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Object: The neuroprotective effects of pituitary adenylate cyclise-activating polypeptide (PACAP) have
been well documented in vivo and in vitro. However, the mechanisms by which PACAP protected microglia
from ischemic/hypoxic injury via inhibition of microglia activation remain unclear. Toll-like receptor 4 (TLR4)
plays a considerable role in the induction of innate immune and inflammatory responses. The purpose of
this study is to investigate the effect of PACAP on the oxygen and glucose deprivation (OGD)/
reoxygenation BV2 microglia and to explore the role of TLR4/myeloid differentiation protein 88 (MyD88)/
nuclear factor-kappa B (NF-kappaB) pathway in the neuroprotective effects of PACAP.
Methods: We conducted OGD/reoxygenation by placing BV2 microglia into an airtight chamber and in
glucose-free medium. BV2 microglia cell viability was determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide] assay. Western blot was utilized to detect TLR4, MyD88 expression, inhibitory
protein of NF-kappaB (IkappaB) phosphorylation/degradation, NF-kappaB activation. Level of tumor
necrosis factor-alpha (TNF-alpha) in culture medium was measured with enzyme-linked immunosorbent
assay (ELISA). Apoptosis was determined by flow cytometry.
Results: We found that pretreatment with PACAP to BV2 cells immediately before OGD/reoxygenation
significantly alleviated microglia hypoxic injury. PACAP inhibited upregulation of TLR4, MyD88 and NF-
kappaB in BV2 microglial cells exposed to OGD/reoxygenation. PACAP administration also significantly
reduced the production of proinflammatory cytokines and apoptosis in BV2 microglia exposed to OGD/
reoxygenation.
Discussion: Pretreatment with PACAP inhibited activation of the TLR4/MyD88/NF-kappaB signaling
pathway and decreased inflammatory cytokine levels, as well as apoptosis in microglia, thereby attenuating
microglia hypoxic injury. Our results suggested that TLR4-mediated MyD88-dependent signaling pathway
contributed to neuroprotection of PACAP to microglia against OGD/reoxygenation.
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Introduction
Hypoxia is one of the important physiological stimuli

that are often associated with a variety of patholo-

gical states, such as ischemia, respiratory diseases,

and tumorigenesis. The developing brain is suscep-

tible to hypoxic damage because of its high oxygen

and energy requirements. Hypoxia results in direct

brain injury which occurs in the acute hypoxic phase

and indirect brain injury occurring after reoxygena-

tion which is mainly attributed to neuro-immunolo-

gical activation in the central nervous system (CNS).1

Microglial cells which are a major glial cell element of

the CNS, play a critical role as resident immuno-

competent and phagocytic cells and serve as scaven-

ger cells in the event of infection, inflammation,

trauma, ischemia, and neurodegeneration in the

CNS.2 Hypoxia that is accompanied by cerebral

ischemia not only causes neuronal cell injury, but

may also induce pathological microglia activation

in the CNS. Thus, it is important to exploit new

neuroprotective agents such as those targeting on

inhibiting microglia activation after hypoxia.

Pituitary adenylate cyclise-activating polypeptide

(PACAP) is a member of the VIP/secretin/glucagon

peptide family,3,4 and exists in forms of 38 and 27

amino-acid residues, with PACAP38 being predomi-

nant in human tissues. PACAP is widely distributed
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in the brain and peripheral organs, notably in the

endocrine pancreas, gonads, and respiratory and

urogenital tracts.4 Recent evidences have documented

the neuroprotective effects of PACAP in vivo, as well

as in vitro. PACAP has been reported to be

neuroprotective against global cerebral ischemia,5,6

focal brain ischemia,7,8 traumatic brain injuries,

and those of neurodegenerative diseases.9 In vitro,

PACAP protected cerebellar granule cells against

programmed cell death physiologically occurring

during cerebellar development, as well as cell death

induced by different neurotoxins.10 PACAP pre-

vented the ethanol-induced apoptotic cell death in

rat cerebellar granule neurons.11 In addition, PACAP

could play a protective role to cerebellar granule cells

against ceramides and apoptosis induced by oxidative

stress.12 Suk13 demonstrated that PACAP attenuated

inflammatory activation of microglia under hypoxic

condition. But the mechanisms by which PACAP

protected microglia from ischemic/hypoxic injury via

inhibition of microglia activation remain unclear.

