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Abstract:

The present study investigated the potential role of the extracellular signal-regulated kinase (ERK) pathway in the alternation of

polysialylated neural cell adhesion molecule (PSA-NCAM) expression and proliferation rates in the dentate gyrus (DG) evoked by

activation of the CB1 receptor. When given at a dose of 0.1 mg/kg, the CB1 receptor agonist, 3-(1,1-dimethylheptyl)-

11-hydroxy-��-tetrahydrocannabinol (HU-210), increased the levels of the phosphorylated forms of ERK (pERK1 and pERK2) in

the hippocampus when measured 30 min after injection. This HU-210-induced effect was inhibited by �-{amino[(4-

aminophenyl)thio]methylene}-2-(trifluoromethyl) benzeneacetonitrile (SL327, 30 mg/kg) – an inhibitor of mitogen-activated pro-

tein kinase kinase (MEK1/2), the upstream kinase of ERK – given 1 h before HU-210 administration. Additionally, SL327 alone sig-

nificantly attenuated the basal level of both pERK1 and pERK2. HU-210 (0.1 mg/kg) decreased the number of PSA-NCAM-

immunoreactive (IR) cells but did not affect the rate of proliferation, which was analyzed as the number of Ki-67-IR cells measured

in the DG 2 days after HU-210 administration. The data indicated that SL327 (30 mg/kg) alone decreased the number of

PSA-NCAM-IR cells 2 days after treatment. Joint administration of SL327 and HU-210 decreased the number of PSA-NCAM cells

more robustly than did the administration of either alone. In addition, SL327 did not decrease the number of Ki-67-IR cells, while

pretreatment with SL327 1 h before HU-210 administration did. These results suggest that stimulation of the ERK cascade caused by

CB1 receptor activation is not involved in hippocampal plasticity governed by PSA-NCAM expression.
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Introduction

Several studies indicate that isoforms of the neural

cell adhesion molecule (NCAM) that carry negatively

charged sialic acid residues with a large hydrated vol-

ume (polysialic acid, PSA) promote neuronal plastic-

ity. PSA-NCAM regulates adhesion forces between

cells, allowing dynamic changes in membrane con-

tacts [11]. The PSA-NCAM protein is highly ex-

pressed during brain development when it contributes

to the regulation of cell growth, shape and migration.

However, its expression is also detected in discrete

brain areas that maintain the ability to undergo struc-

tural and functional changes in adulthood [11]. The

mature hippocampus is one structure in which promi-

nent expression of PSA-NCAM has been constitu-

tively observed [39]. Specifically, the presence of the
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PSA-NCAM protein has been described in newly

generated neurons in the granular layer of the dentate

gyrus (DG) [38, 39], granule neuron axons in the hilus

and the CA3 region [37], and also in non-granule neu-

rons (interneurons) of the hippocampus [28]. This

hippocampal distribution of PSA-NCAM is associ-

ated with its involvement in regulating the differentia-

tion, migration and maturation of newly born neurons

in the DG [36], as well as its role in altering activity-

dependent synaptic plasticity in the hippocampus [7].

So far, studies indicate that the hippocampal expres-

sion of PSA-NCAM is regulated by glucocorticoids

[22, 24, 33] and neurotransmitters such as glutamate

[29], �-aminobutyric acid (GABA) [27, 31, 40], serotonin

[5] and probably by dopamine [12, 23].

Our previous study demonstrated that PSA-NCAM

expression in the rat DG is not only affected by neuro-

transmitters, but also by components of the cannabi-

noid system, specifically the CB1 receptor [20].

