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Abstract Microglia are immunocompetent cells in the cen-

tral nervous system that take up tissue debris and pathogens.

Rho-associated kinase (ROCK) has been identified as an

important regulator of uptake, proliferation, secretion, and

differentiation in a number of cell types.AlthoughROCKplays

critical roles in themicroglial secretionof inflammatory factors,

migration, and morphology, its effects on microglial uptake

activity have not been well characterized. In the present study,

we found that treatment of BV2 microglia and primary

microglia with the ROCK inhibitors Y27632 and fasudil

increased uptake activity and was associated with morpholog-

ical changes. Furthermore, western blots showed that this

increase in uptake activity was mediated through the extracel-

lular-signal-regulated kinase (ERK) signaling cascade, indi-

cating the importance of ROCK in regulatingmicroglial uptake

activity.
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Introduction

Microglia are immunocompetent cells in the central nervous

system (CNS) and have many functional properties in

common with peripheral macrophages [1, 2]. Amajor innate

immune function of microglia is the receptor-mediated

uptake of tissue debris and pathogens in the CNS [3]. Rapid

and efficient uptake protects against neuronal damage, and

contributes to tissue remodeling and immune response

regulation [4]. Uptake, like other modes of cytokinesis,

depends on mechanical forces generated by stress fibers

[5–7]. Stress fibers are dynamic structures whose assembly/

disassembly and functions are regulated by the smallGTPase

RhoA and its major effector Rho-kinase (ROCK).

Rho-associated coiled-coil forming protein serine/thre-

onine kinase (ROCK, rho-associated kinase), a well-

characterized downstream effector of Rho, is a mixture of

two highly homologous isoforms: ROCK1 and ROCK2 [8,

9]. The activation of ROCK is known to phosphorylate the

regulatory myosin light chain (MLC) and the myosin-

binding subunit of the MLC phosphatase to inhibit its cat-

alytic activity. Therefore, ROCK contributes to a number of

actin–myosin-mediated processes, such as cell motility,

adhesion, proliferation, differentiation, neurite retraction,

and uptake [10]. The uptake activity is regulated by the

cytoskeleton through MLC kinase. Accumulating evidence

indicates that ROCK plays a central role during uptake in

different cell types [11–16]. However, its role in microglial

uptake and its possible mechanism are not fully understood.

In this study, we investigated the effects of ROCK

inhibition on the uptake activity of BV2 cells (a microglial

cell line) and primary microglia using Y27632 (a specific

ROCK inhibitor) and fasudil (a nonspecific ROCK inhi-

bitor), which are widely used to study the functions of

ROCK signaling [17, 18].

Materials and Methods

Culture of BV2 Microglia

The microglial cell line BV2 was purchased from the

Chinese Academy of Medical Sciences, Beijing, China.
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After recovery from liquid nitrogen, cells were cultured in

high-glucose Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum

(FBS) at 37 �C in a 95% O2 and 5% CO2 atmosphere. The

medium was changed every 2 days until confluence. The

cells were found to be Iba1-positive (ionized calcium

binding adaptor molecule, 1:300; Wako, Richmond,

VA) microglia. ROCK2 expression was assessed by

immunostaining with rabbit anti-ROCK2 antibody (1:300;

Santa Cruz Biotechnology, Santa Cruz, CA).

Lactate dehydrogenase (LDH) release was measured

using a CytoTox 96 nonradioactive cytotoxicity assay kit

(Promega, Madison, WI) to assess the toxicity caused by

10 lmol/L Y27632 (Sigma Chemical, St. Louis, MO) [19,

20] and 41 lmol/L fasudil (Sigma Chemical) [21]. The

ROCK Activity Assay kit (Millipore, Chemicon, Billerica,

MA) was used to assess ROCK activity changes induced by

Y27632 and fasudil as indicated by the manufacturer.

Culture of Primary Microglia

The brains of newborn Sprague-Dawley pups were disso-

ciated, and cells were cultured in mixture. After two days,

the medium was refreshed with high-glucose DMEM

containing 20% FBS. Ten days later without medium

change, microglial cells were isolated by an orbital shaker

(37 �C, 200 rpm, 1.5 h). Twenty minutes after cells

attached on the dishes, the medium was refreshed with

high-glucose DMEM containing 10% FBS for further

purification. After identification with anti-Iba1 and DAPI,

cultures of [95% purity were used for experiments.

ROCK2 expression was assessed by immunostaining with

rabbit anti-ROCK2 antibody.

FITC–Dextran Uptake Analysis by Flow Cytometry

Uptake was evaluated using FITC–dextran uptake analysis.