Recent evidences have suggested that innate im-

mune and inflammatory responses play a critical role

in the pathophysiology of hypoxia in cells.14–16 Then

some studies have demonstrated that Toll-like re-

ceptors (TLRs) play a critical role in the induction

of innate immune and inflammatory responses.17–19

TLR4 was consistently expressed in microglia.20

TLR4 activation leads to the sequential recruitment/

activation of the myeloid differentiation protein

[(myeloid differentiation protein 88 (MyD88)], the

IL-1 receptor-associated kinase, the tumor necrosis

factor (TNF) receptor-associated factor 6, and the

transforming growth factor-beta-activated kinase 1.

The signal may converge on the nuclear factor (NF)-

kappaB-inducing kinase, which then activates the

IkappaB kinase (IKK) complex. The activated IKK

complex phosphorylates IkappaB-alpha at serine re-

sidues 32 and 36, which triggers its ubiquination/

degradation and subsequent release of NF-kappaB,

which then translocates to the nucleus and activates

the transcription of kappaB-dependent genes, such as

IL-1, IL-6, and TNF-alpha.21–25 Since innate immune

and inflammatory responses contribute to hypoxic

injury, it is possible that disruption of TLR4 signal

pathway could attenuate microglial hypoxic injury

through reducing inflammatory cytokine production.

Therefore, we intended to know whether PACAP

could inhibit the TLR4/MyD88/NF-kappaB signaling

pathway in microglia to decrease inflammatory med-

iators, thus attenuating the microglia hypoxic injury.

In the present study, we have conducted an in

vitro oxygen and glucose deprivation/reoxygenation

(OGD/R) model to examine whether inhibition of

TLR4 signal pathway by PACAP will attenuate

microglia hypoxic injury.

Materials and Methods
Materials
PACAP 38 peptide (A1439) was obtained from

Sigma Aldrich (St Louis, MO, USA). Goat poly-

clonal anti-TLR4 (sc-16240), rabbit polyclonal anti-

MyD88 (sc-11356), mouse monoclonal anti-NF-

kappaB p65 (sc-8008), rabbit polyclonal anti-

IkappaB-alpha (sc-371), mouse monoclonal anti-p-

IkappaB-alpha (sc-8404), rabbit polyclonal anti-Bcl-2

(sc-492), and rabbit polyclonal anti-Bax (sc-526) were

all purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Mouse anti-beta actin monoclonal

antibody (TA-09), alkaline phosphatase goat anti-

rabbit IgG (ZB-2308), alkaline phosphatase horse

anti-mouse IgG (ZB-2310), and alkaline phosphatase

rabbit anti-goat IgG (ZB-2311) were purchased from

ZSGB-BIO (Beijing, China). PageRulerTM Plus

Prestained Protein Ladder (no. SM1811) was pur-

chased from Fermentas. Primary antibody dilution

buffer (P0023A), secondary antibody dilution buffer

(P0023D), phenylmethanesulfonyl fluoride (ST506),

bicinchoninic acid protein assay kit (P0012), SDS–

polyacrylamide gel electrophoresis (PAGE) sample

loading buffer (P0015), and BCIP/NBT alkaline

phosphatase color development kit (C3206) were

purchased from Beyotime Institute of Biotechnology

(Jiangsu, China). TNF-alpha enzyme-linked immu-

nosorbent assay (ELISA) kit was purchased from

R&D Systems (Minneapolis, MN, USA). Dulbecco’s

modified Eagle’s medium was obtained from GIBCO

(Carlsbad, CA, USA). BV2 microglial cells were

obtained from the American Type Culture Collection

(Manassas, VA, USA). The annexin V-fluorescein

isothiocyanate (FITC) and propidium iodide (PI)

apoptosis kit was purchased from Baosai Company

(Beijing, China). MTT [3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazoliumbromide] was obtained from

Amresco (Solon, OH, USA).

Cell culture
The cells were cultured in Dulbecco’s modified Eagle’s

medium supplemented with 10% (volume/volume)

heat-inactivated fetal bovine serum, 100 units/ml

penicillin and 100 mg/ml streptomycin. They were

maintained at 37uC in 5% CO2/air environment. The

BV2 microglial cells cultured above were described as

control cells and the ones treated by PACAP as

PACAPzcontrol cells.

