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Neurobiology of Disease

Phosphoinositide 3-Kinase Gamma Contributes to
Neuroinflammation in a Rat Model of Surgical Brain Injury

Lei Huang,1,2 Prativa Sherchan,2 Yuechun Wang,2,4 Cesar Reis,1 Richard L. Applegate II,1 Jiping Tang,2

and John H. Zhang1,2,3

Departments of 1Anesthesiology, 2Physiology and Pharmacology, and 3Neurosurgery, Loma Linda University, Loma Linda, California 92354, and
4Department of Physiology, School of Medicine, University of Jinan, Guangzhou 510632, China

Neuroinflammation plays an important role in the pathophysiology of surgical brain injury (SBI). Phosphoinositide 3-kinase gamma
(PI3K�), predominately expressed in immune and endothelial cells, activates multiple inflammatory responses. In the present study, we
investigated the role of PI3K� and PI3K�-activated phosphodiesterase 3B (PDE3B) in neuroinflammation in a rat model of SBI. One
hundred and fifty-two male Sprague Dawley rats (weight 280 –350 g) were subjected to a partial right frontal lobe corticotomy model of
SBI. A PI3K� pharmacological inhibitor (AS252424 or AS605240) was administered intraperitoneally. PI3K� siRNA, human recombi-
nant active-PI3K� protein, or human recombinant active-PDE3B protein were administered intracerebroventricularly. Post-SBI assess-
ments included neurobehavioral tests, brain water content, Western blot, and immunohistochemistry. Endogenous PI3K� levels were
increased within peri-resection brain tissues after SBI, accompanied by increased brain water content and neurological functional
deficits. There was a trend toward increased endogenous PDE3B phosphorylation after SBI. The selective PI3K� inhibitors AS252424 and
AS605240 reduced brain water content surrounding corticotomy and improved neurological function after SBI. SBI increased and PI3K�
inhibitor decreased levels of myeloperoxidase, cluster of differentiation 3, mast cell degranulation, E-selectin, and IL-1 in peri-resection
brain tissues. Direct administration of human recombinant active-PI3K� protein and active-PDE3B protein countered the protective
effect of AS252424. PI3K� siRNA reduced PI3K� levels, decreased brain water content within peri-resection brain tissues, and improved
neurological function after SBI. Collectively, our findings suggest that PI3K� contributed to neuroinflammation after SBI. The use of
selective PI3K� inhibitors may be a novel approach to ameliorating SBI via their anti-inflammation effects.
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Introduction
Surgical brain injury (SBI) that is attributable exclusively to
the neurosurgical procedure itself may cause postoperative
complications such as brain edema, ischemia, and intracranial

hematoma, worsening neurological and behavioral outcomes
(Manninen et al., 1999; Solaroglu et al., 2004). We demonstrated
previously that neuroinflammation played important roles in the
pathophysiology of SBI, characterized by activation of resident
immune cells, leukocyte infiltration, and release of inflammatory
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Significance Statement

Life-saving or elective neurosurgeries often involve unavoidable damages to neighboring, nondiseased brain tissues. Such surgi-
cal brain injury (SBI) is attributable exclusively to the neurosurgical procedure itself and may cause postoperative complications
that exacerbate neurological function. Although the importance of this medical problem is fully acknowledged, intraoperative
administration of adjunctive treatment such as steroids and mannitol to patients undergoing neurosurgery appear not to be
efficient remedies for SBI. To date, the issue of perioperative neuroprotection specifically against SBI has not been well studied.
Using a clinically relevant rat model of SBI, we are exploring a new neuroprotective strategy targeting phosphoinositide 3-kinase
gamma (PI3K�). PI3K� activates multiple inflammatory responses. By attenuating neuroinflammation, selective PI3K� inhibi-
tion would limit postoperative complications and benefit neurological outcomes.
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mediators within brain tissues adjacent to the resection (Lo et al.,
2007; Hyong et al., 2008; Ayer et al., 2012). Therapeutic strategies
targeting neuroinflammation may limit postoperative complica-
tions and thus enable a more aggressive surgical approach.