Briefly, BV2 cells and primary microglial cells were sus-

pended in culture medium, adjusted to a concentration of

1 9 106–5 9 106 cells/mL, plated (2 mL/well) in 6-well

cell culture plates, and incubated for 24 h. The cells were

randomly assigned to four groups: negative control group,

control group, Y27632 (10 lmol/L) group, and fasudil

(41 lmol/L) group. The cells in the control, Y27632, and

fasudil groups were incubated for 1 h at 37 �C with FITC–

dextran (0.1 mg/mL, molecular weight, 40,000, FD-40s;

Sigma) [22, 23]. The negative control group was incubated

with FITC–dextran at 4 �C for 1 h to exclude extracellular

binding of FITC-dextran, and was used to set the baseline

value in flow cytometry. Then the cells were extensively

washed 3 times with ice-cold PBS. The uptake of FITC–

dextran was analyzed using a fluorescence-activated cell

analyzer (Becton Dickinson, Franklin Lakes, NJ) and data

analysis was performed with Modifit LT 2.0 (Becton

Dickinson). For statistical analysis, the level of uptake was

determined as FITC–dextran positive cell number/total cell

number.

Western Blot

The BV2 cells were used for western blot analysis. To

assess the expression of mitogen-activated protein kinase

(MAPK)-related proteins, total proteins were extracted

using RIPA buffer (50 mmol/L Tris, pH 7.4, 150 mmol/L

NaCl, 1% Triton X-100, 1% sodium deoxycholate, and

0.1% SDS) containing 1 mmol/L phenylmethylsulfonyl

fluoride. Protein concentrations in the supernatants were

determined using the bicinchoninic acid protein assay kit

(Pierce, Cheshire, UK) with bovine serum albumin as the

standard.

Equal amounts of proteins were separated by 15% SDS-

PAGE and transferred to nitrocellulose membranes (Hybond

C-Super, Amersham Pharmacia Biotech, Amersham, UK).

The membranes were blocked in 5% (w/v) nonfat milk in

TBST (10 mmol/L Tris-HCl, 150 mmol/L NaCl, and 0.02%

[v/v] Tween-20, pH 7.5) and incubated overnight at 4 �C
with the primary antibodies anti-p-p38 and anti-p38 (1:500,

Cell Signaling Technology, Inc., Danvers, MA), anti-p-JNK

and anti-JNK (1:500, Cell Signaling Technology, Inc.), anti-

p-ERK (1:300, Cell Signaling Technology, Inc.), anti-

ERK1/2 (1:500, Santa Cruz Technology), and anti-b-actin
(1:1,500, Santa Cruz Technology). Secondary antibodies

(IRDye 800-conjugated goat anti-rabbit IgG and/or Alexa

Fluor 800-conjugated goat anti-mouse IgG, dilution 1:5,000;

Rockland Immunochemicals, Gilbertsville, PA) were added

according to the manufacturer’s instructions. The

immunoreactivity of protein bands was quantified using an

Odyssey IR imaging system (LI-COR Biosciences Inc.,

Lincoln, NE) and expressed as the mean optical density

(OD). For statistical analysis, the OD value of each protein

was normalized to that of b-actin.

Immunocytochemical Staining

Cells seeded on glass coverslips were incubated in high-glu-

cose DMEM containing 10% FBS and 10 lmol/L Y27632 or

41 lmol/L fasudil for 1 h,with orwithout pre-incubationwith

10 lmol/L U0126 (Promega, Madison, WI), fixed in 100%

methanol for 15 min, washed in PBS, incubated with 5%

bovine serum albumin in PBS at room temperature for 2 h to

block nonspecific antibody binding, incubated overnight with

anti-Iba1 or anti-ROCK2 at 4 �C, and then incubated with

CY3-conjugated goat anti-rabbit IgG antibody (1:200; Jack-

son ImmunoResearchLaboratories Inc.,WestGrove, PA) and

DAPI (10 lg/mL; Jackson ImmunoResearch Laboratories

Inc.) for 10 min.
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Statistical Analysis

All data are expressed as mean ± SEM. Student’s paired

t test was used to compare differences between two groups

and one-way ANOVA with Tukey’s post hoc test was used

to compare differences among more than two groups.

P\ 0.05 was considered statistically significant.

Results

Morphological Changes and Increased Uptake

by BV2 Microglia after Y27632 and Fasudil

Treatment

Immunocytochemical staining indicated that the confluent

cells were Iba1-positive (Fig. 1A1) and ROCK2-positive

(Fig. 1A2) microglia. The LDH release assay showed no

significant difference between the Y27632, fasudil, and

control groups (Fig. 1B). Hence, 10 lmol/L Y27632 and

41 lmol/L fasudil were not cytotoxic. To confirm direct

inhibition of ROCK by Y27632 and fasudil, we further

used the Rho-kinase activity assay kit to detect ROCK

activity in BV2 microglial cells. After 0.5, 1, and 3 h of

Y27632 and fasudil treatment, the activity of ROCK in

BV2 microglia was reduced significantly (Fig. 1C).

