytes. Incubation with siRNA significantly suppressed

p15INK4b expression at the mRNA and protein levels in

astrocytes. Down-regulation of p15INK4b increased [3H]-

thymidine incorporation into DNA and allowed cells to

pass the G0/G1-S checkpoint in aged but not in neonatal or

adult astrocytes.

Conclusions These observations suggest p15INK4b is

expressed at a steady level in neonatal and adult rat hip-

pocampal astrocytes with no effect on cell cycle regulation.

Importantly, aged astrocyte cell cycle regulation was sig-

nificantly affected by high expression levels of p15INK4b

suggesting a role for p15INK4b in cell cycle regulation when

it is expressed at high but not moderate or low levels in

hippocampal astrocytes.

Keywords p15INK4b � Hippocampus � Astrocytes �
Cell cycle � Aging

Introduction

Hippocampal astrocytes regulate neurogenesis by

instructing stem cells to adopt a neuronal fate, a charac-

teristic important for cognition, behavior, pathophysiology,

and recovery after injury [1–3], and are therefore of special

interest because of hippocampal involvement in memory

and learning [4]. p15INK4b is a member of the cyclin-de-

pendent kinase inhibitor (CKI) family [5]. Previous studies

have shown that abnormal expression of p15INK4b resulted

in behavioral abnormalities in mice [6] and cell cycle

dysregulation in human and murine astrocytes [5]. To date,

age-related changes in expression and function of p15INK4b

in hippocampal astrocytes during cell cycle regulation have

not been investigated.

In this study, we examined p15INK4b expression in hip-

pocampal astrocytes isolated from rats of different ages and

studied the effects of loss of p15INK4b on proliferation and

cell cycle distribution using small interfering RNA. We

show here that p15INK4b is constitutively expressed in the

hippocampal astrocytes from neonatal, adult and aged rats,

with its peak expression in aged hippocampal astrocytes.

Moreover, down-regulation of p15INK4b increased [3H]-

thymidine incorporation into DNA and allowed cells to

pass the G0/G1-S checkpoint in aged but not neonatal or

adult astrocytes.
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Materials and methods

Animals

Male Wistar rats were used in this study according to

protocols approved by the bioethics committee of the

central hospital of Wuhan (Permit Number 2011-AR0288).

Male rats were assigned into three groups (n = 8):

neonatal (postnatal day 7), adult (9 months old) and aged

(24 months old).

Primary hippocampal astrocyte cultures

Rats were killed and their hippocampi were carefully har-

vested, minced and trypsinized. Cell suspensions were pas-

sed through a 60 pm mesh, pelleted and transferred in

complete medium to 75-ml tissue culture flasks. Once cells

reached confluency (2–3 weeks), the flasks were shaken

overnight at 37 �C and the medium changed the following

morning for three consecutive nights. Cells were then tryp-

sinized and cultured for 72 h in 20 mM of cytosine arabi-

noside to eliminate proliferating cells. These steps were

repeated to further eliminate other cell types. These cultures

are referred to as passage 1. When cultures reached conflu-

ence (1–2 weeks), they were dispersed with trypsin/EDTA

and reseeded at approximately 2.3 9 104 cells/cm2 in 6-well

culture dishes for further studies [1, 7, 8].

Small interfering RNA (siRNA) transfection

Transfections were performed in serum-free medium for

6 h at 37 �C with 20 lg Lipofectamine (Invitrogen) in

combination with either 150 nM control scrambled siRNA

(siRNA ctl) (RiboBio, Guangzhou, China) or a combina-

tion of 75 nM siRNA ctl and 75 nM siRNA targeting

p15INK4b (siRNA P15) (RiboBio, Guangzhou, China).

