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Abstract:

Several recent findings indicate that intensity of neurogenesis in adult brain might be regulated by enzymes involved in the cell

cycle. Therefore, in the present study, we investigated whether the inhibition of cyclin-dependent kinases (CDKs) evoked by

intraventricular administration of purvalanol A may influence the proliferation of cells in the dentate gyrus (DG) of the rat

hippocampus. Purvalanol A, a selective inhibitor of CDKs, was injected into the brain lateral ventricle at concentrations of 4 nmol/3 µl

or 40 nmol/3 µl. The number of proliferating cells was determined by analysis of nuclear incorporation of BrdU (100 mg/kg, ip).

BrdU was given at two times points (0.5 h and 2.5 h) after vehicle or purvalanol A injection. It was found that purvalanol A given

0.5 h before BrdU injection did not cause any significant changes in the number of BrdU-positive nuclei in the DG. However,

a higher dose of purvalanol A i.e. 40 nmol/3 µl given 2.5 h before BrdU administration significantly decreased the number of

BrdU-positive nuclei in the DG of the hippocampus (by approximately 35%). In contrast, a lower dose of the CDKs inhibitor

(4 nmol/3 µl) given at the same time point did not affect the number of BrdU-positive cells in the DG. It appears that purvalanol

A inhibits the hippocampal proliferation in concentration- and time-dependent manner. Moreover, the present data indicate that

CDKs are involved in generation of new cells in the adult rat hippocampus.
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Indroduction

Adult neurogenesis has been described in two main

neurogenic brain regions: the dentate gyrus (DG) of

the hippocampus and the subventricular zone (SVZ)

of the lateral ventricle [9]. Potential role of adult neu-

rogenesis in brain physiology [7] and the involvement

of this process in pathology of brain diseases [5, 6,

10] has initiated a search for factors which determine

the rate of proliferation and differentiation of newly

born cells to mature neurons. The above factors may

act, among others, by influencing the cell cycle, which

has a specific effect on neurogenesis efficiency [13].

The cell cycle is a coordinated process regulated by

the cyclin-dependent kinases (CDKs) [11], members

of serine/threonine kinases family. CDKs are com-
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posed of a catalytic subunit, Cdk and a positive regu-

latory subunit, cyclin [16]. The activity of Cdk/cyclin

complexes can be negatively regulated by various

mechanisms including binding of specific inhibitory

proteins (CKIs) [11]. Distinct CDKs regulate progres-

sive phases of the cell cycle. It is known that the

Cdk4/6/cyclin D1 complex regulates the G0 to G1,

Cdk2/cyclin E and Cdk3 control shift from G1 to S.

Cdk2/cyclin A complex is necessary for transition into

S phase and DNA synthesis [3]. Cdk1/cyclin B is re-

quired for G2/M transition and progression through

mitosis [3].

The role of CDKs is limited not only to regulation

of the cell division cycle, but they also control other

processes such as apoptosis and cell differentiation

[8]. The involvement of CDKs in many physiological

functions and diseases led to a search for selective

pharmacological inhibitors of these kinases. Over 50

inhibitors have been identified, acting through com-

petitive inhibition of ATP binding pocket [4, 8]. They

are evaluated for therapeutic use against cancer, neu-

rodegenerative disorders (Alzheimer’s disease, amyo-

trophic lateral sclerosis, stroke), cardiovascular disor-

ders or viral infections [4, 8, 14]. Involvement of

CDKs in regulation of cell cycle inclined us to investi-

gate whether CDKs inhibitor, purvalanol A, influ-

ences the rate of proliferation in the DG of the rat hip-

pocampus.

Materials and Methods

All the experiments were carried out on male Wistar

rats (200–250 g). The animals were housed under an

artificial light/dark cycle (12/12 h, lights on at 7 a.m.),

with free access to standard laboratory diet and tap

water. The experimental protocols were approved by

the Committee for Laboratory Animal Welfare and

Ethics of the Institute of Pharmacology, Polish Acad-

emy of Sciences in Kraków, and met the requirements

of the International Council for Laboratory Animals,

Guide for the Care and Use of Laboratory Animals.