Immunocytochemical staining with Iba1/DAPI showed

that the Y27632- and fasudil-treated BV2 cells were larger

and more irregularly shaped than control cells and had

many small dendrites (Fig. 2A1–A3). The flow cytometric

analysis of control, Y27632-, and fasudil-treated BV2 cells

at 1 h indicated that Y27632 and fasudil stimulated the

uptake activity of BV2 cells (Fig. 2B). The Y27632-treated

cells had a higher uptake (95.7 ± 1.3% vs 61.0 ± 1.8%,

P\ 0.01; Fig. 2C1) and mean fluorescence intensity

(26.7 ± 0.3% vs 13.3 ± 0.3%, P\ 0.01; Fig. 2C2) than

control cells. Similarly, fasudil-treated cells had higher

uptake (96.8 ± 1.3% vs 61.0 ± 1.8%, P\ 0.01; Fig. 2C1)

and mean fluorescence intensity (27.7 ± 0.3% vs

13.3 ± 0.3%, P\ 0.01; Fig. 2C2) than controls. These

findings demonstrated that ROCK inhibition increases the

uptake activity of BV2 cells.

Morphological Changes and Increased Uptake

Activity of Primary Microglia after Y27632

and Fasudil Treatment

Although BV2 cells are reported to share many charac-

teristics with primary microglia and represent a suit-

able model for in vitro studies of activated microglial cells,

they still exhibit behavior, motility, and gene expression

profiles different from primary microglial cells. So we also

Fig. 1 ROCK2 was expressed

in BV2 microglial cells and the

ROCK inhibitors were not

cytotoxic to BV2 cells.

(A) Expression of Iba1 and

ROCK2 identified by staining

with anti-Iba1 (red) (A1) and
anti-ROCK2 (red) (A2). Scale
bar, 25 lm. (B) Mean LDH

release after 0.5, 1, and 3 h of

treatment with Y27632 and

fasudil (n = 4). (C) Statistical
analysis of ROCK activity in

BV2 microglial cells after

Y27632 and fasudil treatment.

Compared with the control

group, ROCK activity was

significantly decreased in the

Y27632 and fasudil groups

(n = 4, *P\ 0.01).
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investigated the effects of Y27632 and fasudil on mor-

phological changes and uptake activity of primary micro-

glia. Immunocytochemical analysis indicated that almost

95% of the confluent cells were ROCK2-positive

(Fig. 3A1) and Iba1-positive (Fig. 3B1) primary microglia.

Similar to BV2 cells, the Y27632- and fasudil-treated

primary microglia were larger and more irregularly shaped

than control cells and had many small dendrites (Fig. 3B1–

B3). Representative examples of flow cytometric analysis

of control, Y27632-, and fasudil-treated primary microglia

at 1 h are shown in Fig. 3C. The Y27632-treated microglia

had a higher uptake (87.9 ± 1.1% vs 50.3 ± 1.7%,

P\ 0.01; Fig. 3D1) and mean fluorescence intensity

(24.1 ± 1.1% vs 10.6 ± 0.7%, P\ 0.01; Fig. 3D2) than

control cells. Similarly, fasudil-treated microglia had a

higher uptake rate (88.3 ± 1.3% vs 50.3 ± 1.7%,

P\ 0.01; Fig. 3D1) and mean fluorescence intensity

(26.2 ± 0.8% vs 10.6 ± 0.7%, P\ 0.01; Fig. 3D2) than

control cells. These findings demonstrated that ROCK

inhibition changes cell morphology and increases the

uptake activity of primary microglia.

Involvement of the ERK Signaling Pathway

in Y27632- and Fasudil-Induced Uptake

Enhancement

MAPK-related cell-signal proteins have been implicated in

microglial proliferation, inflammatory factor secretion, and

Fig. 2 Y27632 and fasudil

changed cell morphology and

enhanced uptake activity in

BV2 microglia. (A) Double
staining with Iba1 (red) and

DAPI (blue) 1 h after treatment

in the control (A1), Y27632
(A2), and fasudil (A3) groups
(scale bar, 25 lm).

(B) Representative examples of

flow cytometric analysis of

control-, Y27632-, and fasudil-

treated BV2 cells at 1 h.