Moreover, such changes in protein expression might

disrupt the consolidation phase of hippocampal-

dependent emotional memory [19]. However, the

mechanism by which activation of the CB1 receptor is

able to control PSA-NCAM expression is not yet un-

derstood. CB1 receptors belong to the superfamily of

G-protein-coupled receptors and are predominately

coupled to inhibitory G proteins (Gi and Go). The pri-

mary effects of their activation include the inhibition

of adenylyl cyclase and calcium channels together

with the activation of inwardly rectifying potassium

channels and the mitogen-activated protein (MAP) ki-

nase family [13]. Several studies indicate that CB1

receptor-induced activation of the extracellular signal-

regulated kinase (ERK) pathway is involved in the

regulation of neuron progenitor proliferation and dif-

ferentiation by the cannabinoid system [14, 35]. How-

ever, there is no evidence whether the ERK signalling

pathway is involved in CB1-driven plasticity of the

hippocampus based on alternations in PSA-NCAM

protein expression induced by the CB1 receptor ago-

nist [19, 20]. Therefore, initially we used western blot

analyses to determine whether a single 3-(1,1-

dimethylheptyl)-11-hydroxy-�8-tetrahydrocannab-

inol (HU-210) injection at a dose decreasing the ex-

pression of PSA-NCAM protein in the DG is capable of

inducing ERK protein phosphorylation and whether

a such effect is under control of �-{amino[(4-ami-

nophenyl)thio]methylene}-2-(trifluoromethyl) benzene-

acetonitrile (SL327) – an inhibitor of mitogen-activated

protein kinase kinase (MEK1/2), the upstream kinase

of ERK [3]. If so, subsequently, we utilized immuno-

histochemistry to examine whether the effect of SL327

is capable of blocking the HU-210-evoked decrease in

PSA-NCAM expression in the DG. In order to vali-

date the pharmacological effectiveness of SL327, we

also determined the rate of proliferation in the DG us-

ing Ki-67 as an endogenous marker of dividing cells

[17].

Materials and Methods

Animals and treatment

All experiments were carried out on male Wistar rats

(200–250 g, 60 days old, Charles River, Germany).

The animals were housed with an artificial light/dark

cycle (12/12 h, lights on at 7 a.m.) and free access to

standard laboratory diet and tap water. The experi-

mental protocols were approved by the Committee for

Laboratory Animal Welfare and Ethics of the Institute

of Pharmacology, Polish Academy of Sciences in

Kraków, and met the requirements of the European

Council Guide for the Care and Use of Laboratory

Animals (86/609/EEC). HU-210 (Tocris), a CB1 re-

ceptor agonist, was administered in a dose of

0.1 mg/kg (ip) at a volume of 1 ml/kg. SL327, (Tocris)

a selective inhibitor of MEK1 and MEK 2, was given

at a dose of 30 mg/kg (ip) at a volume of 1 ml/kg.

HU-210 was dissolved in a vehicle composed of 0.9%

saline: dimethyl sulfoxide (DMSO): Tween 80 (8:1:1),

while SL327 was prepared in 100% DMSO. A corre-

sponding vehicle injection was administered to con-

trol rats at the same volume. In rats dedicated to the

western blot analysis, SL327 or the appropriate vehi-

cle was given 1 h before HU-210 treatment and the

expression of ERK1/2 or pERK1/2 protein was meas-

ured 30 min after HU-210 treatment, when the phos-

phorylation of ERK protein evoked by CB1 receptor

activation could be expected [25, 34]. In immunohis-

tochemistry experiments, the number of cells express-

ing PSA-NCAM or Ki-67 in the DG was determined

2 days after HU-210 treatment, when our previous

study showed the robust effect of HU-210 on

PSA-NCAM expression [20]. In these experiments,

SL327 was also administered 1 h before HU-210 in-

jection.
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Western blot

Western blot analysis was performed as previously

described [19, 21]. Briefly, brains were removed after

decapitation and cooled on ice, followed by hippo-

campal dissection. The isolated hippocampus was ho-

mogenized in lysis buffer: 50 mM Tris-HCl (pH 7.4),

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50mM

NaF, and 1mM sodium orthovanadate and protease

and phosphatase inhibitor cocktail (1:200, Sigma).

Protein levels were determined using the BCA Protein

Assay Kit (modification of the Lowry assay, Sigma).