Surgery: All rats were anesthetized with sodium

pentobarbital (30 mg/kg, ip) and implanted unilater-

ally and chronically with stainless steel guide cannula

(0.44 mm o.d.; D. Kopff stereotaxic frame) which

have been secured to the scull with dental acrylic ce-

ment. The rats have been left after surgery for one

week for recovery. A CDKs inhibitor, purvalanol A

(Tocris) was injected unilaterally into the brain lateral

ventricle at a concentration of 4 nmol and 40 nmol in

a volume of 3 µl, using an inner injection cannula

(0.3 mm o.d.). The tip of injection cannula was aimed

at the lateral ventricle using the following coordi-

nates: anterior plane (–) 0.40.6, lateral plane 1.11.4,

and vertical plane V 2.0 selected according to Paxinos

and Watson sterotaxic atlas [15] and pilot studies.

Purvalanol A, dissolved in a solution of 50% DMSO

in 0.01 M PBS, and/or respective vehicle solution was

delivered during 3 min in a volume of 3 µl with Ham-

ilton syringe. After injection the injection cannula

was left in the ventricle for additional 5 min. In order

to label newly generated cells, rats were injected once

with BrdU (100 mg/kg ip) 0.5 h or 2.5 h after infu-

sions of purvalanol A or respective vehicle solution.

Immunohistochemistry: For visualization of

newly generated cells, rats were deeply anesthetized

with sodium pentobarbital (100 mg/kg) 2 h after the

BrdU injection and were transcardially perfused with

0.9% NaCl followed by 4% paraformaldehyde in 0.1

M phosphate-buffered saline (PBS). After post-

fixation period lasting 24 h, 50 µm thick sections

were cut through the entire hippocampus using Leica

VT-1000S vibratome. Free floating sections were first

denatured in 50% formamide at 65°C for 2 h. Then

sections were incubated in 2M HCl for 30 min and for

10 min in 0.1 M boric acid. Subsequently brain sec-

tions were rinsed and incubated for 1 h in a blocking

buffer (5% normal horse serum, Vector Lab and 0.3%

Triton X-100 in 0.01 M PBS). Finally the sections

were incubated (48 h at 4°C) with primary mono-

clonal anti-BrdU mouse antibody (Roche) (dilution of

1:1000 in 3% normal horse serum and 0.3% Triton

X-100 in 0.01 M PBS). The reaction was visualized

with biotinylated anti-mouse, rat adsorbed IgG anti-

body (Vector Lab) the avidin-biotin horseradish per-

oxidase complex (Vectastain Elite ABC Kit, Vector

Lab) and DAB-Nickel solution, which produced dark

gray color of immunoreactive nuclei. Stained sections

were examined under a light microscope (Leica,

DMLB). All BrdU immunoreactive nuclei were

counted using a modifed stereology [19]. In the pres-

ent study every eighth section throughout the entire

hippocampus was processed for BrdU immunohisto-

chemistry. All BrdU-positive cells regardless of shape

and size were counted using a 100× objective in the

subgranular zone (SGZ) and the hilus of the hippo-

campus. The number of counted cells was multiplied
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by eight and reported as the total number of cells per

region.

The results were given as a group mean ± standard

error of the mean (SEM). Statistical evaluation was

performed by one-way analysis of variance (ANOVA)

followed by Duncan’s test, using Statistica program.

For data presentation, digital images were captured

using Photometric Coolsnap digital camera attached

to a Leica microscope and controlled by MethaMorph

software. Photomontages of sections were composed

using Adobe Photoshop program.