Phosphoinositide 3-kinase gamma (PI3K�), a PI3K class IB
isoform, controls a wide range of immune cell activities and vas-
cular functions (Hirsch et al., 2000; Hirsch et al., 2006). Specifi-
cally with regard to inflammation, the predominant expression of
PI3K� in leukocytes and endothelial cells participated in leuko-
cyte chemotaxis and neutrophil oxidative burst (Hirsch et al.,
2000; Puri et al., 2005; Hirsch et al., 2006; Rückle et al., 2006;
Ghigo et al., 2010), T-cell proliferation and cytokine production
(Hirsch et al., 2000; Sasaki et al., 2000; Smith et al., 2007; Thomas
et al., 2008), and mast cell activation and degranulation (Hirsch
et al., 2000; Laffargue et al., 2002). Emerging evidence has shown

that gene ablation of PI3K� or pharmacological inhibition of
PI3K� exerted protective effects in preclinical models of systemic
inflammation including systemic lupus, rheumatoid arthritis,
lung disease, sepsis, and colitis (Barber et al., 2005; Camps et al.,
2005; Martin et al., 2010; van Dop et al., 2010; Kim et al., 2012).
Recently, several studies identified the detrimental effects of
PI3K� in neuroinflammation in brain ischemic injury and Alz-
heimer’s disease (Jin et al., 2010b; Passos et al., 2010; Jin et al.,
2011). Moreover, PI3K� has been shown to activate phosphodi-
esterase 3 (PDE3B), which suppresses cyclic adenosine mono-
phosphate (cAMP) signaling (Patrucco et al., 2004; Perino et al.,
2011; Schmidt et al., 2013).

In this study, we investigated the roles of PI3K� in neuroin-
flammation in a rat model of SBI by PI3K� pharmacological
inhibition, by human recombinant active-PI3K� protein and
active-PDE3B protein to counter the effect of the PI3K� inhibi-
tor, and by PI3K� siRNA-mediated PI3K� knock-down.

Materials and Methods
Animals. All procedures in this study were approved by the Institutional
Animal Care and Use Committee at Loma Linda University and com-
plied with the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. Adult male Sprague Dawley rats (weight 280 –350 g)
were housed in a vivarium for a minimum of 3 d before surgery with a
12 h light/dark cycle and ad libitum access to food and water.

Experimental design. Experiments were performed in a rat model of
SBI, as shown in Figure 1. A total of 152 rats were used.

Experiment 1 was to characterize the time course of endogenous
changes in four PI3K isoforms, including PI3K�, PI3K�, PI3K�, and
PI3K�, as well as total/phosphorylated PDE3B levels within residual
frontal lobe brain tissues at 1, 3, and 7 d after SBI. Twenty rats were
randomized into four groups: sham, SBI-1d, SBI-3d, and SBI-7d (n �
5/group). The additional two rats in the SBI-1d group were used for
immunohistochemistry.

Figure 1. Experimental design and animal groups. WB, Western blot; IHC, immunohistochemistry.

Table 1. Summary of experimental groups, interventions, and sample sizes

Experimental group Treatment Animal no.

Sham None 13
SBI � vehicle Vehicle, i.p. 32
SBI � AS252424 3 mg/kg AS252424 3 mg/kg, i.p. 8
SBI � AS252424 10 mg/kg AS252424 10 mg/kg, i.p. 21
SBI � AS252424 10 mg/kg �

human recombinant
active-PI3K�

AS252424 10 mg/kg, i.p.;
human recombinant active-PI3K�
200 ng, i.c.v.

13

SBI � AS252424 10 mg/kg �
human recombinant
active-PDE3B

AS252424 10 mg/kg, i.p.;
human recombinant active-PDE3B
100 ng, i.c.v.

