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Abstract
Reactive microglia clustering around amyloid plaques in brain is a histopathological feature of Alzheimer’s disease (AD) 
and reflects the contribution of neuroinflammation in AD pathogenesis. β-Amyloid peptide (Aβ) has been shown to induce 
a range of microglial responses including chemotaxis, cytotoxicity and inflammation, but the underlying mechanism is 
poorly understood. Considering the fundamental role of RhoA/ROCK signaling in cell migration and its broad implication 
in AD and neuroinflammation, we hypothesized that RhoA/ROCK signaling might be involved in Aβ-induced microglial 
responses. From in vivo mouse models including APP/PS1 transgene and fibrillar Aβ stereotactic injection, we observed the 
elevated expression level of RhoA in reactive microglia. Through a series in vitro cell migration, cytotoxicity and biochem-
istry assays, we found that RhoA/ROCK signaling plays an essential role in Aβ-induced responses of microglial BV2 cells. 
Small molecular agents Fasudil and Y27632 showed prominent beneficial effects, which implies the therapeutic potential of 
RhoA/ROCK signaling inhibitors in AD treatment.

Keywords  Aβ · Microglial BV2 cells · RhoA/ROCK signaling · Chemotactic migration · Cytotoxicity · Inflammatory 
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Introduction

Alzheimer’s disease (AD) is one of the most common 
chronic neurodegenerative diseases in the aging population 
(Sindi et al. 2015). The neuropathological hallmarks of AD 
are extracellular amyloid plaques, intracellular neurofibril-
lary tangles and extensive neuronal loss (Holtzman et al. 

2011). Although increasing numbers of risk factors involved 
in AD pathogenesis have been discovered, β-amyloid (Aβ) 
peptide, the main component of amyloid plaques, has been 
widely accepted as the primary factor. The production and 
deposition of Aβ severely impair neuronal functions and 
initiates a variety of pathological changes, including neuro-
inflammation (Selkoe and Hardy 2016).

Microglia are the major innate immune cells in brain, which 
respond to pathological conditions and mediate inflammatory 
response in its reactive states (Wolf et al. 2017). Previous 
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studies based on AD mouse models and human patients have 
commonly described the phenomenon of reactive microglial 
clustering around amyloid plaques (Sheng et al. 1997; Solito 
and Sastre 2012; Meraz-Rios et al. 2013). The accumulation of 
reactive microglia is not simply due to the proliferation of resi-
dential microglia (Venneti et al. 2009), but also a consequence 
of reactive microglia migration (Villegas-Llerena et al. 2016). 
Principally, reactive microglia utilize the chemotactic response 
to sense the pathogens and migrate to spatial targeting loca-
tions. It is a chemoattractant-dependent process which requires 
the integration and coordination of specific cell surface recep-
tor and intracellular signaling (Fan et al. 2017). In the scenario 
of AD, Aβ has been identified as a direct chemoattractant for 
microglia chemotaxis, much less is known about the underly-
ing mechanism, especially the intracellular signaling.

Rho subfamily GTPases member RhoA and its down-
stream effector Rho-dependent coiled-coil kinase (ROCK) 
have pleiotropic functions in regulating cellular polarity, 
adhesion, contraction and migration (Raftopoulou and Hall 
2004). The involvement of RhoA/ROCK signaling in AD 
pathology has been documented, such as aluminum-induced 
amyloid fibril formation in cultured rat cortical neurons 
(Chen et al. 2010), Aβ-induced neurite retraction (Tsushima 
et al. 2015), blood–brain barrier disruption (Park et al. 2017) 
and synaptotoxicity (Sellers et al. 2018). In addition, RhoA/
ROCK signaling is also engaged in modulating microglial 
functions, including both phagocytosis (Scheiblich and 
Bicker 2017) and neuroinflammation (Alokam et al. 2015; 
Chen et al. 2017b). Moreover, pioneer studies have reported 
that RhoA/ROCK signaling participates in the interaction of 
Aβ and microglia (Jeon et al. 2008; Moon et al. 2013). Thus, 
considering these broad implications of RhoA/ROCK sign-
aling in cell migration, Aβ toxicity and microglial response, 
we speculate that RhoA/ROCK signaling might serve as the 
intrinsic mediator of Aβ-induced microglial chemotaxis, 
cytotoxicity and inflammatory response.

In this study, we conducted a series in vitro experiments 
and combined with in vivo models to test this hypoth-
esis. We found that RhoA/ROCK signaling is essential 
for Aβ-induced responses in microglial BV2 cells includ-
ing chemotactic migration, cytotoxicity and inflammatory 
response. Inhibition of RhoA/ROCK signaling can signifi-
cantly ameliorate these responses, which provides evidence 
to support the therapeutic potential of RhoA/ROCK inhibitor 
in AD.

Materials and Methods

Animals

Adult wild-type C57BL/6J mice were purchased from 
Shanghai Experimental Animal Center of Chinese Academy 

of Sciences. APPswe/PS1ΔE9 (APP/PS1) transgenic mice 
were obtained from Shanghai Research Center for Model 
Organism. All animals were housed in a 12-h light/dark 
cycle with food and water ad  libitum and performed in 
accordance with the guide for Shanghai Medical Labora-
tory Animal Care and Use Committee.