(C) The data indicated that

Y27632 and fasudil stimulated

uptake activity in BV2 cells.

The percentage of BV2 cells

that took up FITC-dextran (C1)
and the mean fluorescence

intensity of FITC-dextran (C2)
in BV2 cells increased after

Y2762 and fasudil treatment.

The results are expressed as the

mean ± SEM (n = 5,

*P\ 0.01, Y27632 vs control

group, fasudil vs control group).
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uptake activity [24–27]. Western blot analysis showed that

treatment with either Y27632 or fasudil (0.5, 1, and 3 h)

upregulated the expression of p-ERK (P\ 0.01 compared

with control, Fig. 4), while p-JNK, p-p38, total ERK1/2,

total JNK, and total p38 expression were unaffected

(Fig. 4A).

Furthermore, BV2 cells were pre-incubated with

10 lmol/L U0126, an inhibitor of ERK1/2 activation

[12], for 30 min before Y27632 and fasudil treatment.

One hour after Y27632 and fasudil treatment, U0126

markedly reversed the Y27632- and fasudil-induced

upregulation of p-ERK expression (P\ 0.01, Fig. 5A, B)

and the uptake enhancement in BV2 cells (P\ 0.01,

Fig. 6A, B). The total ERK1/2 expression remained

unchanged (Fig. 5A). Taken together, our results sug-

gested that the ERK signaling pathway plays an impor-

tant role in Y27632- and fasudil-induced uptake

enhancement in BV2 cells.

Fig. 3 Y27632 and fasudil

changed cell morphology and

enhanced uptake activity in

primary microglia.

(A) Expression of ROCK2

identified by staining with anti-

ROCK2 (red) and DAPI (blue).

(B) Double staining with Iba1

(red) and DAPI (blue) 1 h after

treatment in the control (B1),
Y27632 (B2), and fasudil (B3)
groups (scale bar, 25 lm.

(C) Representative examples of

flow cytometric analysis of

control, Y27632-, and fasudil-

treated primary microglia at 1 h.

(D) The data indicated that

Y27632 and fasudil stimulated

uptake in primary microglia.

The percentage of primary

microglia that took up FITC-

dextran (D1) and the mean

fluorescence intensity of FITC-

dextran (D2) in primary

microglia increased after Y2762

and fasudil treatment. The

results are expressed as the

mean ± SEM (n = 5,

*P\ 0.01, Y27632 vs control

group, fasudil vs control group).
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Involvement of the ERK Signaling Pathway

in Y27632- and Fasudil-Induced Changes in BV2

Cell Morphology

The morphology of cells treated with U0126 alone

(Fig. 6C4) was similar to that of control cells (Fig. 6C1).

U0126 added to Y27632- or fasudil-treated cells prevented

the Y27632- or fasudil-induced morphological changes

(Fig. 6C5, C6). Thus, the ERK signaling pathway is

involved in the Y27632- and fasudil-induced

morphological changes in BV2 cells, and these changes are

associated with uptake enhancement in these cells.

Discussion

Previous studies have demonstrated that ROCK plays

important roles in the microglial secretion of inflammatory

factors and in the control of microglial morphology and

migration [28–32]. Nevertheless, its role in microglial

uptake activity and the possible mechanism remain poorly

understood. Uptake activity can be divided into pinocytosis

and phagocytosis. Pinocytosis is distinguished by mor-

phological examination — macropinocytosis and

micropinocytosis. While phagocytosis is generally used to

describe the uptake of large solid particles, the term

‘‘pinocytosis’’ refers to fluid intake as well as to the

ingestion of materials dissolved or suspended in the fluid

phase. Many mammalian cells engulf solid particles such

as latex, zymosan (dextran), bacteria, and erythrocytes.

Here, we used FITC-dextran (0.1 mg/ml, molecular weight

40,000) which normally occurs in principle by receptor-

mediated phagocytosis or by pinocytic pathways in cells, to

assess the uptake activity of microglia [33, 34]. We

investigated the effect of ROCK inhibition on the uptake

activity and cell morphology of microglial cells. Using a

specific ROCK inhibitor Y27632 [8], and a nonspecific

ROCK inhibitor fasudil [17, 18], we demonstrated that

ROCK inhibition increased the uptake activity of micro-

glial cells and was associated with morphological changes.

Accumulating evidence suggests that ROCK inhibition

may play an active role in cell uptake activity [4, 35–38].