6

SBI � AS605240 10 mg/kg AS605240 10 mg/kg, i.p. 7
SBI � scramble siRNA Scramble siRNA, i.c.v. 15
SBI � PI3K p110� siRNA PI3K p110� siRNA 500 pmol, i.c.v. 15

i.p., Intraperitoneally; i.c.v., intracerebroventricularly.
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Figure 2. Time course of PI3K isoforms changes within peri-resection brain tissues after SBI. Although there were no significant changes in PI3K� ( p � 0.419) and PI3K� ( p � 0.856) over 7 d
(A, B), PI3K� levels increased at 1, 3, and 7 d after SBI (C) and PI3K� level increased 7 d after SBI (D) (n � 5/group). One-way ANOVA followed by Student–Newman–Keuls post hoc tests were used.
C, *p � 0.036 versus sham; #p � 0.026 versus sham, &p � 0.027 versus sham. D, **p � 0.004 versus SBI-7d; ##p � 0.002 versus SBI-7d; &&p � 0.005 versus SBI-7d. Representative
immunohistochemistry microphotographs of PI3K� staining with MPO or CD3 revealed that PI3K� expression was colocalized with immune cells including infiltrated neutrophils (MPO) and T-cells
(CD 3) 1 d after SBI (E). Negative control staining without the primary antibody (Ab) did not show detectable labeling (E). Arrows indicate cells with positive staining. Scale bar, 50 �m.
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Experiment 2 was to evaluate the detrimental role of PI3K� in the
pathophysiology of SBI as follows. First, we tested the effect of the selec-
tive PI3K� inhibitor AS252424. Seventy-six rats were used in the follow-
ing groups: sham (n � 13), SBI � vehicle (n � 21), SBI � AS252424 3
mg/kg (n � 8), SBI � AS252424 10 mg/kg (n � 21), and SBI � AS252424
10 mg/kg � human recombinant active-PI3K� (n � 13). AS252424 was
dissolved in 24% dimethyl sulfoxide/0.5% carboxymethylcellulose
(CMC)/0.25% Tween 20 saline with final concentration of 4.2 mg/ml.
The inhibitor or same volume of vehicle was injected intraperitoneally
1 h before and 30 min after brain resection. Human recombinant active-
PI3K� protein (200 ng, 2 �l; SignalChem) was administered by intrace-
rebroventricular injection 30 min before SBI. Second, we investigated
whether the effects of the PI3K� inhibitor are mediated through repres-
sion of PI3K�-PDE3B signaling. An additional group of SBI � AS252424
� human recombinant active PDE3B (n � 6) was added. Human recom-
binant active-PDE3B (100 ng, 2 �l; SignalChem) was administered in-
tracerebroventricularly 30 min before SBI. Third, we tested the protective
effects of PI3K� inhibition using another selective PI3K� inhibitor,
AS605240, or siRNA-mediated PI3K� knock-out. Forty-eight rats in four
additional groups were added: SBI � vehicle (n � 11), SBI � AS605240
10 mg/kg (n � 7), SBI � scramble siRNA (n � 15), and SBI � PI3K
p110� siRNA (n � 15). AS605240 was dissolved in 0.5% CMC/0.25%
Tween 20 saline with a final concentration of 5 mg/ml. The inhibitor or
same volume of vehicle was injected intraperitoneally 1 h before and 30
min after brain resection. The 500 pmol of p110� siRNA (Accell SMART
pool; Thermo Fisher Scientific) was dissolved in 2 �l of sterilized water
and injected intracerebroventricularly 24 h before SBI. The same volume
of scramble siRNA (siGENOME nontargeting siRNA Thermo Fisher Sci-
entific) was administered as a control. The dosages of AS252424 and
AS605240 were determined according to previous studies (Pomel et al.,
2006; Kobayashi et al., 2011). Treatment and sample size in all experi-
ment groups are summarized in Table 1.

SBI model. Anesthesia was induced via induction chamber with 4%
isoflurane and maintained with 2.5% via nasal mask. Temperature was
controlled throughout surgery with thermal heat lamps. Rats were placed
prone in a stereotactic frame. SBI was induced as described previously
(Yamaguchi et al., 2007). Briefly, a midline incision was made and the
periosteum was reflected to expose the bregma and the right frontal skull.
A 5 � 5 mm square craniotomy with the lower left corner at the bregma
was made by a microdrill on the right frontal skull. Care was taken to
keep the dura intact. For SBI animals, the dura was incised and a dissec-
tion of brain tissue was made to create a partial right frontal lobectomy.
The margins of the brain tissue cut were 2 mm lateral to the sagittal suture
and 1 mm proximal to the coronal suture, with the depth extending to the
base of the skull. Intraoperative packing and normal saline irrigation was
used until hemostasis was obtained. Afterward, the incision was closed
with sutures. Sham surgeries underwent the same surgical procedure
without craniotomy and brain resection. Vital signs were monitored
throughout surgery and recovery. Twenty-four or 72 h after surgery,
neurological functions were assessed, after which time the animals were
killed for brain water content measurement, Western blot, or immuno-
histochemistry assay as described below.