Equal samples with respect to protein content were

adjusted to the final concentration with 50 mM Tris

(pH 6.8), containing 2% SDS, 8% glycerol and 2% 2-

mercaptoethanol with bromophenol blue as a marker,

then boiled for 5 min. Protein extracts (20 µg) were

separated on 10% SDS-PAGE gels and transferred to

nitrocellulose membranes using an electrophoretic

transfer system (BioRad). The membranes were

stained with Ponceau S to confirm equal loading and

transfer of the gels. The blots were then incubated

overnight at 4°C with the following primary antibod-

ies: a rabbit polyclonal anti-p44/42 MAP kinase

(ERK1/2, 1:1000, Cell Signaling) or a rabbit polyclonal

anti-phospho-p44/42 MAP kinase (Thr202/Tyr204)

(pERK1/2 1:1000, Cell Signaling). Immune complexes

were detected using the appropriate peroxidase-

conjugated secondary antibodies (anti-rabbit IgG

1:1000, Roche). The reaction was visualized by ECL

(Lumi- LightPlusWestern Blotting Kit, Bio-Rad Labo-

ratories). Chemiluminescence was recorded and evalu-

ated with a luminescent image analyser (Fujifilm

LAS-1000). Additionally, to control protein loading,

the membranes were stripped with erasing buffer

(1 M Tris-HCl (pH 6.8), containing 2% SDS and

0.7% 2-mercaptoethanol) for 30 min at 70°C and rep-

robed with a monoclonal mouse anti-�-actin antibody

(1:5000, Sigma). The relative levels of immunoreac-

tivity were quantified using Image Gauge (Fujifilm)

and Image-Pro Plus (Media Cybernetics) software.

The molecular weights of immunoreactive bands

were calculated on the basis of the migration of mo-

lecular weight markers (Roche) using Image Gauge

(Fujifilm) software. All values are expressed as a per-

centage of vehicle-treated controls.

Immunohistochemistry

As was described previously [19, 20, 22], the rats

were deeply anaesthetized with sodium pentobarbital

(100 mg/kg, ip) and transcardially perfused with 0.9%

NaCl, followed by 4% paraformaldehyde in 0.1 M

phosphate-buffered saline (PBS). After a post-fixation

period of 24 h, 50-µm-thick sections were cut through

the entire hippocampus using a Leica VT-1000S vi-

bratome.

Free-floating sections were processed for single

staining for PSA-NCAM or Ki-67. Brain sections

were rinsed and incubated for 1 h in a blocking buffer

(5% normal goat serum [Vector Labs], and 0.3% Tri-

ton X-100 in 0.01 M PBS). Finally, sections were in-

cubated (48 h at 4C) with primary antibodies: mono-

clonal mouse anti-PSA-NCAM (1:1000, Chemicon),

or polyclonal rabbit anti-Ki-67 (1:2000, Novocastra),

diluted in 3% normal goat serum with 0.3% Triton

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

using a biotinylated anti-mouse IgM or anti-rabbit IgG

antibody (Vector Labs) followed by an avidin-biotin

horseradish peroxidase complex (Vectastain Elite ABC

Kit, Vector Labs, at the concentration recommended

by the manufacturer) and 3,3’-diaminobenzidine tet-

rahydrochloride (0.02% solution) with H2O2 (0.07%

solution). This gave a brown color to cells that were

immunopositive for PSA-NCAM. A DAB-Nickel so-

lution with H2O2 was used for Ki-67, giving a dark

grey color to immunopositive nuclei. The stained sec-

tions were examined under a light microscope (Leica,

CTR 6000). The presented images were captured us-

ing a digital camera CX 9000 (mbf Bioscience Micro-

brightfield, Inc) attached to a Leica microscope (CTR

6000) with a 5× dry or 63× oil objective (Leica) and

controlled by Neurolucida software (mbf Bioscience

Microbrightfield, Inc.). Final photomicrographs were

composed using an Adobe Photoshop program.