Materials

Primary antibodies and reagents are as follows: RhoA, 
ROCK2, Iba-1 and CD16 (Abcam, USA), CD206 (R&D, 
USA), β-actin (Santa Cruz, USA), NLRP3, Caspase1 and 
IL-1β (ABclonal, China), Rho Activation Assay Kit (Mil-
lipore, USA), 3-Well Chamber Insert (Ibidi, USA), Falcon 
Cell Culture Insert (Transwell) (Corning Brand, USA), Acti-
nOrange™ 555 Stain (GeneCopoeia, USA), Aβ1-42 peptide 
(ChinaPeptides, China), poly-d-lysine (PDL; Sigma-Aldrich, 
USA), Cell Counting Kit-8 (CCK-8, Dojindo, Japan), Cyto-
toxicity Detection KitPLUS (LDH, Roche, USA), Fasudil and 
Y27632 (Selleck, USA), lipopolysaccharide (LPS, Sigma-
Aldrich, USA), IL-1β ELISA kit (ABclonal, China).

Preparation of Fibrillar Aβ1‑42

Aβ1-42 peptide was dissolved in sterilized double distilled 
water, prepared into a final concentration of 1 mM stor-
age solution. Then, the solution was incubated in 37 °C 
for 7 days to prepare fibrillar Aβ1-42 (fAβ1-42) and store in 
− 80 °C freezer for use (Xu et al. 2015). The aggregated 
states of Aβ1-42 were checked by electron microscope. 
Briefly, Aβ1-42 solution was absorbed onto a carbon-coated 
copper grid and then stained negatively with 1% phospho-
tungstic acid. After drying briefly, the samples were imaged 
with electron microscope (JEM-2100, JEOL, Japan) oper-
ating at 120 kV. The aged Aβ1-42 mainly appeared fibrils 
although some other form of aggregates such as protofibrils 
also presented under electron microscope (Supplementary 
Fig. 1). In this text, the simplified fAβ was also used to rep-
resent fibrillar Aβ1-42.

Stereotaxic Surgery

Adult wild-type C57BL/6J mice were randomly divided into 
two groups (n = 4 per group) and injected with 1 µl vehicle 
or fAβ (50 µM) into the unilateral hippocampus separately. 
Mice were anesthetized with sodium pentobarbital (45 mg/
kg ip) and fixed to a stereotaxic instrument. A sagittal inci-
sion was made on the head. The intrahippocampal injec-
tion was performed with coordinates for the hippocampus: 
antero-posterior − 1.82 mm; lateral ± 1.13 mm respect to 
bregma, and depth of − 1.75 mm respect to the duramater, 
and with injecting at speed of 0.2 µl/min. After injection, 
the scalp was sutured and mice were put on a heating pad 
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for recovery. Then, the mice were sacrificed on the fourth 
day after surgery and brain slices (thickness 25 µm) were 
prepared for immunofluorescent staining.

Cell Culture and Treatment

BV2 cells were obtained from American Type Culture Col-
lection (Manassas, VA) and cultured in Dulbecco’s Modified 
Eagle’s Medium (Gibco, USA) supplemented with 10% fetal 
bovine serum (Invitrogen, USA) and 1% antibiotic–antimy-
cotic (Gibco, USA) in 37 °C, 5% CO2 incubator. Cells were 
passaged every 2–3 days. For analyzing the effects of Aβ on 
BV2 migration, cells were transferred to the 3-well chamber 
as shown in Fig. 2a or the transwell system (Justus et al. 
2014). For analyzing the Aβ-induced inflammation response 
of microglial BV2 cells, pretreatment of cells with LPS 
(100 ng/ml) for 6 h and washed with PBS. Then, cells were 
treated by fAβ (10 µM) with or without Fasudil (50 µM) and 
Y27632 (10 µM) for 24 h.

Cell Migration Assay

3‑Well Chamber System

The slides were coated with PDL at 100 µg/ml in PBS 
overnight in 24-well plate. 3-Well chamber insert was set 
on the coated slides. As illustrated in Fig. 2a, 20 µl of fAβ 
(50 µM) or water was added into the side chambers and the 
chambers were air-dried overnight. BV2 cells were seeded 
in the middle chamber and incubated overnight for adher-
ence (Fig. 2a). Then, the medium and the 3-well chamber 
insert were removed, followed with adding fresh medium. 
The chemotaxis effect of Aβ on BV2 cells was analyzed 
after 24 h.

For collecting enough cells to carry out the immunoblot-
ting assay and RhoA activity assay, fAβ was added into all 
the three chambers, whereas BV2 cells were seeded in outer 
space of the chamber in 24-well plate (Fig. 3a). The insert 
was removed after cells adherence. Cells were harvested 
and subjected to immunoblotting analysis and RhoA activ-
ity assay after culturing for 24 h.