Intracerebroventricular injection. As described previously (Chen et al.,
2013, Liu et al., 2007), rats were anesthetized with isoflurane (4% induc-
tion, 2.5% maintenance) and mounted on a stereotaxic frame. The nee-
dle of a 10 �l Hamilton syringe was inserted through a burr hole
perforated through the skull into the right lateral ventricle using the
following coordinates relative to bregma: 1.5 mm posterior, 1.0 mm
lateral, and 3.2 mm below the horizontal plane of the bregma. siRNA was
injected 24 h before SBI. According to the manufacturer’s instructions, a
total volume of 2 �l (500 pmol) of accell SMAT pool siRNA pik3cg
(Thermo Fisher Scientific) in sterile saline was injected into the ipsilateral
ventricle at a rate of 0.5 �l/min. Four different sequences targeting pik3cg
were pooled: 5�-UUGGCAAUUACAAGAGUUU-3�, 5�-CUAUUCAG
CUCAGUAAAGU-3�, 5�-GCAACGUGCACGAUGAUGA-3�, and 5�-
CUGUGAUCCUGGAAGCGUA-3�. This type of PI3K� siRNA pool
enters cells without the need for a transfection reagent and is a mixture of
four siRNAs, thus providing advantages in both potency and specificity
of gene silences. The same volume of scramble siRNA (Accell nontarget-

ing pool; Thermo Fisher Scientific) was used as a negative control. A total
2 �l of active-recombinant PI3K� 200 ng or PDE3B 100 ng was injected
30 min before SBI. To prevent possible leakage, the needle was kept in situ
for an additional 10 min after completing the injection and then with-
drawn slowly over 5 min. After removal of the needle, the burr hole was
sealed with bone wax, the incision was sutured, and the mice were al-
lowed to recover.

Brain water content. Under deep anesthesia, the rat’s brain was quickly
removed and dissected into six parts on ice: right frontal, left frontal,
right parietal, left parietal, cerebellum, and brainstem. The wet weights of
tissue samples were measured immediately and dry weights were ob-
tained after drying in an oven at 105°C for 48 h. The percentage of water
content in each part was calculated as [(wet weight � dry weight)/wet
weight] � 100% (Yamaguchi et al., 2007).

Neurobehavioral tests. Before animals were killed, each had neurolog-
ical assessments using the modified Garcia and balance beam tests
(Yamaguchi et al., 2007). Tests were performed by an examiner (P.S.)
kept blinded to treatment information. The modified Garcia test involves
a 21-point sensorimotor assessment that includes seven tests. Each test
has a score ranging from 0 to 3, with a maximum score of 21. The tests
evaluate spontaneous activity, side stroking, vibrissae touch, limb sym-
metry, climbing, lateral turning, and forelimb walking. The balance
beam test involves a beam held in place by platforms at either side. Rats

Figure 3. Temporal changes of PDE3B within peri-resection brain tissues after SBI. Western
blot showed that there was a tendency toward increase in PDE3B phosphorylation 1 and 3 d
after SBI ( p � 0.197), although the total PDE3B levels remained relatively stable compared
with shams ( p � 0.38) (n � 4/group). One-way ANOVA showed that the differences were not
statistically significant. A, B, p � 0.197; A, C, p � 0.38.
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were observed for behavior and time to reach either platform. Scores
ranged from 0 to 5, with 5 being the best.