Hippocampal astrocytes were incubated with serum-free

medium for 48 h, and transfected with siRNA. The cells

were approximately 60–70 % confluent at the time of

transfection. GFP-labeled siRNA targeting p15INK4b (GFP-

siRNAp15) (RiboBio, Guangzhou, China) was used to

determine transfection efficiency. SiRNA sequences used

were as follows: siRNAp15, 50-GCCCUAUCUAGGAA-
GACUG-30 and 50-CTCAAGGCCGGCGGAGGACC-30

[9]. To examine siRNAp15 transfection efficiency, GFP-

siRNAp15-positive astrocytes were counted under a fluo-

rescence microscope (Axiovert S100, Carl Zeiss, Oberko-

chen, Germany). Transfection efficiency was determined

by quantification of the percentage of GFP-positive cells

relative to all cells in culture. To overcome the question of

off-target effects during siRNA studies, a second siRNA

targeting the p15INK4b gene was designed and transfected

into hippocampal astrocytes. The second siRNA sequences

were: siRNAp150, 50-GCCGATGTCGTAATTCCTATA-30

and 50-CTGGAGTGTAGGAATTGACTA-30. p15INK4b

inhibition was quantified by measuring p15INK4b mRNA

expression using quantitative real-time PCR. Primers for

p15INK4b were 50-GGAATTCCTGGAAGCCGGCGCA-
GATC-30 (forward) and 50-GCTCTAGAGCGTGTCCAG
GAAGCCTTCC-30 (reverse) (a 190-bp product) [10].

Values were normalized to glyceraldehyde-3-phosphate

dehydrogenase (GADPH). Protein level of p15INK4b was

also measured by western blotting.

Flow cytometric analysis

To determine the purity of astrocytes, cells were incubated

with primary antibodies against glial fibrillary acidic pro-

tein (GFAP) (Dako, Carpinteria, CA, USA) and S100beta

(Abcam, Cambridge, UK) [11, 12]. This was then followed

by incubation with rabbit anti-mouse IgG antibody conju-

gated with FITC and goat anti-rabbit IgG antibody conju-

gated with PE (Jackson ImmunoResearch, West Grove,

PA, USA). GFAP and S100beta double-positive astrocytes

were examined by a flow cytometer (FACSort, BD Bio-

sciences, San Jose, CA, USA). Results were expressed as

the percentage of the GFAP/S100beta double-positive cells

with respect to total cells.

72 h after siRNAp15 transfection, hippocampal astro-

cyte cell cycle phase was analyzed by flow cytometry as

previously described [13]. Briefly, propidium iodide

(0.05 g/l final concentration) was added and the astrocytes

were maintained in the darkness at 4 �C until used. The

intensity of fluorescence was measured at 560 nm by flow

cytometry (FAC Scan, Becton–Dickinson, San Jose, CA,

USA). With this experimental procedure, it was possible to

analyze both the different phases of the cell cycle and

apoptosis by separating cells with a diploid or higher DNA

content from those with a hypodiploid DNA content. The

stage of the cell cycle was expressed as the percentage of

cells in G0/G1 (diploid cells), G2/M (tetraploid cells), and

S (intermediate DNA content) phases, respectively. To

avoid mistaken results, a program that recognized a single

cell with a tetraploid DNA content of an aggregate of two

diploid cells was used [13].

[3H]-thymidine incorporation into astrocytes

The rates of astrocytes DNA synthesis were estimated

by quantification of the amount of tritium incorporated

into the acid-precipitable form after [3H]thymidine

incubation, as previously described [13]. Briefly, after

48 h, siRNAp15-transfected astrocytes were treated

with [3H]-thymidine at a final concentration of 5 lCi/
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mL for 4 h. Reactions were stopped and cells were

incubated with 0.5 M NaOH for 1 h at room temper-

ature and then with 20 % (v/v) cold trichloroacetic acid

for 1 h at 4 �C. Washout of the stable isotope was

determined at 5, 10, 15, 20, 25 and 30 h after addition

of the radioisotope [14]. Results are expressed as per-

centage change with respect to the [3H]-thymidine

incorporated at 5 h.