Transwell System

We used the 8.0 µm pore size culture insert (Corning Costar) 
in 24-well plates to assess the migration of BV2 cells. Cell 
suspension was added in the upper chamber of transwell 
system and fAβ (10 μM or 20 µM) was added into the lower 
chamber after cell adherence. To analyze the effect of Rho/
ROCK signaling inhibitors on BV2 cell migration, Fasudil 
(50 µM) (Chen et al. 2017a) or Y27632 (10 µM) (Fu et al. 
2016) was added into the upper chamber when adding fAβ. 
24-h time period was given to allow cell migration. After 

that, cells on the membrane of the transwell insert were fixed 
with 4% paraformaldehyde. Cells that migrated to the under-
surface of the membrane were stained with crystal violet. 
The experiments were repeated at least three times.

Cytotoxicity Assay

Cell viability of BV2 cells was measured by the CCK-8 
assay and LDH release. BV2 cells were seeded in 96-well 
plates and incubated overnight. fAβ was added at the con-
centration of 1 µM, 5 µM, 10 µM and 20 µM, respectively, 
and treated for 24 h. For analyzing the protective effect of 
Rho/ROCK signaling inhibitors on Aβ-induced damage, 
cells were treated by fAβ (10 µM or 20 µM) with or without 
Fasudil (50 µM) and Y27632 (10 µM) for 24 h. The sequen-
tial CCK-8 assay and LDH release assay were performed 
according to the instructions. For morphological analysis, 
the phenotype of cluster formation in BV2 cells has been 
described (Huang et al. 2010). In this study, the cluster of 
more than 10 cells stacked upon each other was termed 
as the big cluster, and the cluster made by 5–10 cells was 
termed as the small cluster. The experiments were repeated 
at least three times.

Immunofluorescent Staining and Quantification

Samples (brain slices or cells) were fixed in 4% paraform-
aldehyde and washed three times with PBS. Then, samples 
were incubated in PBS with 10% horse serum and 0.2% 
Triton X-100 at 37 °C for 1 h. Next, samples were incu-
bated with primary antibodies according to instructions for 
1 h at 37 °C, and overnight at 4 °C. After three times wash 
in PBS, samples were incubated with secondary antibod-
ies for 1 h at room temperature and followed with DAPI 
(10 µg/ml) incubation for 10 min. The immunofluorescence 
of cells was analyzed by Image J software (Schneider et al. 
2012). Cells of interest were selected by the drawing tool of 
freehand. The parameters of “area integrated intensity” and 
“mean grey value” were selected to set the measurement. 
At least 30 cells were measured in each slide/region. To 
subtract the background, the density was calculated with the 
formula-integrated density − (area of selected cells × mean 
fluorescence of background readings). To analyze the dis-
tribution of CD16, CD206 and Thioflavin-S (Th-S) in amy-
loid plaques, the “Colocalization Finder” tool of Image J 
was used and the profiles were analyzed with a “Segmented 
Lines” tool with a line equals to 60 µm.

Western Blotting Analysis

BV2 cells were lysed with ice-cold RIPA buffer (50 mM 
Tris–HCl, 2 mM MgCl2, 150 mM NaCl, 1% NP-40, 1 mM 
EDTA, 1 mM Na3VO4, 0.5 mM EGTA, and 0.25% sodium 
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deoxycholate) plus the cocktail of protease and phos-
phatase inhibitors for 30 min followed with centrifugation 
at 14,000 × g for 5 min at 4 °C. The supernatants were col-
lected as protein samples and mixed with Laemmli buffer 
to denature. Equal amounts of proteins were separated by 
SDS–polyacrylamide gel and transferred to nitrocellulose 
membranes (Millipore, USA). The membranes were blocked 
in 5% nonfat milk in TBST (10 mM Tris–HCl, 150 mM 
NaCl, and 0.02% Tween-20, pH 7.5) and incubated overnight 
at 4 °C with the primary antibodies. Secondary antibodies 
were added according to the instructions. The immunoreac-
tivity of protein bands was quantified using an Odyssey IR 
imaging system (LI-COR).

RhoA Pull‑down Assay

RhoA pull-down assay was performed with the Rho Activa-
tion Assay Kit (Millipore, USA) to estimate the activated 
RhoA levels (Jo et al. 2002). The concentration of total pro-
tein in each sample was above 5 mg/ml. Briefly, cell lysate 
(500 µl) was combined with 20 µl Rhotekin RBD-agarose 
slurry and incubated at 4 °C with gentle agitation for 45 min. 
Rho regulates molecular events by cycling between an inac-
tive GDP-bound form and an active GTP-bound form. In 
its active (GTP-bound) state, Rho could bind specifically 
to the Rho-binding domain (RBD) of Rhotekin. Then, the 
agarose beads were pelleted by brief centrifugation (10 s, 
14,000 × g, 4 °C) and washed three times with 1 × Mg2+ 
lysis/wash buffer (MLB). The agarose beads were then 
resuspended in 25 µl of 2 × Laemmli buffer containing 4 µl 
dithiothreitol (DTT) and boiled for 5 min. The supernatant 
was collected, and the captured active RhoA was analyzed 
by western blot with anti-RhoA antibody.