OGD followed by reoxygenation and PACAP
administration
For exposure to OGD, BV2 cells were washed with

glucose-free phosphate-buffered saline (PBS) twice,

then placed in glucose-free medium. BV2 cells were then

placed into an airtight chamber, bubbled with an

anerobic gas mixture (94% N2, 5%CO2, and 1% O2;

CO2 Incubator, Heraeus, Germany) at 37uC. After 3

hours of OGD exposure, BV2 cells were reoxygenated

Qin et al. Microglial cells and TLR4

380 Neurological Research 2012 VOL. 34 NO. 4



by high glucose DMEM and incubation under nor-

moxic conditions for 12 hours. PACAP was added

into the medium immediately before OGD/R.

Assessment of myocardial cell viability
BV2 cell viability in response to OGD/R and PACAP

treatment was assessed by trypan blue exclusion

(TBE) and MTT assays, respectively. The TBE assay

assesses the integrity of the cell membrane based on

the principle that live cells have intact cell membranes

to exclude trypan blue dye, whereas dead cells do not

and thus stain blue. For this method, BV2 cells were

plated, washed with PBS, harvested by trypsinization

and then stained with 0.4% trypan blue for 3 minutes.

Cells were then and counted using a hemacytometer

under a light microscope. Cellular MTT assay was

performed by addition of 25 ml MTT stock solution

(5 mg/ml) to each well. After incubation for 4 hours,

the MTT solution was carefully decanted off and

formazan was dissolved with 200 ml DMSO. The

absorbance was measured at 492 nm using a 96-well

plate ELISA reader (CliniBio 128; ASYS Hitech,

Eugendorf, Austria).

Extraction of nuclear proteins
Cells were collected and resuspended at 4uC in buffer

A (0.5M HEPES, 0.5M EDTA, 1M DTT, 10 mM

aprotinin, 1M NaF, 1M KCl, 0.5M EGTA, 100 mM

PMSF, 10 mM Leupeptin, and 0.1M Na3VO4),

allowed to swell on ice for 15 minutes, and then

vortexed for 1 minutes. Samples were centrifuged and

the supernatant containing cytosolic proteins was

removed. The pellet was resuspended in cold buffer C

(0.5M HEPES, 0.5M EDTA, 1M DTT, 10 mM apro-

tinin, 1M NaF, 5M NaCl, 0.5M EGTA, 100 mM

PMSF, 10 mM leupeptin, and 0.1M Na3VO4) and

incubated on ice for 50 minutes for high salt ex-

traction. Cellular debris was removed by centrifuga-

tion for 10 minutes at 4uC, and the supernatant

containing nuclear proteins was collected. Nuclear

extracts were aliquoted and stored at 280uC for

western blotting analysis of p65 protein activity.

Western blot analysis
Protein concentrations were determined by the bi-

cinchoninic acid protein assay. Equal amounts of

protein were resolved in SDS–PAGE and transferred

electrophoretically onto a nitrocellulose membrane

(Amersham Biosciences). The membrane was blocked

with 5% skimmed milk for 2 hours at room tem-

perature, incubated overnight at 4uC with primary

antibodies directed against TLR4, MyD88, NF-

kappaB p65, IkappaB-alpha, p-IkappaB-alpha (all

diluted 1 : 500 in primary antibody dilution buffer)

and beta-actin (loading control diluted 1 : 1000 in

primary antibody dilution buffer). After the mem-

brane was washed for 5 minutes each for three times

in washing buffer, it was incubated in the appropriate

AP-conjugated secondary antibody (diluted 1 : 1000

in secondary antibody dilution buffer) for 2 hours at

room temperature. The blotted protein bands were

visualized by BCIP/NBT Alkaline Phosphatase Color

Development Kit (S3771). Developed films were

digitized using an Epson Perfection 2480 scanner

(Seiko Corp, Nagano, Japan). Optical densities of

detected protein were obtained using Image J.

Apoptosis assay
BV2 cells were cultured in a six-well plate at a density

of 16104 cells/ml, then the cells were subjected to

normoxia or OGD/R culture. Following the experi-

ments, the cells were harvested and washed with cold

PBS for 2–3 times. The washed cells were recen-

trifuged and resuspend in 200 ml binding buffer, and

10 ml V-FITC were added to cell suspension and

incubated at room temperature for 15 minutes. After

the incubation period, 300 ml binding buffer and 1 ml

PI working solution were added into the cells

suspension, mixed gently and then the samples were

kept on ice. The apoptotic cells (the annexin V-

positive and PI-negative cells) were indicated as the

percentage of gated cells. As soon as possible, the

stained cells were analyzed by flow cytometry (Becton

Dickinson, San Jose, CA, USA) to measure the

fluorescence emission at 530 nm, and then the

proportion of apoptotic BV2 cells were read out

automatically by the WinMDI 2.9 software.