Western blot assay. Western blotting was performed as described pre-
viously (Ayer et al., 2012; Chen et al., 2013). At each end time point, rats
were perfused with cold PBS, pH 7.4, solution delivered via intracardiac
injection, followed by dissection of the brain into right frontal, left fron-
tal, right parietal, left parietal, cerebellum, and brainstem. The brain
parts were snap frozen in liquid nitrogen and stored at �80°C until use.
Protein extraction from whole-cell lysates were obtained by gently ho-
mogenizing them in RIPA lysis buffer (Santa Cruz Biotechnology) with
further centrifugation at 14,000 � g at 4°C for 30 min. The supernatant

was used as whole-cell protein extract, and the protein concentration
was determined using a detergent-compatible assay (Bio-Rad). Equal
amounts of protein were loaded on an SDS-PAGE gel. After being elec-
trophoresed and transferred to a nitrocellulose membrane, the mem-
brane was blocked and incubated with the primary antibody overnight at
4°C. The primary antibodies were rabbit polyclonal anti-PI3K� (1:1000),
rabbit polyclonal anti-PI3K� (1:1000), rabbit polyclonal anti-PI3K� (1:
1000), rabbit polyclonal anti-PI3K� (1:1000), rabbit polyclonal anti-
E-selectin (1:1000), goat polyclonal anti-myeloperoxidase (MPO,
1:4000), rabbit polyclonal mast cell tryptase (1:4000), and mouse mono-
clonal anti-cluster of differentiation 3 (CD3, 1:600) (all from Santa Cruz

Figure 4. Effect of AS 252424 on brain water content, modified Garcia test, and balance beam test 24 and 72 h after SBI. Compared with the vehicle-treated SBI animals, AS252424 at dose of 10
mg/kg significantly reduced brain water content in peri-resection brain tissues (A, B) and improved the modified Garcia neurological function (C, D), but not the performance in balance beam test
(E, F ) (n � 6/group). One-way ANOVA followed by Student–Newman–Keuls post hoc tests were used. A, **p � 0.001 versus sham; &p � 0.019 versus SBI � vehicle. B, **p � 0.001 versus sham;
&&p � 0.001 versus SBI � vehicle. C, **p � 0.001 versus sham; &&p � 0.003 versus SBI � vehicle. D, **p � 0.001 versus sham; &&p � 0.001 versus SBI � vehicle. E, **p � 0.001 versus sham.
F, **p � 0.001 versus sham. RF, Right frontal lobe; LF, left frontal lobe; RP, right parietal lobe; LP, left parietal lobe; C, cerebellum; BS, brainstem.
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Biotechnology); monoclonal anti-IL-1� (1:2000; Abcam), goat poly-
clonal anti-PDE3B (1:500; FabGennix), and rabbit polyclonal anti-
phosphor-PDE3B (1:500; FabGennix). For loading control, the same
membranes were blotted with primary antibody of goat anti-�-actin
(1:8000; Santa Cruz Biotechnology). Nitrocellulose membranes were in-
cubated with appropriate secondary antibodies (1:4000; Santa Cruz Bio-
technology) for 1 h at room temperature. Immunoblot bands were
further probed with a chemiluminescence reagent kit (ECL Plus; GE
Healthcare). The data were analyzed by ImageJ software.

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Chen et al., 2013). Briefly, rats were perfused with
ice-cold PBS under deep anesthesia, followed by infusion of 10% forma-
lin 24 h after SBI. The brains were harvested and immersed in 10%
formalin at 4°C for 24 h, then in 30% sucrose in PBS until saturation. The
brains were cut into 10-�m-thick coronal sections in a cryostat
(CM3050S; Leica Microsystems). The sections were incubated overnight
at 4°C with the following primary antibodies: rabbit anti-PI3K� (1:150),
costaining with goat anti-MPO (1:100), mouse monoclonal anti-CD3
(1:100), and goat anti-Von Willebrand factor (1:100) (all from Santa
Cruz Biotechnology); goat anti-ionized calcium binding adaptor mole-
cule 1 (IBA1, 1:200; Abcam), followed by incubation with appropriate
FITC-conjugated secondary antibodies (Jackson ImmunoResearch).
Negative control staining was performed by omitting the primary anti-
body. The sections were visualized with a fluorescence microscope
(Olympus BX51).

Statistics. Quantitative data are presented as mean � SEM. One-way
ANOVA for multiple comparisons and Student–Newman–Keuls post hoc
test were used to determine the differences of brain water content, neu-
rological deficits, and Western blot assay among all groups at each time
point. p � 0.05 was considered statistically significant.

Results
All sham-operated rats survived. The overall mortality of SBI was
15.6%. The mortality was not significantly different among the
experimental groups (data not shown).