Changsuk Moon et al. have shown that Y27632 inhibition

of ROCK enhances the ability of alveolar macrophages to

clear apoptotic cells during the intense lung inflammation

associated with oxidative stress [39]. The observations of

Miri Gitik et al. suggest that Rho/ROCK down-regulates

Fig. 4 Effects of Y27632 and fasudil on MAPK proteins in BV2

microglia. (A) Representative Western blots showing the changes in

p-ERK, total ERK1/2, p-JNK, total JNK, p-p38, and total p38

expression in response to Y27632 and fasudil treatment. (B) Statistical

analysis of p-ERK protein expression. Levels of p-ERK increased

after Y27632 and fasudil treatment at 0.5, 1, and 3 h. The results are

expressed as the mean ± SEM (n = 5, *P\ 0.01, Y27632 vs control

and fasudil vs control).

Fig. 5 Effects of Y27632 and fasudil on p-ERK proteins in BV2

microglia. (A) Representative Western blots showing the changes in

p-ERK expression in response to Y27632, fasudil, U0126, Y27632

plus U0126, and fasudil plus U0126 treatment at 1 h. (B) Statistical
analysis of p-ERK protein expression. Levels of p-ERK were reduced

after U0126 treatment at 1 h, although total ERK1/2 expression

remained unchanged. The results are expressed as the mean ± SEM

(n = 5, *P\ 0.01, #P\ 0.05).
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the uptake activity of C3bi-opsonized and non-opsonized

myelin in microglia [3]. Consistent with these findings, our

results showed that ROCK inhibition by Y27632 and fas-

udil promotes the uptake of FITC-dextran by BV2 micro-

glia and primary microglial cells.

ROCK activation is known to lead to a number of actin–

myosin-mediated processes such as cell motility, adhesion,

uptake, and morphological changes [40–46]. In the present

study, inhibition of ROCK led to striking morphological

changes of BV2 cells that were associated with increased

uptake activity. Similar to previous studies, our study

found that BV2 cells after ROCK blockade had larger cell

bodies with many small dendrites and were more irregu-

larly shaped. High Rho and ROCK activities are necessary

for the flattening of cells. The expansion or shrinkage of

the cell body accompanied by the disappearance or out-

growth of branched processes, respectively, depends on

remodeling of the cytoskeleton, a well-known target of Rho

GTPases [9]. Morphological changes are also associated

with cell adhesion and motility [47, 48]. Previous studies

have demonstrated that thrombodulin controls epithelial

morphology and promotes cell migration [49]. Hypoxia

modulates fibroblastic architecture, adhesion, and migra-

tion [50] and the endocytic protein GRAF1 regulates cell-

matrix adhesion sites and cell spreading [51]. So to further

understand the effect of Rho/ROCK on microglial function,

further investigations on microglial migration and adhesion

are required.

Several studies have shown that the MAPK signaling

pathway is involved in microglial proliferation, inflam-

matory factor secretion, and uptake activity [24–27]. In the

present study, ERK, the most widely studied MAPK cas-

cade, played a crucial role in uptake activity and the

morphological changes induced by ROCK inhibition.

Inhibition of ROCK by Y27632 and fasudil significantly

increased the phosphorylation of ERK1/2 in BV2 cells.

Furthermore, U0126, an inhibitor of ERK [12, 52], sup-

pressed the Y27632- and fasudil-induced changes in BV2

cell uptake activity and morphology. Taken together, these

results indicate that the ERK signaling pathway mediates

the ROCK inhibitor-induced enhancement of uptake

activity and is associated with morphological changes by

alteration of the actin cytoskeleton. In addition, ROCK

inhibition may play a negative role in the uptake activity of

some cells under pathological and physiological conditions

[36, 53]. Thus, the precise role of ROCK in cell uptake

remains controversial and requires further investigation.

In conclusion, ROCK inhibition by Y27632 and fasudil

effectively increased the uptake activity of microglial cells

and induced changes in cell morphology through the ERK

signaling pathway. Understanding the cellular and molec-

ular regulatory mechanisms of ROCK inhibition may help

Fig. 6 Involvement of the ERK

signaling pathway in the

Y27632- and fasudil-induced

uptake activity and

morphological changes in BV2

microglia. Changes in (A) the
percentage of BV2 microglia

that took up FITC-dextran and

(B) the mean fluorescence

intensity of FITC-dextran in

BV2 microglia were dependent

on p-ERK protein expression.

The results are expressed as the

mean ± SEM (n = 5,

*P\ 0.01). (C) Morphological

changes of BV2 cells double

stained with Iba1 (red) and

DAPI (blue) 1 h after treatment

in control (C1), Y27632 (C2),
fasudil (C3), U0126 (C4),
Y27632 plus U0126 (C5), and
fasudil plus U0126 (C6) groups
(scale bar, 10 lm).
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elucidate the role of ROCK inhibition in CNS development

and disease.
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