Cytokine assay
Protein expression of the cytokines in BV2 cell

culture supernatants were determined by ELISA kit

(Biotechnology Systems). Supernatants from BV2

cells were tested for the secretion of TNF-alpha.

ELISAs were performed according to the manufac-

turer’s instructions. The level of sensitivity for

cytokine standard curve was less than 13 pg/ml.

Statistical analysis
Data were expressed as mean¡SD. Statistical analyses

were performed using one-way analysis of variance

(SPSS 13.0 for Windows). Differences between ex-

perimental groups were determined by the Fisher’s

Student–Newman–Keuls test. Differences between

means were considered significant if P,0.05.

Results
PACAP increased cell viability in BV2 microglial
cells exposed to OGD followed by reoxygenation
We first investigated the effects of different time

duration of OGD on BV2 microglial cell viability

with MTT assay. Cell viability did not change

significantly when PACAP was added into control

BV2 microglial cells. We found that MTT OD value

decreased significantly in OGD for 6, 12, and

24 hours followed by reoxygenation for 6 hours

(P,0.05). Cell viability decreased to about 95% after

3 hours of OGD exposure, about 55% after 12 hours,
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and about 24% after 24 hours OGD. PACAP

significantly increased cell viability in BV2 cells under

OGD/R at 6-, 12-, and 24-hour OGD timepoints

(P,0.05), but no dramatic change occurred at 3-hour

timepoint (Fig. 1A). Subsequently, we detected the

effects of different time duration of reoxygenation on

BV2 cell viability with MTT assay. OGD for 3 hours/

reoxygenation for 12, 24, and 36 hours all reduced

cell viability. PACAP could inhibit the cell viability

reduction in OGD for 3 hours followed by reoxy-

genation for 12, 24, and 36 hours, and augment cell

viability by 91, 69, and 60% respectively. The peak

time of the protective effect of PACAP was at

reoxygenation 12-hour timepoint and then decreased.

There existed no significant difference in MTT OD

values between PACAPzOGD3h/R36h BV2 cells

and control (P.0.05) (Fig. 1B and C). Then the

effects of PACAP on BV2 microglial cells exposed to

OGD/R were determined by TBE assay. Consistently

with MTT assay, PACAP significantly increased cell

viability in BV2 cells under OGD3h/R12h (P,0.05)

(Fig. 1D).

Figure 1 Effect of PACAP on cell viability of BV2 microglia exposed to OGD/R for different OGD and oxygenation time

duration. Cells were treated with the indicated concentration of PACAP (100 nM) immediately before OGD/R for different OGD

time duration. (A) Effects of different time duration of OGD on BV2 microglial cells. After exposure to OGD for 3, 6, 12, and

24 hours, BV2 cells were reoxygenated by normal DMEM and incubation under normoxic conditions for 6 hours. (B) Effects of

different time duration of reoxygenation on BV2 microglial cells. After exposure to OGD for 3 hours, BV2 cells were

reoxygenated for 12, 24, and 36 hours. Cell viability was assessed using the MTT assay, and the results are expressed as MTT

OD values. Each value indicates the mean¡SD and is representative of results obtained from four independent experiments.

*P,0.05, as compared with control group. #P,0.05, as compared with OGD/R group. (C) BV2 microglial cells were exposed to

OGD for 3 hours followed by reoxygenation for 12 hours. Morphological changes were observed under an inverted microscope

(6400). (D) Exclusion of trypan blue in cells. BV2 cells were incubated with 100 nM PACAP followed by OGD for 3 hours and

reoxygenation for 12 hours. The cytosol stained by trypan blue represents the loss of plasma-membrane integrity and cell

death. The positive-staining cells were counted under an optical microscope. Results are means¡SD (n54; *P,0.05, as

compared with control group. #P,0.05, as compared with OGD/R group).
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PACAP exerted its neuroprotection to BV2
microglia in a dose-independent manner
Subsequently, to determine the neuoprotective effect

of PACAP was whether dose-dependent or dose-

independent, MTT assay was performed in BV2 cells

after exposure to OGD for 3 hours followed by

reoxygenation for 12 hours. We found that PACAP

could significantly increase MTT OD value of OGD/

R BV2 microglia by 32, 17, and 21% under different

concentration of PACAP 10, 100, and 1000 nM

respectively. There were no significant differences in

neuroprotection of PACAP among the three diffe-

rent concentrations (P.0.05) (Fig. 2A). In general,

PACAP may play a neuroprotective role in OGD/R

BV2 microglia in a dose-independent manner. Then

we investigated whether picomolar concentrations of

PACAP could protect BV2 cells from cell death

induced by OGD/R using MTT assay. We found that

MTT OD value decreased significantly in OGD 3

hours followed by reoxygenation 12 hours (P,0.05).