Enzyme‑Linked Immunosorbent Assay (ELISA) 
for IL‑1 Detection

Pretreatment of BV2 cells with LPS (100 ng/ml) for 6 h and 
washed with PBS. Then, cells were treated by fAβ (10 µM) 
with or without Fasudil (50 µM) and Y27632 (10 µM). 
After 24 h, culture media were collected and centrifuged 
at 1000 × g for 10 min. The amounts of IL-1β in the culture 
medium were measured according to commercial ELISA 
kits instructions.

Statistical Analysis

Prism6.0 (GraphPad Software, San Diego, CA) was 
used for statistical analysis. All results were presented as 
mean ± SEM. The unpaired t test was used for comparisons 
between two groups. One-way ANOVA was used for com-
parisons across multiple groups. A value of p < 0.05 was 
statistically significant.

Results

Aβ Induces Microglial Activation Accompanied 
by Increase in RhoA Expression In Vivo

We first confirmed the pathological feature of reactive 
microglia concentrated around amyloid plaques. Micro-
glial activation was analyzed by immunostaining of Iba-1 
in brain sections of wild-type and APP/PS1 transgenic 
mice. As shown in Fig. 1a, there were few reactive micro-
glia in the hippocampus of wild-type mice, but in APP/
PS1 mice, microglia were highly activated and widely 
distributed throughout the entire hippocampus. Consist-
ent with the previous findings, reactive microglia showed 
significant accumulation in Thioflavin-S (Th-S) labeled 
amyloid plaques.

Then, we examined the expression of RhoA in the brains 
of APP/PS1 mice. An interesting distribution pattern showed 
up that microglia in amyloid plaque-free (Th-S(−)) regions 
expressed the significant (relative) high level of RhoA than 
in amyloid plaque-enrich (Th-S(+)) regions (Fig. 1b, c).

We performed another in vivo test to inspect Aβ-induced 
microglia activation and RhoA expression. In the brains of 
wild-type mice, injecting with fAβ strongly induced the acti-
vation of microglia and the accumulation of microglia in the 
injected region, accompanied by the dramatic high expres-
sion of RhoA comparing those in vehicle-injected brains 
(Fig. 1d). Together, these results confirmed that Aβ is able 
to activate microglia and induces RhoA expression.

Aβ Induces Chemotactic Migration of BV2 Cells 
via RhoA/ROCK Signaling In Vitro

To probe the role of RhoA in Aβ-induced microglial chem-
otaxis, an in vitro cell migration assay was employed. As 
illustrated in Fig. 2a, the PDL coated slide was covered by 
a removable 3-well chamber insert. Wells on the two sides 
were plated with fAβ or vehicle accordingly, while the cen-
tral one was seeded with BV2 cells, which are immortalized 
microglial cells being widely used. The model of chemotac-
tic migration was established by removing the chamber and 
allowing BV2 cells to migrate through sensing the condi-
tions on both sides. Therefore, a conditional environment 
containing the locally aggregated Aβ, which is for mimick-
ing the existence of amyloid plaques in the brain, was consti-
tuted after removing the chamber insert. Cell migration was 
analyzed by comparing the number of cells between slide 
partitions. Through phase contrast imaging, we observed 
that Aβ attracted more BV2 cells migrated to its side and 
transition zone than vehicle (Fig. 2b), confirming the ago-
nistic function of Aβ in microglial chemotaxis.
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RhoA and its main effector ROCK were examined by 
immunostaining (Fig. 2c, d). Quantification of the fluo-
rescence density showed that BV2 cells migrating to Aβ 
expressed significantly higher levels of RhoA and ROCK2 
(the main isoform of ROCK in brain), coinciding with the 
occurrence of chemotactic response.

Filamentous actin (F-actin) is prominently regulated by 
RhoA/ROCK signaling to drive the morphological change 
and coordinate the migrating behavior of cells (Sit and 
Manser 2011). Therefore, we further detected F-actin with 
a high-affinity fluorescent probe and observed its upregula-
tion in line with RhoA and ROCK2 (Fig. 2e). Notably, there 
was a significantly higher population of BV2 cells in the 
right transition zone (Aβ side) presented the structure of 
pseudopodium (Fig. 2e; Supplementary Fig. 2), which leads 
the way in cell migration (Chodniewicz and Klemke 2004), 
implying the activation of RhoA/ROCK signaling pathway.

Locally Aggregated Aβ Activates RhoA/ROCK 
Signaling in BV2 Cells

To explore whether Aβ activates RhoA/ROCK signaling, 
the 3-well chamber insert was applied in a different manner 
(Fig. 3a) to collect enough cells for biochemistry analysis. 
Instead of distinguishing the internal wells, we placed the 
chamber insert onto a plate for separating the inner (adding 
fAβ or vehicle) and outer (seeding BV2 cells) spaces. Immu-
noblotting of RhoA and ROCK2 revealed that locally aggre-
gated Aβ did induce changes in their expression level. BV2 
cells exposed to Aβ condition for 16 h showed an increasing 
trend of RhoA/ROCK2 (Fig. 3b, c), and when extended to 
24 h, the increase reached a significant level (Fig. 3d, e).