Fig. 1 Isolated astrocytes express varying levels of p15INK4b depen-

dent on stage of development. a Cell growth of cultured astrocytes

derived from neonatal adult and aged mice. b The relative mRNA

level for p15INK4b of neonatal, adult or aged astrocytes. c The protein
levels for p15INK4b of neonatal, adult or aged astrocytes. d Freshly

isolated astrocytes are shown on the dot plot of forward scatter (FSC)

versus side angle light scatter (SSC). e Flow cytometric detection of

GFAP and S100beta double-positive cells. Data are mean ± SD

(n = 3). *p\ 0.05

Fig. 2 siRNAp15 transfection

in rat astrocytes. A1–A5 Time

course of GFAP expression in

astrocytes after transfection

with siRNAs: A1 GFP-

contained (green) astrocytes

after 1 h incubation with GFP-

siRNAp15. Arrows GFP-

contained astrocytes (9400).

A2–A5 Fluorescent images of

GFP-contained astrocytes (940)

at 2, 4, 6 and 24 h post-

transfection. b GFP-siRNAp15

taken up by astrocytes between

1 and 24 h after transfection
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Western blot analysis

Hippocampal astrocytes were lysed in RIPA buffer and

clarified cytosolic extracts were subjected to SDS-PAGE

followed by western blot analysis. Antibodies used for

Western blotting include anti-p15INK4b (sc-1429), anti-

Cyclin D1 (sc-753), anti-CDK4 (sc-260), and anti-CDK6

(7181). To confirm equal protein loading, membranes were

stripped and probed with a 1/10,000 dilution of anti-b-actin

antibody.

Statistical analyses

The Student’s t test was used to compare the difference

between two groups and one-way analysis of variance

(ANOVA) with post hoc test was used to compare the

difference between the three groups. P values less than

0.05 were considered statistically significant in all studies.

Statistical analyses were performed using SAS software

(SAS 9.2, SAS Institute, NC, USA).

Results

In vitro culture of hippocampal astrocytes

To quantify astrocytes growth, suspensions of cells at

passage 2 were plated at equal densities of 20,000 cells/

well in a six-well plate. The cells from each well were then

harvested and counted with a hemacytometer every 2 days.

After Days 6 and 8 in culture, the mean number of neonatal

astrocytes was 69,777 ± 6807 and 84,000 ± 6245,

respectively (Fig. 1a) and the mean number of adult

astrocytes was 60,667 ± 3512 and 76,000 ± 4583,

respectively. Compared with neonatal and adult astrocytes,

the mean number of aged astrocytes was significantly

lower at 44,667 ± 3215 and 56,333 ± 4509 for Days 6

and 8 in culture (neonatal vs. aged: pday6\ 0.05,

pday8\ 0.05; adult vs. aged: pday6\ 0.05, pday8\ 0.05).

However, no difference of cell growth was found between

neonatal and adult astrocytes (all p[ 0.05).

A cell population of freshly isolated astrocytes gated on

a two-dimensional dot plot of forward scatter versus side

angle light scatter cells comprised[95 % of the total cells

(Fig. 1d). Co-staining of GFAP and S100beta on the dual-

color fluorescence histogram clearly showed a double-

positive cell population. The percentage of GFAP/S100-

beta double-positive cells was [98 % of the gated cells

(Fig. 1e). These results clearly demonstrate high purity of

cultured astrocytes.

The expression of p15INK4b in hippocampal

astrocytes changes with age

The p15INK4b mRNA was detected in neonatal, adult and

aged astrocytes (Fig. 1c). The p15INK4b mRNA of aged

astrocytes was higher than those of neonatal and adult

astrocytes (fold change 1.42 ± 0.14 vs. 1 vs. 0.86 ± 0.17,

p\ 0.05). There was no significant difference in p15INK4b

mRNA levels between neonatal and adult astrocytes (fold

change 1 vs. 0.86 ± 0.17, p[ 0.05).

We also examined p15INK4b protein levels in astrocytes

(Fig. 1b). Densitometry of western blots was calculated and

normalized to b-actin. The p15INK4b protein of aged astro-

cytes was higher than those of neonatal and adult astrocytes

(fold change 1.85 ± 0.17 vs. 0.91 ± 0.22 vs. 1, p\ 0.05).