Cell viability significantly increased in BV2 cells

under OGD/R when 100 pM PACAP was added

(P,0.05), but no dramatic change occurred when

10 pM PACAP was added (Fig. 2B).

PACAP inhibited TLR4, MyD88 expression in BV2
microglial cells subjected to OGD followed by
reoxygenation
To investigate the expression of TLR4 and MyD88,

BV2 microglial cells were exposed to OGD for 15

minutes followed by reoxygenation for 12 hours.

TLR4 and MyD88 protein levels were determined by

Western blot analysis. As was shown in Fig. 3A,

TLR4 expression was increased when BV2 microglial

cells were exposed to OGD/R. PACAP treatment

significantly inhibited upregulation of TLR4 expres-

sion induced by OGD/R (P,0.05, Fig. 3B). It was

interesting that PACAP added into the control cells

likewise induced downregulation of TLR4 protein

expression (second panel).

OGD/R increased the expression of MyD88 pro-

tein in BV2, which was inhibited by PACAP pre-

treatment. MyD88 protein expression did not alter

significantly when PACAP was added into the

control BV2 cells (P.0.05) (Fig. 3).

PACAP inhibited IkappaB-alpha
phosphorylation/degradation and NF-kappaB
activation in BV2 microglial cells exposed to OGD
followed by reoxygenation
To further dissect the downstream pathway of TLR4-

mediated signal transduction, we next sought to

determine the level of IkappaB-alpha phosphoryla-

tion and degradation in BV2 cells subjected to

OGD/R and PACAP administration using western

blot analysis. As shown in Fig. 4A, the expression

of p-IkappaB-alpha increased and IkappaB-alpha de-

creased after exposure to OGD/R. PACAP significantly

inhibited phosphorylation of IkappaB-alpha in BV2

cells under OGD/R (P,0.05). No dramatic change

in IkappaB-alpha phosphorylation/degradation was

found between control cells and control treated by

PACAP (second panel) (P.0.05) (Fig. 4B).

Next, we detected NF-kappaB p65 protein levels in

nucleus. NF-kappaB was activated in the OGD/R

Figure 2 Effects of different dosage of PACAP on cell

viability of BV2 microglia exposed to OGD/R. BV2 microglial

cells were exposed to OGD for 3 hours followed by

reoxygenation for 12 hours. (A) Cells were treated with the

indicated concentration of PACAP 10, 100, and 1000 nM for

immediately before OGD/R. (B) Cells were treated with

picomolar concentrations of PACAP (10 and 100 pM) imme-

diately before OGD/R. Cell viability was assessed using MTT

assay, and the results are expressed as MTT OD value. Each

value indicates the means¡SD and is representative of

results obtained from four independent experiments.

*P,0.05, as compared with control group. #P,0.05, as

compared with OGD/R group.
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BV2 cells, which was reversed by PACAP pretreat-

ment (P,0.05). Surprisingly, when PACAP was

added into the control BV2 cells, NF-kappaB protein

levels were elevated (Fig. 4). Thus, inhibition of

TLR4 signalling with PACAP contributes to neuro-

protection in BV2 cells following OGD/R.

PACAP attenuated OGD/R induced apoptosis in
BV2 microglial cells
MTT assay showed that PACAP played a modest

cytoprotection after exposure to OGD3h/R12h;

therefore, we detected apoptosis at this timepoint.

Flow cytometer indicated that the percentage of

apoptotic cells was increased after exposure to OGD/

R, which was downregulated when PACAP was

added (P,0.05). OGD/R induced apoptosis by 85%

compared with the control, but PACAP decreased

apoptosis by 28% compared with the OGD/R group

and decreased apoptosis in PACAP-treated control

cells (Fig. 5).

To investigate the mitochondrial apoptotic events

involved in PACAP-reduced apoptosis, we analyzed

the changes in Bcl-2 family members, which included

pro-apoptotic protein (Bax) and anti-apoptotic pro-

tein (Bcl-2), two important regulators triggering

mitochondrial depolarization in the process of apop-

tosis. Our results showed that OGD/R increased

Bax/Bcl-2 ratio (P,0.05). Pretreatment with 100 nM

PACAP downregulated the Bax level and upregu-

lated the Bcl-2 protein level, resulting in a decrease in

the Bax/Bcl-2 ratio (P,0.05) (Fig. 6). Thus, Bax and

Bcl-2 played important roles in OGD/R induced

apoptosis and PACAP induced neuroprotection.