Quantitative evaluation of staining

The number of immunoreactive cells (IR) in the gran-

ule and subgranule layers of the DG was estimated us-

ing unbiased stereological methods [45], following

the procedure described in detail by Mackowiak et

al.[19, 20]. Every eighth section selected by system-

atic random sampling along the rostrocaudal axis of

the hippocampal formation was analyzed with a 63×

planapochromat lens using Cast stereology system

software (Olympus, Denmark). Cells appearing in the

upper focal plane were omitted to prevent counting

cell caps (–5 µm of the topmost surface of the sec-

tion). For each animal, a mean numerical density of

IR cells was calculated from the sum of the counts
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made within the optical dissectors. The volume of the

dissectors was (1,025 µm2 × 20 µm) 20,500 µm3. The

total number of IR cells in the granule and subgranule

layers was then calculated by multiplying the numeri-

cal density of IR cells by the reference volume of the

DG. The volume of the DG was measured in each ani-

mal on the same series of sections by Cavalieri’s esti-

mation method using a counting grid with an area as-

sociated with the counting points of 26,283 µm2

measured with a 10× lens.

Statistics

The results are given as the group mean ± standard er-

ror of the mean (SEM). Statistical evaluation was per-

formed by two-way analysis of variance (ANOVA),

followed by the Newman-Keuls post-hoc test using

the Statistica software package. Pretreatment and

treatment were regarded as independent variables.

Results

The effect of HU-210 on ERK phosphorylation

in the rat hippocampus – Western blot analyses

The antibodies used in the present study recognized

two bands of protein on the western blots, with mo-

lecular weights of approximately 44 kDa and 42 kDa,

which correspond to the molecular weights of ERK

44 and 42 (ERK1 and ERK2) or their activated forms-

phosphorylated ERK 44 and 42 (pERK1 and pERK2),

respectively (Fig. 1).

HU-210 (0.1 mg/kg) administration increased the

level of both pERKs when measured 30 min after

treatment (F(1,16) = 16.18; p < 0.001 for pERK1 and

F(1,16) = 12.3; p < 0.03 for pERK2). Compared to the

basal level, the pERK1 protein level increased by ca. 20%

(p < 0.02) while pERK2 increased by ca. 30% (p < 0.01)

(Fig. 1A).

Pretreatment with SL327 (30 mg/kg) 1 h before

HU-210 fully prevented the HU-210-evoked increase

in pERK1 (p < 0.001 vs. HU-210 treated group) and

pERK2 (p < 0.002 vs. HU-210-treated group), which

resulted in no significant slight reduction in pERK1

(by ca. 17%, p = 0.06 ns vs. vehicle-treated group)

and pERK2 (by ca. 11%, p = 0.29 ns vs. vehicle-

treated group) below the basal value. Additionally,

SL327 given alone at the dose 30 mg/kg significantly

attenuated the basal levels of both pERK1 (by ca.

40%, p < 0.0004) and pERK2 (by ca. 30%, p < 0.02)

(Fig. 1A).

HU-210 administration did not alter the expression

of ERK1 (F(1,16) = 0.379; p = 0.55) and ERK2 pro-

tein (F(1,16) = 4.241; p = 0.06). The lack of effect on

ERK1/2 protein expression was also observed after

SL327 administration (F(1, 16) = 0.024; p = 0.88 for

ERK1 and F(1,16) = 0.028; p = 0.86). Similar com-

bined treatment with SL327 and HU-210 did not af-

fect the basal ERK1/2 protein level (F(1,16) = 3,73; p

= 0.08 for ERK1 and F(1,16) = 0.35, p = 0.56 for

ERK2) (Fig. 1B).
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The effect of MEK1/2 inhibition on the number

of PSA-NCAM and Ki-67-IR cells in the DG

It has been previously reported that a single HU-210

injection evokes changes in PSA-NCAM expression

in the rat DG [20]. A similar effect was also observed

in the present study, since HU-210 administration

(0.1 mg/kg) resulted in a decrease in the number of

PSA-NCAM positive cells (F(1,16) = 30.306; p < 0.00005)

in the granular layer of the DG when measured two

days after treatment (by ca. 24%, p < 0.004) (Figs. 2A, B,

3A). However, SL327 treatment (30 mg/kg) (F(1,16)

= 23.592, p < 0.0002) also decreased the number of

PSA-NCAM cells when measured 2 days after ad-

ministration (by ca. 26% p < 0.0004). Moreover, pre-

treatment with SL327 1 h before HU-210 did not change

the effect of HU-210 (F(1,16) = 3.23, p = 0.09) and the

decrease in the number of PSA-NCAM cells (by ca.