There was no significant difference in p15INK4b protein

levels between neonatal and adult astrocytes (fold change

0.91 ± 0.22 vs. 1, p[ 0.05). Meanwhile, the protein

expressions of cyclin D1, CDK4 and CDK6 were not sig-

nificantly different between neonatal, adult and aged astro-

cytes (fold change cyclin D1: 0.92 ± 0.11 vs. 1.02 ± 0.20

vs. 1; CDK4: 0.82 ± 0.12 vs. 0.94 ± 0.17 vs. 1; CDK6:

1.11 ± 0.13 vs. 0.95 ± 0.18 vs. 1; all p\ 0.05) (Fig. 1b).

Inhibition of p15INK4b induced by siRNA

in hippocampal astrocytes

To study the physiological function of p15INK4b in prolif-

eration and cell cycle regulation, we used a siRNA

knockdown approach to inhibit the expression of p15INK4b.

We found that GFP-positive cells (used for transfection

efficiency) were observed as early as 60 min after trans-

fection (Fig. 2A1). The number of transfected cells

increased constantly up to 6 h and reached a plateau

thereafter (Fig. 2A2–A4). At 12 h after transfection, 85 %

of the cells had taken up GFP-siRNAp15 (Fig. 2b).

Down-regulation of p15INK4b was confirmed by exam-

ining the mRNA and protein levels of p15INK4b (Fig. 3A1–

A3). 12 h after siRNA transfection, the mRNA levels of

p15INK4b were significantly decreased in neonatal (fold

change 0.62 ± 0.07 vs. 1, p\ 0.05), adult (fold change

0.57 ± 0.12 vs. 1, p\ 0.05) and aged astrocytes (fold

change 0.61 ± 0.09 vs. 1, p\ 0.05). p15INK4b mRNA was

further decreased (fold change: neonate 0.29 ± 0.06 vs. 1;

adult 0.28 ± 0.07 vs. 1; aging 0.29 ± 0.08 vs. 1, all

p\ 0.05) 24 h after siRNA transfection. Further, inhibition

bFig. 3 Inhibition of p15INK4b expression in rat astrocytes. A1–A3
p15INK4b mRNA was examined by qRT-PCR after siRNAp15

transfection. B1–B3 p15INK4b mRNA was examined by qRT-PCR

after siRNAp150 transfection. The relative mRNA level for p15INK4b

at 12, 24 and 72 h post-transfection was calculated using GAPDH as

the internal control. c Expression of p15INK4b protein was examined

by western blotting at 12 and 72 h post-transfection. Data are

mean ± SD (n = 3). *p\ 0.05
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of p15INK4b was still observed at 72 h after siRNA trans-

fection (fold change: neonate 0.26 ± 0.05 vs. 1; adult

0.27 ± 0.06 vs. 1; aging 0.25 ± 0.06 vs. 1, all p\ 0.05).

p15INK4b protein was decreased (fold change: neonate

0.49 ± 0.07 vs. 1; adult 0.61 ± 0.11 vs. 1; aging

0.57 ± 0.09 vs. 1, all p\ 0.05) 12 h after siRNA trans-

fection. Inhibition of p15INK4b was observed at 72 h after

siRNA transfection (fold change: neonate 0.22 ± 0.08 vs.

1; adult 0.21 ± 0.07 vs. 1; aging 0.17 ± 0.09 vs. 1, all

p\ 0.05) (Fig. 3c).

To ascertain the specificity of p15INK4b inhibition, we

designed a distinct siRNA targeting p15INK4b, and transfected

the second siRNA (siRNAp150) using the same protocol. We

observed the same inhibition of p15INK4b after siRNAp150

transfection (Fig. 3B1–B3). The mRNA levels of p15INK4b

were significantly decreased 12 h after siRNA transfection in

neonatal (fold change0.56 ± 0.04vs. 1,p\ 0.05), adult (fold

change 0.58 ± 0.10 vs. 1, p\ 0.05) and aged astrocytes (fold

change 0.61 ± 0.07 vs. 1, p\ 0.05). p15INK4b mRNA was

further decreased (fold change: neonate 0.31 ± 0.03 vs. 1;

adult 0.29 ± 0.02vs. 1; aging 0.31 ± 0.04 vs. 1, all p\ 0.05)