RhoA acts as a binary switch by cycling between the 
active (GTP-bound) and inactive (GDP-bound) state. 
To obtain further insight into the activation of RhoA, we 

Fig. 1   Microglia activation 
and RhoA expression in vivo. 
a Distribution of Iba-1 (red) 
labeled reactive microglia in 
brains (hippocampus region) of 
wild-type and APP/PS1 trans-
genic mice. Amyloid plaques 
were stained by Th-S (green). b 
RhoA (blue) expression pattern 
in reactive microglia (Iba-1, 
red) in brains (hippocampus 
region) of APP/PS1 transgenic 
mice. Two representative 
regions, amyloid plaque free 
[Th-S(−)] and enriched [Th-
S(+)], were magnified. c The 
coexpression of RhoA and Iba-1 
in amyloid plaque free [Th-
S(−)] and enriched [Th-S(+)] 
regions was quantified. d Iba-1 
labeled microglial activation 
(green) and RhoA expression 
(red) in brains of vehicle or 
fAβ (50 µM) injected wild-type 
mice. All results were reported 
as mean ± SEM. ***p < 0.001
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measured the GTP binding of RhoA by the pull-down assay. 
Clearly, a higher amount of GTP-RhoA was detected in cell 
lysate from Aβ condition (Fig. 3f) as well as an increase 
in total RhoA (Supplementary Fig. 3), demonstrating that 
aggregated Aβ could activate RhoA/ROCK signaling in BV2 
cells.

Inhibiting RhoA/ROCK Signaling Suppresses 
Aβ‑Induced Chemotaxis of BV2 Cells as well 
as Cytotoxicity

To determine whether RhoA/ROCK signaling is essential 
for Aβ-induced microglial chemotaxis, we introduced the 
classic transwell system for pharmacological manipulation. 
We first established the equilibrium of the system by filling 
both upper and lower compartments just with the medium. 
In this condition, only a small number of cells migrated to 
the undersurface (Fig. 4a). Then, we disrupted the equilib-
rium by having 10 or 20 µM fAβ in the lower compartment 
and found the massive migration of BV2 cells (Fig. 4a). 
We next antagonized RhoA/ROCK signaling by adding 
the widely used ROCK inhibitor Fasudil or Y27632 into 
the upper compartment (Fig. 4a). Treatment with Fasudil 
and Y27632 both significantly suppressed fAβ-induced 
cell migration (Fig. 4a–c), revealing the indispensability of 
RhoA/ROCK signaling. Although there appeared no sig-
nificant difference in driving cell migration by fAβ with 
concentrations between 10 and 20 µM, with or without Fas-
udil, the suppression by Y27632 was much weaker when 
fAβ was at 20 µM (Fig. 4d). The possible reason was that 
Aβ-induced chemotaxis had reached the maximum level in 
this assay because the available paths for cell migration are 
limited. The application of Y27632 eliminated the saturation 
effect and exhibited the real trend that microglial chemotaxis 
depends on the load of Aβ, while Fasudil here dramatically 
suppressed microglial migration.

Through the transwell system, we were able to exam-
ine the characteristic of Aβ cytotoxicity in concentration 
gradient distribution. LDH release in up-chamber which 
was measured showed that the impaired cell viability was 
detected from the group of Aβ-induced chemotaxis. Again, 
we observed the remarkable inhibitory effect of Fasudil and 

Y27632 in this test (Fig. 4e), suggesting that RhoA/ROCK 
signaling is also associated with Aβ-induced cytotoxicity.

Protective Effect of RhoA/ROCK Signaling Inhibitors 
on Aβ‑Induced Cytotoxicity and Inflammatory 
Response of BV2 cells

Microglia undergo direct interaction with Aβ in AD brain, 
so we switched to the cytotoxicity assays in which Aβ was 
added to BV2 cells directly. As expected, Aβ exhibited the 
dose-dependent toxicity on BV2 cells (Fig. 5a). Through two 
independent cell viability assays (CCK-8 assay and LDH 
release), we found the consistent phenomenon that Fasudil 
and Y27632 could significantly ameliorate the cytotoxic-
ity induced by 10 µM Aβ but fail to do so for 20 µM Aβ 
(CCK-8 assay in Fig. 5b and LDH release assay in Sup-
plementary Fig. 4a). We further checked the morphology 
of BV2 cells in different conditions. Treatment with 10 µM 
Aβ triggered the formation of cell clustering whereas with 
20 µM Aβ led to relative severe cell damage. Correspond-
ingly, Fasudil and Y27632 could drastically reduce the size 
of cell clusters induced by 10 µM Aβ (Fig. 5c; Supplemen-
tary Fig. 4b) but could not obviously rescue cellular atrophy 
induced by 20 µM Aβ (Supplementary Fig. 4b). Therefore, 
RhoA/ROCK signaling is involved in Aβ-induced microglial 
cytotoxicity.