PACAP reduced OGD/R induced TNF-alpha
release in the BV2 supernatants
Since PACAP alleviated microglial hypoxic injury

correlated with decreased protein levels of compo-

nents of the TLR4/MyD88/NF-kappaB pathway,

we hypothesized that a reduction in NF-kappaB

mediated transcription and expression also occurred.

To examine the effects of PACAP on cytokine sec-

retion, TNF-alpha release, a proinflammatory cyto-

kine was confirmed by ELISA. Our results showed

that exposure to OGD3h/R12h enhanced TNF-alpha

level by 51% in BV2 microglia. Pretreatment with

PACAP suppressed TNF-alpha level by 37% com-

pared with the OGD/R BV2 cells (P,0.05). As

expected, PACAP significantly decreased the secre-

tion of TNF-alpha proinflammatory cytokine. The

Figure 3 Induction of TLR4, MyD88 expression in the OGD/R BV2 microglia but inhibition due to PACAP. BV2 cells suffered

from OGD/R by being exposed to an anerobic gas mixture (94% N2, 5%CO2, and 1% O2) in glucose-free medium for 15 minutes

and maintained at normoxia for 12 hours. PACAP (100 nM) was added into the medium immediately before OGD/R. Cell lysates

were prepared and Western blot analyses were performed. (A) Cell lysates were immunoblotted with TLR4 and MyD88

antibodies (upper panel) and subsequently reprobed with beta-actin (lower level). These results are representative for two

independent experiments. (B) The differences of the protein expression between the groups were analyzed with Image J.

*P,0.05, as compared with control group. mP,0.05, as compared with OGD15min/R12h group.
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PACAP-treated control BV2 cells were not signifi-

cantly different from the untreated control likewise

(P.0.05) (Fig. 7).

Discussion
The present in vitro study demonstrated that admin-

istration of PACAP immediately before OGD/R,

protected microglial cells from OGD/R injury.

Pretreatment with PACAP inhibited activation of

the TLR4/MyD88/NF-kappaB signaling pathway

and decreased inflammatory cytokine levels as well

as apoptosis in microglia, thereby attenuating micro-

glial hypoxic injury. Our data suggested an important

role of TLR4-mediated MyD88-dependent NF-

kappaB signaling in response to the neuroprotective

effects of PACAP to microglia against OGD/R

injury.

Our first aim was to confirm whether PACAP could

protect BV2 microglia from OGD/R injury. PACAP,

originally isolated from the sheep hypohalamic extracts

and described as a factor potently stimulating adenylyl

cyclase activity in the rat pituitary cell culture. In the

current study, we found that PACAP increased cell

viability of BV2 microglia exposed to OGD followed

by reoxygenation by MTT assay, morphology obser-

vation with light microscope and TBE assay. Firstly,

we investigated the effects of different time duration of

OGD on BV2 microglial cells. No dramatic change was

found at OGD 3-hour time point, because no

significant hypoxic injury occurred after exposure to

OGD3h/R6h. OGD for 3 hours and reoxygenation for

24 hours triggered death in nearly 70% of cells.26 The

cell death rate of astrocytes significantly increased after

6 hours of OGD exposure followed by 24 hours of

reoxygenation.27 As most natural peptides, PACAP

undergoes rapid enzymatic degradation after its

introduction in the systemic circulation.28 The half-life

of PACAP38 in mice, estimated by tandemmass

spectrometry, is less than 2 minutes.29 A mean plasma

half-life of 3.5¡1.3 minutes has been reported in a

Figure 4 Induction of IkappaB phosphorylation and NF-kappaB activation by OGD/R in BV2 microglia but inhibition due to

PACAP. BV2 cells were pretreated with 100 nM PACAP before OGD15min/R12h. (A) Total protein was extracted, and 100 mg of

protein was subjected to SDS–PAGE followed by IkappaB-alpha, phospho-IkappaB-alpha, NF-kappaB, and beta-actin

immunoblotting using the alkaline phosphatase technique. These results are representative for two independent experiments.