38%, p < 0.0002) was even more significant than that

observed after SL327 or HU-210 administration alone

(p < 0.05) (Fig. 3A).

Proliferation of progenitor cells in the DG was

studied by counting the number of Ki-67-IR nuclei

(Fig. 2C, D), since Ki-67 is a nuclear protein ex-

pressed in all phases of the cell cycle except the rest-

ing phase and can be used as an endogenous marker

of cell proliferation [17]. It was found that pretreat-

ment with SL327 (30 mg/kg) 1 h before HU-210 (0.1

mg/kg) noticeably decreased the number of Ki-67-IR

cells in the DG measured 2 days after HU-210 ad-

ministration (by ca. 33%) [pretreatment × treatment =

F(1,16) = 19.87: p < 0.0004]. However, a post-hoc

test revealed that, when administered alone, neither

HU-210 nor SL327 changed the number of Ki-67-IR

cells (p = 0.44 and p = 0.08, respectively) (Fig. 3B).

Discussion

The present study evaluated the potential role of the

ERK signalling pathway in the regulation of PSA-

NCAM expression in the cells of the DG, which is

known to be affected by CB1 receptor activation [19,

20]. The results show that PSA-NCAM expression

can be, in fact, regulated by the ERK pathway. How-

ever, stimulation of the ERK signalling pathway is not
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involved in the attenuation of PSA-NCAM protein

expression in the DG that is induced by CB1 receptor

activation. In contrast, CB1 receptor activation con-

trols the proliferation rate by stimulating the phospho-

rylation of ERK.

Activation of the CB1 receptor leads to initiation of

the ERK signalling pathway [8, 25, 34, 42, 43] and

a similar effect is evident in the present study in

which we observed an increase in ERK protein phos-

phorylation in the hippocampus induced by acute ad-

ministration of the CB1 receptor agonist, HU-210.