RhoA/ROCK signaling inhibitors have been reported to 
show the promising effect in the treatment of neuroinflam-
mation (Alokam et al. 2015; Chen et al. 2017b) in differ-
ent models, but there is no clear evidence in the model of 
Aβ-induced microglial inflammatory response. Key players 
of the inflammatory cascade such as the inflammasome com-
ponents NLRP3, CASP1 and the pro-inflammatory mediator 
IL-1β were analyzed. As shown in Fig. 5d, microglial BV2 
cells were primed by LPS and further treated by Aβ in the 
presence/absence of ROCK inhibitors. The inflammasome 
complex proteins NLRP3 and pro-CASP1 were upregulated 
by Aβ treatment, and the ROCK inhibitors were able to sup-
press these effects (Fig. 5e). Consequently, the level of pro-
IL1β, the production and release of pro-inflammatory media-
tor IL-1β were also showing similar changes (Fig. 5e–g). 
Taken together, these data confirmed the involvement of 
RhoA/ROCK signaling in Aβ-induced microglial inflam-
matory response.

Aβ‑Induced Distribution Pattern of CD16 Positive 
and CD206 Positive Microglia

The dual function of microglial inflammatory response in 
AD model was assessed by analyzing the expression of 
pro-inflammatory marker CD16 and the anti-inflammatory 
marker CD206. In the chemotactic migration model in vitro, 
we observed the predominant upregulation of CD16 in BV2 

Fig. 2   Aβ-induced microglial chemotaxis and the involvement of 
RhoA/ROCK signaling. a Schematic diagram of the 3-well chamber-
based cell migration system. b Aβ-induced chemotactic migration 
of BV2 cells was visualized by phase contrast imaging and the cor-
responding quantification. c and d Expression levels of RhoA and 
ROCK2 in different regions were detected by immunostaining and 
quantified by analyzing the mean fluorescence of cells. e F-actin 
expression and the formation of pseudopodium in BV2 cells were 
detected by fluorescent probe. Arrow in e indicates the structure of 
pseudopodium. All results were reported as mean ± SEM. ns No sta-
tistical significance, *p < 0.05, ***p < 0.001

◂
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cells from Aβ side (Fig. 6a–c), in accordance with the trend 
of RhoA/ROCK signaling (Fig.  2). However, when we 
turned to the in vivo model of APP/PS1 mice, we found a 
particularly interesting distribution pattern for CD16 and 
CD206. CD206 positive microglia were mainly enriched 
around amyloid plaques (Fig. 6d, e), whereas CD16 positive 
microglia were concentrated in amyloid plaques primarily 
(Fig. 6f, g). In addition, some microglia appeared to express 
both CD16 and CD206 (Fig. 6h, i, arrowhead) indicating the 
complex function of microglia in AD pathology. This phe-
nomenon did not contradict to the observation from in vitro 
model, because microglial cells at Aβ plated side were local-
ized in Aβ aggregates. Moreover, these results provided 
additional evidence for the beneficial effect of RhoA/ROCK 
signaling inhibitors in regulating neuroinflammation.

Discussion

Originally, when Alois Alzheimer first described the his-
topathology of AD, he also noted the abnormal morphol-
ogy of glial cells (Alzheimer et al. 1995), which reflects 
the activation of glial cells. Nowadays, reactive microglia-
mediated innate immune response is believed to plays an 
important role in AD pathogenesis (Solito and Sastre 2012). 
The prominent histopathological feature, reactive microglia 

surround amyloid plaques (Fig. 1a), has gained broad sci-
entific interest. It has been evidenced that reactive micro-
glia concentrated around amyloid plaques exhibit beneficial 
activity in Aβ clearance, but enigmatically, the much severe 
detrimental effect of neuroinflammation is also being trig-
gered (Villegas-Llerena et al. 2016). Therefore, understand-
ing the complex interplay between reactive microglia and 
amyloid plaque, especially Aβ, is extremely desirable.

Essential Role of RhoA/ROCK Signaling 
in Aβ‑Induced Microglial Chemotaxis

The concept that Aβ function as a chemoattractant for micro-
glia has been established (Davis et al. 1992) and several 
microglial cell surface players, such as chemokine ligands/
receptors (El Khoury et al. 2007; Huang et al. 2010), che-
moattractant receptor (Le et al. 2001) and Nogo receptor 
(Fang et al. 2018) have been discovered to regulate chemot-
axis. However, the intracellular signaling pathway involved 
in this process is poorly understood. Here we presented that 
RhoA/ROCK signaling, the fundamental mediator of cell 
movement, regulates Aβ-induced microglial chemotactic 
migration. The cue was from in vivo mouse model, from 
the brains of both APP/PS1 transgenic mice and fAβ injected 
wild-type mice, we observed the high abundance of RhoA in 
reactive microglia which are mainly in amyloid-free regions 