(B) The differences of the protein expression between the groups were analyzed with Image J. *P,0.05 versus control group.
mP,0.05 versus OGD/R group.
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study involving 12 healthy young volunteers.30 How-

ever, in our present in vitro study, PACAP could exert

its neuroprotective effects until 36 hours. Thus sec-

ondly, the effects of OGD 3 hours followed by diffe-

rent time duration of reoxygenation on BV2 cells were

detected. We found that pretreatment with PACAP

in BV2 microglia subjected to OGD3h/R36h, there

existed no significant difference in MTT OD va-

lue compared with control, which suggested that cell

viability of BV2 cells nearly recovered to normal

level due to enough reoxygenation (36 hours) and

the protective effect of PACAP. Pretreatment with

PACAP for 3 hours of OGD and 12 hours of

reoxygenation, BV2 microglial cell edema and cell

death were significantly ameliorated and MTT activity

was dramaticly increased. Therefore, we chose this

OGD and reoxygenation exposure time for the sub-

sequent flow cytometry and ELISA studies. Thirdly,

we demonstrated that PACAP exerted its neuroprotec-

tion to BV2 microglia in a dose-independent manner at

the concerntration of 10, 100, and 1000 nM. And

PACAP with concerntration of 100 pM could also

protect BV2 cells from cell death induced by OGD/R,

while 10 pM PACAP had no protective effect on

BV2 microglia from cell death induced by OGD/R.

Moreover, MTT activity and light microscope obser-

vation were not altered when PACAP was added into

control BV2 cells, which suggested that PACAP had no

influences on control BV2 cells.

Figure 5 Effect of PACAP on OGD/R induced apoptosis in

BV2 microglia. (A) After exposure to OGD for 3 hours and

reoxygenation for 12 hours, BV2 cells were stained with

annexin V and PI and analyzed by FACS. The apoptotic cells

(the annexin V-positive and PI-negative cells) were indicated

as the percentage of gated cells. (B) Relative percentage of

the annexin V-positive and PI-negative cells. Data are the

mean¡SD (n5 3). *P,0.05, as compared with control group.
mP,0.05, as compared with OGD/R group.

Figure 6 Augmentation of Bax/Bcl-2 in the OGD/R BV2

microglia and reduction of the ratio due to PACAP. BV2 cells

were incubated with 100 nM PACAP followed by OGD for

3 hours and reoxygenation for 12 hours. (A) The cell lysates

were immunoblotted with anti-Bax, anti-Bcl-2 or beta-actin

antibodies. These results are representative for two inde-

pendent experiments. (B) The differences of the protein

expression between the groups were analyzed with Image J.

*P,0.05 versus control group. mP,0.05 versus OGD/R

group.

Qin et al. Microglial cells and TLR4

386 Neurological Research 2012 VOL. 34 NO. 4



Subsequently, we attempted to explore the me-

chanism by which PACAP exerted neuroprotection

to BV2 microglial cells against OGD/R. OGD/R

resulted in microglia activation, which may exert

deleterious or beneficial effects. A delicate equili-

brium of microglial-derived factors might determine

the neurotrophic or neurotoxic effect of activated

microglia. Microglia-derived inflammatory factors

such as TNF-alpha and IL-1beta trigger harmful

downstream signaling pathways and accelerate neu-

ronal death.31 In the present study, microglia activa-

tion could be harmful resulting in cell death, which

was consistent with the studies.32,33 Activated mi-

croglia certainly appear to be toxic and inexorably

exacerbate the death of dopaminergic neurons.33

PACAP elicits a broad spectrum of biological effects

on innate and acquired immunity.34,35 PACAP38

suppressed TLR4 and proinf lammatory cytokine

expression in kidneys subjected to ischemia/reperfu-

sion (I/R) injury.36 There might be many different

ways in which mediators might activate microglia

including fractalkine, interferon-gamma, monocyte

chemoattractant protein-1, P2X4, and TLR4.37 TLRs

play a considerable role in the induction of innate

immune and inflammatory responses. TLR activa-

tion contributed to cerebral I/R injuries.38 Lehnardt

et al.39 reported that TLR4 activation led to extensive

neuronal death in vitro that depended on the presence

of microglia. Tang et al.40 reported that TLR2 and -4

expression was increased in cerebral cortical neu-

rons in response to I/R injury. Hypoxia upregulated

TLR4 expression at the mRNA and protein levels in

microglia and regulated MyD88-dependent and -

independent pathways of TLR4 signaling.41 In addi-

tion, activated microglia can proliferate, potentiate

phagocytosis, actively migrate to the site of injury,

and release a variety of factors including cytokines,

chemokines and nitric oxide, thereby causing an

inflammatory response. Therefore, it was possible

that activation of TLR4 in microglia could mediate

inflammatory response, blockade of which could re-

duce microglia ischemic/hypoxic injury. In the cur-

rent study, OGD/R resulted in TLR4 activation,

which was inhibited by PACAP treatment.