24 h after siRNA transfection. Further, inhibition of p15INK4b

was still observed at 72 h after siRNA transfection (fold

change: neonate 0.28 ± 0.02 vs. 1; adult 0.24 ± 0.01 vs. 1;

aging 0.25 ± 0.04 vs. 1, all p\ 0.03). p15INK4b protein was

decreased (fold change: neonate 0.53 ± 0.10 vs. 1; adult

0.52 ± 0.09 vs. 1; aging 0.58 ± 0.08 vs. 1, all p\ 0.05) 12 h

after siRNA transfection. Inhibition of p15INK4b was observed

at 72 h after siRNA transfection (fold change: neonate

0.23 ± 0.07 vs. 1; adult 0.20 ± 0.09 vs. 1; aging 0.18 ± 0.08

vs. 1, all p\ 0.05) (Fig. 3c).

P15INK4b knockdown increases [3H]-thymidine

incorporation into DNA from aged astrocytes

but not from neonatal or adult astrocytes

[3H]-thymidine incorporation into DNA remained unchanged

from 5 to 30 h in neonatal, adult or aged astrocytes (Fig. 4a).

Comparedwith the aged astrocytes with normal expression of

p15INK4b, loss of p15INK4b increased [3H]-thymidine

Fig. 4 Effect of down-regulation of p15INK4b on [3H]-thymidine

incorporation into DNA from astrocytes. a [3H]-thymidine incorpo-

ration into DNA between 5 and 30 h after treatment. b–d [3H]-

thymidine incorporation into DNA in p15INK4b siRNA-treated

neonatal, adult and aged astrocytes, respectively, between 10 and

30 h after treatment. Data are mean ± SD (n = 3). *p\ 0.05
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incorporation into the DNA of aged astrocytes at 10 h (per-

centage change 120 ± 6.2 vs. 105.3 ± 4.0 %, p\ 0.05),

15 h (percentage change 144.3 ± 10.0 vs. 109.3 ± 5.1 %,

t test, p\ 0.05), 20 h (percentage change 138 ± 5.3 vs.

115.7 ± 5.7 %, p\ 0.05), 25 h (percentage change 131 ± 7

vs. 114.3 ± 6.5 %, p\ 0.05) and 30 h (percentage change

130.7 ± 6.8 vs. 112.7 ± 5.1 %, p\ 0.05) (Fig. 4d). How-

ever, [3H]-thymidine incorporation into p15INK4b-inhibited

neonatal and adult astrocytes remained unchanged between 5

and 30 h (all p[ 0.05), (Fig. 4b, c).

P15INK4b knockdown promotes G1 to S progression

in aged astrocytes but not in neonatal and adult

astrocytes

To test this possibility, we transfected hippocampal astro-

cytes with p15INK4b-specific siRNA and demonstrated a

significant inhibition of p15INK4b expression by qRT-PCR.A

cell cycle analysis was performed 72 h after the transfection

(Fig. 5). We found that loss of p15INK4b in aged astrocytes

prevented the G0/G1 arrest (56.4 ± 5.1 % of cells trans-

fected with p15INK4b siRNA were in G0/G1 compared with

73.9 ± 4.16 % of cells transfected with scrambled siRNA,

p\ 0.05). However, down-regulation of p15INK4b increased

the percentage of aged astrocytes in S phase from 15.7 ± 2.5

to 26.2 ± 3.5 % when compared with cells transfected with

a scrambled siRNA (p\ 0.05). Down-regulation of

p15INK4b did not significantly change the percentage of aged

astrocytes in G2/M when compared with controls

(12.2 ± 4.5 vs. 17.4 ± 2.9 %, p\ 0.05) (Fig. 5d).

Cell cycle distribution of neonatal and adult astrocytes

was unchanged at 72 h after p15INK4b siRNA transfection

(Fig. 5b, c) suggesting that although p15INK4b does not

seem to regulate cell cycle progression in neonatal and

adult astrocytes, p15INK4b is a key player in the regulation

of cell cycle progression in aged astrocytes. No difference

in cell cycle distribution was found between the neonatal,

adult and aged astrocytes (p[ 0.05) (Fig. 5a).