Fig. 3   Locally aggregated Aβ 
activates RhoA/ROCK signal-
ing. a Schematic diagram of 
setting up the locally aggregated 
Aβ containing culture condi-
tion. b–e Western blot analysis 
of the upregulation of RhoA 
and ROCK2 induced by locally 
aggregated Aβ induces. b and c 
Increasing trend after 16 h Aβ 
treatment. d and e Significant 
elevation after 24 h Aβ treat-
ment. f The GTP-RhoA was 
pulled down from the whole cell 
lysate and compared to the total 
RhoA. Locally aggregated Aβ 
significantly induced the GTP 
binding of RhoA. All results 
were reported as mean ± SEM. 
ns No statistical signifi-
cance, *p < 0.05, **p < 0.01, 
***p < 0.001
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(Fig. 1b). Analysis of microglial chemotaxis based on the 
in vitro model provided direct evidence for the involve-
ment of RhoA/ROCK signaling (Figs. 2, 3). The presence 
of F-actin labeled pseudopod morphology reinforced this 
idea because the universal effect of RhoA/ROCK on F-actin 
mediated cell movement has been well documented (Sit and 
Manser 2011) (Fig. 2e). Furthermore, the pharmacological 
manipulation of RhoA/ROCK signaling proved its indispen-
sability in Aβ-induced microglial chemotaxis.

In this study, two classical inhibitors, Fasudil and 
Y27632, were tested and both showed prominent suppres-
sion effects Aβ-induced microglial chemotaxis. Notably, 

Fasudil appeared better efficiency than Y27632 when the 
higher amount of Aβ was applied (Fig. 4d). One reason-
able explanation is the dose-dependent effect. The work-
ing doses of Fasudil (50 µM) and Y27632 (10 µM) in this 
study were based on previous studies which have shown 
their effectiveness (Fu et al. 2016; Chen et al. 2017b). 
Both Fasudil and Y27632 have been concerned as spe-
cific inhibitors for ROCK (Ishizaki et al. 2000), Ark et al. 
assessed the EC50 of Fasudil and Y27632 in vitro and 
found that these two inhibitors have very similar efficacy 
of regulation effects on smooth muscle contraction of 
human umbilical arteries (Ark et al. 2004), the mechanism 

Fig. 4   Aβ-induced microglial 
chemotaxis was suppressed by 
inhibitors of RhoA/ROCK sign-
aling. a Schematic diagram of 
transwell system conditions and 
the corresponding results of cell 
migration. Two concentrations 
of Aβ (10 and 20 µM) and two 
classical ROCK inhibitors (Fas-
udil 50 µM, Y27632 10 µM) 
were used. Cells were visualized 
by crystal violet (CV) staining 
and counted by Image J. b and c 
RhoA/ROCK signaling inhibitor 
Fasudil and Y27632 suppress 
Aβ-induced chemotaxis of 
BV2 cells. b Quantification 
of cell migration induced by 
10 µM Aβ and the suppression 
effect of ROCK inhibitors. c 
Quantification of cell migration 
induced by 20 µM Aβ and the 
suppression effect of ROCK 
inhibitors. d Comparison of cell 
migration induced by 10 µM Aβ 
and 20 µM Aβ and the different 
suppression effects of Fasudil 
and Y27632. e LDH release in 
transwell assay was examined. 
Fasudil and Y27632 amelio-
rated Aβ-induced cytotoxicity 
of BV2 cells. All results were 
reported as mean ± SEM. ns 
No statistical significance, 
**p < 0.01, ***p < 0.001
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of which might be related to migration. In view of that, 
although we did not pursue the actual dose dependence, 
the better effect evoked by Fasudil (50 µM, higher dose) 
than Y27632 (10 µM, lower dose) is plausible to see.

In a recent finding of Aβ-induced microglial migra-
tion, Liao et al. also observed the activation of RhoA, 
which is consistent with our results. Interestingly, they 
also observed that microglial migration was inhibited even 
when RhoA activation was further enhanced by Nogo 
application. This seemingly confounding phenomenon 
could be due to other signaling pathways activation such 
as Rac1 and CDC42. The detailed mechanism needs fur-
ther investigation (Fang et al. 2018).

Beneficial Effect of Anti‑RhoA/ROCK Signaling 
in Aβ‑Induced Microglial Cytotoxicity 
and Inflammatory Response

The hypothesis of microglia dysfunction in AD pathogen-
esis has emerged (Mosher and Wyss-Coray 2014), which 
indicates the importance of microglia in the healthy state. 
In the context of AD, the cytotoxic effect of Aβ is known to 
alter microglial activity and promote the release of cytokines 
(Small et al. 2001), which are the mediators of neuroinflam-
mation. In this study, increased LDH release was detected 
even in the scenario of indirect interaction between Aβ and 
microglial cells (transwell assay, Fig. 4e). Direct exposure 