Moreover, a specific MEK kinase inhibitor, SL327,

blocked both basal and HU-210-induced phosphory-

lation of ERK. However, an immunohistochemical

experiment showed that HU-210 did not change

PSA-NCAM expression in the DG evoked by activa-

tion of the ERK protein phosphorylation process. In

contrast, SL327, given at a dose that blocked HU-

210-induced ERK phosphorylation in the hippocam-

pus, showed the same effect as HU-210 on PSA-

NCAM expression. Finally, results indicated that the

inhibition of ERK protein phosphorylation intensified

the effect of HU-210. The observed effect of SL327

could be explained by inhibition of the ERK pathway

stimulated by neurotrophic factors, such as nerve

growth factor (NGF) or brain-derived neurotrophic

factor (BDNF), which seems to play an important role

in cell differentiation [15]. This mechanism is sup-

ported by available data suggesting the importance of

BDNF in the regulating PSA-NCAM expression and

function [26]. However, the mechanism by which

HU-210 influences the expression of PSA-NCAM is

still unclear. While it could be independent of the

ERK signalling cascade (i.e., PI3-AKT signalling cas-

cade) [10], there is evidence for inhibitory coupling

between the neuronal CB1 receptor and the ERK

pathway. The latter is supported by an in vitro study in

which the endocannabinoid, anandamide inhibited

neuronal progenitor cell differentiation, thereby at-

tenuating TrkA-induced Rap1/B-Raf/ERK activation

by NGF [35]. Moreover, recent evidence suggests that

Rap1/B-Raf signalling, which results in sustained

ERK activation, is required for cell differentiation

[15]. Therefore, it is possible that HU-210, acting via

the CB1 receptor, inhibits the above pathway and

leads to reduced neuronal cell differentiation and de-

creased PSA-NCAM expression in the DG, since this

protein is a marker of immature neurons [38]. In ac-

cordance with this hypothesis, there is evidence that

the endocannabinoid system promotes astroglial dif-

ferentiation [2]. However, our previous data from the

DG indicated that acute HU-210 treatment did not

change levels of doublecortin [20], another marker of

progenitor neuronal differentiation that is co-expressed

with PSA-NCAM by immature neurons in the DG

[32]. Thus, it is possible that HU-210-induced inhibi-

tion of the ERK pathway triggers alterations in PSA-

NCAM expression as a mechanism by which to re-

press neuronal differentiation; however, the data do

not exclude the possibility that the decrease in PSA-

NCAM levels in immature neurons is simply a conse-

quence of the HU-210 treatment and is not actually

indicative of any corresponding repression of neu-

ronal differentiation. Nevertheless, such an effect

could be very important for the regulation of adult

neurogenesis and hippocampal plasticity. Although

PSA-NCAM is not involved in proliferation, it is es-

sential for the proper migration, maturation and sur-

vival of newborn neurons [36, 44] as well as for the

organization of synaptic contacts [9]. It is possible

that the synergistic effect on PSA-NCAM expression

observed after combined acute treatment with SL327

and HU-210 is a consequence of inhibiting Rap-1/B-

Raf/ERK signalling at various levels of the cascade,

since it is known that anandamide decreases basal

Rap1 and B-Raf activity [35].

It is still an open question whether HU-210 acts di-

rectly via CB1 receptors localized on PSA-NCAM-IR

cells or indirectly via CB1 receptors localized on GA-

BAergic interneurons [16, 41]. Although the direct

action of HU-210 is controversial given our previous

results demonstrating a lack of CB1 receptors on

PSA-NCAM-IR neuronal cells in the subgranular

zone of the DG [20], other studies offer evidence in

support of such a direct mechanism [2]. Alternatively,

HU-210 might exert indirect effects via GABA re-

lease by a phenomenon called depolarization-induced

suppression of inhibition [46]. This notion of an indi-

rect influence of HU-210 on the ERK signalling path-

way might be supported by recent evidence showing

the involvement of GABA transmission in the regula-

tion of PSA-NCAM expression [27, 31, 40] and the

fact that GABAA receptor agonists caused a tonic in-

hibition of ERK kinase cascade in PSA-NCAM-

positive cells from postnatal striatum [30].

Our present and previous results [20], in addition to

the findings of others [14, 18], show that the acute ad-

ministration of exocannabinoids – HU-210, �9-tetra-

hydrocannabinol (THC), WIN 55,21-2 – has no effect

on proliferation rates measured by the accumulation
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of BrdU or expression of Ki-67 in DG cells. However,

some arguments suggest that activation of the CB1 re-

ceptor by endocannabinoids promotes proliferation of

progenitors in the DG [1, 2]. Our results indicate that

ERK phosphorylation might play an important role in

the control of progenitor proliferation in the DG,

since the inhibition of ERK phosphorylation de-

creases the proliferation rate after acute HU-210 ad-

ministration when measured as the number of Ki-67

cells. It is interesting to note that minor inhibition

(SL327) or activation (HU-210) of the basal level of

ERK phosphorylation does not influence the number

of dividing cells in the DG. Previous studies in cul-

tured embryonic hippocampal progenitor cells [14]

suggest that HU-210 likely controls cell proliferation

by acting via CB1 receptors present on adult rat [14]

and mice [2] progenitor cells (BrdU positive) and se-

quentially activating Gi/o proteins and the ERK path-

way. One could speculate that HU-210 activates the

Ras/Raf-1 complex, which mediates short-term ERK

activation, thereby regulating cell proliferation [15].

Moreover, this pathway is mainly activated by CB1

receptor stimulation [4, 34].

The present study suggests that CB1 receptor acti-

vation changes the expression of proteins, such as

PSA-NCAM, that are engaged in controlling the de-

velopment of new neurons in the mature brain. How-

ever, it seems that the ERK signalling pathway, which

is stimulated by CB1 receptor activation, is not in-

volved in the above process. On the other hand it is

observed the responsiveness of the basal PSA-NCAM

protein level to changes in the ERK cascade signal,

which might be important for neuronal plasticity,

since both PSA-NCAM and ERK signalling are in-

volved in plasticity processes, such as learning or

memory formation [3, 6, 7]
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