Results and Discussion

Degree of proliferation was measured as the number

of newborn cells labeled with BrdU in the DG of the

hippocampus and was determined at a short time (2 h)

after BrdU administration. In control, vehicle-treated

animals, single BrdU-positive cells with round- to

oval-shaped nuclei were observed in the SGZ and in

the hilus of the DG. (Fig. 2). No difference in the

number of BrdU-positive nuclei was observed in rats

injected with BrdU 0.5 h or 2.5 h after vehicle [F(1,

10) = 2.00; p < 0.1878] (Fig. 1). Moreover, the level

of BrdU-positive nuclei was similar to non-operated

animals [F(2, 15) = 1.92; p < 0.1810] (data not

shown). Purvalanol A given 0.5 h before BrdU injec-

tion did not cause any significant changes in the

number of BrdU-positive nuclei in the DG [F(2, 9) =

0.60; p < 0.57] (Fig. 1). However, purvalanol A had

a significant effect on the number of BrdU nuclei

[F(2, 15) = 11.36; p < 0.001], if it was given 2.5 h be-

fore BrdU administration. Post hoc Duncan’s test re-

vealed that a higher concentration of purvalanol A

(40 nmol/3 µl) significantly decreased the number of

BrdU-positive nuclei in the DG of the hippocampus

(by approximately 35%, p < 0.005) (Fig. 1, 2) while

a lower concentration of the CDKs inhibitor (4 nmol/3 µl)

did not affect the number of BrdU-positive cells in the

DG (p < 0.98) (Fig. 1).

The present study indicates that purvalanol A in-

hibited the cell proliferation in the DG of the hippo-

campus, since a decrease in the number of BrdU-

positive cells after purvalanol A treatment has been

observed. It is known that BrdU is incorporated into

DNA during S-phase of the cell cycle [12]. Since the

result of BrdU incorporation was measured at short

time (2 h) after its administration, it appears that the

observed effect of purvalanol A is due to inhibition of

G1/S transition. The above suggestion is in line with

in vitro studies showing that purvalanol A arrested the
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cells in G1 phase [18]. In addition, it has been found

that purvalanol A blocks Cdk2/cyclin E or Cdk2/cy-

clin A complex [17], and also inhibits Rb protein

phosphorylation in G1 phase [18]. On the other hand,

Rb represses E2F family member proteins and cancels

the activity of genes required for entry into S phase

[17].The above mechanisms defined in vitro may ex-

plain the effects of CDKs inhibitor observed in the

present in vivo study.

It is of interest that purvalanol A inhibits the hippo-

campal proliferation in a concentration- and time-

dependent manner. Long-lasting effect of purvalanol

A may not only arrest G1/S transition but also may in-

fluence neural cell fate determination. It is known that

blocking the cell cycle in G1 phase by CDKs inhibi-

tors promotes differentiation [13]. It has been shown

on neuroepithelial cells that lengthening the G1 phase

by CDKs inhibitor, olomoucine, is capable of switch-

ing between proliferative to neuron-generating divi-

sions and generation the premature neurons [1].

Moreover, blocking the cells in G1 phase by overex-

pressing the endogenous CDKs inhibitor, p27Xic1,

increases the activity of proneuronal genes [13]. In

addition, loss of p27Kip1 function in adult mice re-

sults in an increase in the number of the transit-

amplifying progenitors concomitantly with a reduc-

tion in the number of neuroblasts in the SVZ [2].

Thus, in spite of the decrease in proliferation rate, due

to arrest of G1/S, purvalanol A may increase the

number of mature neurons by lengthening of G1

phase. It is likely that the inhibition of the cell cycle

by administration of CDKs inhibitors, such as pur-

valanol A, may alter the number of newly generated

neurons in the DG of the hippocampus, and in conse-

quence to impair function of the hippocampus. It is

known that the impairment of adult neurogenesis may

be involved in pathophysiology of some brain dis-

eases, such as depression [10] or neurodegenerative

disorders [5, 6].

The present in vivo study indicates that the pharma-

cological inhibition of CDKs decreases the number of

proliferating cells in the adult hippocampus. The ob-

served effect may alter the number of newly gener-

ated cells and the rate of neurogenesis. Thus, it is con-

ceivable that therapy based on administration of CDK

inhibitors, which penetrate to the CNS, may have an

impact on neurogenesis and function of the hippo-

campus.
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