Fig. 5   RhoA/ROCK inhibi-
tors suppressed Aβ-induced 
cytotoxicity and inflamma-
tory response in BV2 cells. a 
Aβ-induced dose-dependent 
cytotoxicity in BV2 cells was 
detected by CCK-8 assay. b 
CCK-8 assay showed that Fas-
udil and Y27632 ameliorated 
Aβ-induced cytotoxicity of BV2 
cells. c Aβ (10 µM)-induced 
microglial cell clustering was 
quantified. Big cluster means 10 
or more cells aggregation, small 
cluster means 5–10 cells aggre-
gation. Fasudil and Y27632 
could inhibit cluster formation 
significantly. d Workflow of the 
inflammatory response detec-
tions. BV2 cells were primed by 
100 ng/ml LPS for 6 h. LPS was 
washed out and the drug expo-
sures (Con, 10 µM Aβ, 50 µM 
Fasudil and 10 µM Y27632) 
lasted for 24 h. Cells were lysed 
for western blot analysis, and 
the medium was assessed by 
ELISA for measuring IL-1β 
release. e Released IL-1β in 
culture medium was detected 
by ELISA. Fasudil and Y27632 
strongly suppressed Aβ-induced 
IL-1β releasing. f Western blot 
analysis of inflammasome com-
plex (NLRP3 and pro-CASP1) 
and pro-inflammatory media-
tor IL-1β. g The quantification 
analysis of the effects of Fasudil 
and Y27632 on Aβ-induced 
response of inflammasome 
complex-related elements. 
All results were reported as 
mean ± SEM. ns No statisti-
cal significance, *p < 0.05, 
**p < 0.01, ***p < 0.001
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to Aβ triggered not only the decrease in cell viability but 
also the formation of cell cluster, a microglial phenomenon 
which might indicate the immune activation (Fig. 5c) (van 
Horssen et al. 2012).

The assessment of NLRP3-inflammasome and the 
pro-inflammatory mediator IL-1β confirmed that Aβ is 
able to induce the inflammatory response of microglial 
cells, which is consistent with the previous reports (Small 

Fig. 6   Distribution pattern of CD16 positive and CD206 positive 
microglia. a Upregulation of CD16 (green) but not CD206 (red) in 
BV2 cells that migrated to Aβ aggregates. b and c Quantification of 
immunofluorescence density of CD206 (b) and CD16 (c) in BV2 
cells. d and e CD206 immunopositive signals (red) are tended to be 
enriched around Th-S (green) labeled amyloid plaques in hippocam-
pus of APP/PS1 mice. The dash line indicates the actual segment for 
measuring the distribution of gray levels of red and green signals in a 
representative plaque. f and g CD16 immunopositive signals (red) are 
tended to be concentrated in Th-S (green) labeled amyloid plaques. 

The dash line indicates the actual segment for measuring the distribu-
tion of gray levels of red and green signals in a representative plaque. 
h and i Amyloid plaques recruited microglia can express CD16 
(green) and CD206 (red) simultaneously with differential distribu-
tion. The dash line indicates the actual segment for measuring the 
distribution of gray levels of red and green signals in a representative 
plaque. Arrow ahead indicates coexpression of CD16 and CD206. All 
results were reported as mean ± SEM. ns No statistical significance, 
***p < 0.001
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et al. 2001). Fasudil and Y27632 could efficiently sup-
press these inflammatory responses (Fig. 5), implying 
that anti-RhoA/ROCK signaling pathway is beneficial for 
microglia dysfunction. Indeed, interfering with RhoA/
ROCK signaling has shown the promising effect in AD 
research, such as reducing the level of Aβ and stimulating 
the regenerative growth of neurites (Mueller et al. 2005). 
Our finding provided additional evidence to support the 
therapeutic potential of RhoA/ROCK signaling inhibitors 
in AD treatment.

RhoA/ROCK Signaling Involves in Microglia 
Mediates Neuroinflammation

The general model for distinguishing two types of micro-
glial activation states, namely the pro-inflammatory 
M1 state and the anti-inflammatory M2 state, has been 
recently questioned (Ransohoff 2016). We also observed 
the co-expression of the so-called pro-inflammatory 
marker CD16 and anti-inflammatory marker CD206 
(Chen et  al. 2017a) from in vitro and in vivo models 
(Fig.  6f). Interestingly, the elevated levels of RhoA/
ROCK (Fig. 2) and CD16 (Fig. 6a) were detected from 
microglial BV2 cells located in Aβ aggregates in vitro. 
The consistent trend might imply a possible link between 
RhoA/ROCK signaling and neuroinflammation. RhoA 
has been reported to modulate Aβ caused superoxide 
production in BV2 cells. Sequentially, the production 
of superoxide may lead to cytokine release and inflam-
matory response (Moon et  al. 2013). Our results also 
provided the direct evidence of Aβ-induced microglial 
inflammatory response of which RhoA/ROCK signaling 
was involved (Fig. 5) as indicated by previous reports 
showing the suppression effect of RhoA/ROCK signaling 
on neuroinflammation in other models (Chen et al. 2017a, 
b; Alokam et al. 2015).

Conclusion

Taken together, we postulated the hypothesis that activa-
tion of RhoA/ROCK signaling induced by Aβ is involved 
in microglial chemotactic migration, cytotoxicity and 
inflammatory response. The accumulated microglia are 
dysfunctional and provoke the inflammatory response, 
thus leading to the vicious cycle of neuroinflammation 
and neurodegeneration. RhoA/ROCK signaling inhibitors 
are potential therapeutic agents for AD treatment (Fig. 7).
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