Presumably, the TLR4 activated downstream sig-

naling pathway, including MyD88 and NF-kappaB

activation, can promote microglia activation and the

production of proinflammatory cytokines as part of

the response to OGD/R. Based upon the ability of

Figure 7 Induction of TNF-alpha release in the BV2 super-

natants but inhibition of TNF-alpha release due to PACAP.

Compartmentalized secretion of TNF-alpha was measured in

the supernatants from BV2 cells subjected to OGD/R and

PACAP-treated cells (100 nM). Data are shown as

means¡SD (n54). *P, 0.05, as compared with control

group. mP,0.05, as compared with OGD/R group.

Figure 8 Schematic diagram depicting proposed mechan-

isms for TLR4-mediated neuroprotection of PACAP to BV2

microglia against OGD/R. PACAP decreased TLR4 expres-

sion and downstream MyD88 expression and NF-kappaB

activation. In addition, downregulation of apoptosis and

proinflammatory cytokine secretion were involved in neuro-

protection of PACAP to microglia against the hypoxic injury.

R stimulatory modification; x inhibition.
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PACAP to attenuate the increase in TLR4 protein

levels, we expect that a component of its neuropro-

tective benefits is attenuation of TLR4-dependent

signaling in microglia. Li et al.42 reported that TLR4-

mediated cytokine responded to hypoxia are primar-

ily dependent on MyD88 expression and MyD88-

dependent mechanisms in the coordination of the

innate immune plays pivotal role in ischemic/hypoxic

acute renal tubular injury. Wang et al.15 reported that

MyD88 played an essential role in LPS-sensitized

HI neonatal brain injury, which involved both in-

flammatory and caspase-dependent pathways. We

observed in the present study administration of

PACAP immediately before OGD/R resulted in

marked inhibition of OGD/R induced TLR4 and

MyD88 expression in BV2 microglia. Surprisingly,

PACAP pretreatment could inhibit TLR4 and

MyD88 expression to the level lower than control.

It has been well established that NF-kappaB is a

key regulator in general inflammatory, as well as

immune response.43,44 In the resting state, IkappaB-

alpha continues to be synthesized in the body, but

most molecules are quickly degraded and leave only a

small part of free protein and the dimeric form

(typically RelA/p65 and p50) of NF-kappaB is

trapped in the cytoplasm by IkappaB proteins.45,46

NF-kappaB activation was involved in cerebral

ischemia in vivo and in vitro,47 which was consistent

with our results showing that PACAP inhibited NF-

kappaB activation in BV2 microglia exposed to OGD

followed by reoxygenation. NF-kappaB was involved

in apoptosis and NF-kappaB activation may be pro-

apoptotic.48,49 Given the fact that oxidative stress can

induce apoptosis and the important role that apop-

tosis has in the pathogenesis of hypoxia/reperfusion

injury,50,51 we examined the effects of PACAP on

OGD/R induced apoptosis in BV2 microglia. Our

results suggested that PACAP inhibited the intrinsic

pathway of apoptosis induced by OGD/R. Microglia

is the primary producers of TNF-alpha in the brain

and may play a role in many pathological conditions

in the brain.52 TNF-alpha overexpression has been

implicated in the pathogenesis of several human CNS

disorders.53,54 Our data indicated that treatment with

PACAP before OGD/R resulted in significantly

attenuated production of TNF-alpha in BV2 micro-

glia. Taken together, these results documented in-

volvement of NF-kappaB, apoptosis, and proinflam-

matory cytokine secretion in the inhibitory effects of

PACAP on OGD/R.

In summary, PACAP could protect BV2 microglia

cells against hypoxic injury in dose-independent man-

ner. Then correlative evidence supported a mechanism

that PACAP inhibited upregulation of TLR4 expres-

sion and its downstream MyD88 expression and NF-

kappaB activation. In addition, inhibition of apoptosis

and proinflammatory cytokine secretion were involved

in neuroprotection of PACAP to microglia. Our re-

sults suggested that TLR4-mediated MyD88-dependent

signaling contributed to BV2 OGD/R injury and that

inhibition of the signaling pathway could be a new

therapeutic strategy for protection of brain against

ischemic injury, suggesting that PACAP be considered

a potential candidate for clinical trials in brain ischemic

diseases.
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