Fig. 5 Effect of down-regulation of p15INK4b on cell cycle distribu-

tion of astrocytes. a Cell cycle distributions in neonatal, adult and

aged astrocytes with normal expression of p15INK4b. b–d Cell cycle

distribution in neonatal, adult and aged rat astrocytes transfected with

p15INK4b siRNA. Data are mean ± SD (n = 3). *p\ 0.05
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Discussion

Astrocytes are known to modulate the environment around

neurons through their release of a range of neuronal growth

factors thus exerting an effect on the neuronal cell cycle in

the hippocampus [4]. Recent studies demonstrated that

hippocampal astrocytes regulate neural progenitor cell

cycle [15] and that the rate of neurogenesis increased

greatly after culturing neural stem cells with hippocampal

astrocytes suggesting that hippocampal astrocytes provide

a unique niche for adult neurogenesis [1].

The rate of neurogenesis is very limited and declines

dramatically with age, which is coincident with astrocyte

density decline in aged hippocampus [15–18]. Interest-

ingly, astrocytes in aged animals had greater immunore-

activity with GFAP, longer processes, less surface area,

and less proliferative ability [16, 19] resulting in decreased

proliferation of neural progenitor cells in the aged brain

[19]. The exact mechanisms of these astrocyte phenotype

and function changes during aging are yet unknown, but

are believed to involve changes in cell cycle regulation,

which is supported by the observation that genes in cell

cycle regulation are differentially expressed by astrocytes

during development [20].

Astrocytes cell cycle is strictly controlled by cyclin-

dependent kinases (CDK) and its negative regulators, the

CKI family [5, 21]. P15INK4b is a member of the CKI

family. It binds CDK4/6, frees D cyclins which becomes

targeted for ubiquitination and proteosomal degradation,

and therefore inhibits the kinase activity of cyclin

D-CDK4/6 complexes [22]. Previous studies found that

p15INK4b was detectable in the fetal hippocampus and the

subsequent loss of p15INK4b expression resulted in behav-

ioral abnormalities in mice [6]. Further, abnormalities and

mutations of p15INK4b gene caused loss of stringent growth

control of cells [23] and overexpressed p15INK4b resulted in

a cell cycle block in G1 phase and inhibited cell prolifer-

ation [24].

In this study, we found the p15INK4b mRNA was

detectable in neonatal, adult and aged astrocytes with the

expression of p15INK4b significantly increased in aged

astrocytes. Moreover, we found that the expression of

CDK4/6 and cyclin D remained unchanged in neonatal,

adult and aged astrocytes. Comparatively high expression

of p15INK4b in aged astrocytes would increase cyclin D

degradation, and decrease the kinase activity of cyclin

D-CDK4/6 complexes. To examine the exact role of

p15INK4b in regulating astrocytes cell cycle, we specifically

inhibited p15INK4b in astrocytes using silencing RNA.

Down-regulation of p15INK4b in astrocytes was observed

between 12 and 72 h after siRNA transfection. In aged

astrocytes, down-regulation of p15INK4b significantly

increased [3H]-thymidine incorporation into DNA and

promoted cell cycle progression. However, in neonatal and

adult astrocytes, loss of p15INK4b did not change cell pro-

liferation and cell cycle distribution. The data indicate that

p15INK4b is a key cell cycle regulator in astrocytes of aged

rats, but is apparently not necessary for cell cycle regula-

tion of neonatal and adult astrocytes.

In conclusion, the present study shows p15INK4b is

expressed in hippocampal astrocytes obtained from neonatal,

adult and aged rats. More importantly, p15INK4b is a key cell

cycle regulator in aged astrocytes. These findings increase our

knowledge about the expression and function of p15INK4b in

rat hippocampal astrocytes and may contribute to a better

understanding of the involvement of theCDK inhibitors in the

control of neural quiescence in the adult hippocampus.
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