Changes of endogenous PI3K� level after SBI
Western blot showed that there were no significant changes in the
protein levels of PI3K� and PI3K� within peri-resection brain
tissues over 7 d after SBI (Fig. 2A,B). However, there were signif-
icant increases in PI3K� level at 1, 3, and 7 d after SBI (Fig. 2C). In
the absence of significant increases 1 and 3 d after SBI, PI3K� also
was elevated 7 d later (Fig. 2D). Double immunofluorescence
staining showed that PI3K� was colocalized with immune cell
markers of MPO for neutrophils or CD3 for T-cells at 1 d after
SBI (Fig. 2E).

Changes of endogenous PDE3B level after SBI
Although total PDE3B levels remained relative stable, there was a
tendency toward increased PDE3B phosphorylation (p-PDE3B)
within peri-resection brain tissues 1 d after SBI (p 	 0.05; Fig. 3).

Effects of AS252424 and human recombinant active-PI3K�
protein on brain edema and neurological impairments after
SBI
Twenty-four and 72 h after surgery, SBI animals had higher brain
water content within peri-resection tissues and neurological def-
icits compared with the shams (Fig. 4). Compared with animals
treated with vehicle, PI3K� inhibitor AS252424 at a dose of 10
mg/kg reduced brain edema and improved neurological perfor-
mance (the Garcia test), but not the balance beam 24 and 72 h
after SBI (Fig. 4).

Human recombinant active-PI3K� protein, administered in-
tracerebroventricularly 30 min before surgery, countered the
beneficial effect of the PI3K� inhibitor AS252424 on brain water
content and neurological outcome at 24 h after SBI (Fig. 5).

Effects of AS252424 and human recombinant active-PI3K�
protein on neuroinflammation 24 h after SBI
Western blot assay showed significantly higher protein levels of
MPO, CD3, mast cell tryptase, E-selectin, and IL-1� in peri-
resection brain tissues after SBI (Fig. 6). Selective inhibition of
PI3K� by AS252424 (10 mg/kg) reduced the expression of those
inflammatory markers (Fig. 6). Human recombinant active-
PI3K� protein partially abolished the anti-inflammation effect of
AS252424 (Fig. 6).

Role of downstream enzyme PDE3B in PI3K�-mediated
injury 24 h after SBI
Compared with vehicle-treated SBI, PI3K� inhibitor AS252424
(10 mg/kg) administration had no significant effect on PDE3B
phosphorylation, even though a tendency to decrease was shown
24 h after SBI (Fig. 7A). Without significantly increasing
p-PDE3B level in peri-resection brain tissues (Fig. 7A), exoge-
nous human recombinant active-PDE3B protein reversed the ef-
fects of AS252424 in the Garcia score at 24 h after SBI (Fig. 7B).

Figure 5. Effect of human recombinant active-PI3K� protein 24 h after surgery. The protec-
tive effects of AS252424 against brain edema (A) and neurological deficit (B) were significantly
reversed by human recombinant active-PI3K� 24 h after SBI (n � 6/group). One-way ANOVA
followed by Student–Newman–Keuls post hoc tests were used. A, **p � 0.001 versus sham;
&p � 0.024 versus SBI � AS 252424 10 mg/kg; #p � 0.049 versus SBI � AS 252424 10 mg/kg.
B, **p � 0.001 versus sham; &p � 0.029 versus SBI � AS 252424 10 mg/kg; #p � 0.04 versus
SBI � AS 252424 10 mg/kg. RF, Right frontal lobe; LF, left frontal lobe; RP, right parietal lobe;
LP, left parietal lobe; C, cerebellum; BS, brainstem.
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Effects of AS605240 on brain edema and neurological
impairments after SBI
SBI animals treated by the selective PI3K� inhibitor AS605240 at
a dose of 10 mg/kg demonstrated similar results of significant
reduction in brain water content in peri-resection brain tissues
and improvement in the Garcia neurological performance at 24 h
after SBI compared with vehicle-treated SBI (Fig. 8).

Effects of PI3K� siRNA on PI3K� levels and outcomes 24 h
after SBI
Twenty-four hours after SBI, Western blot showed that the
PI3K� protein levels had increased in peri-resection brain tissue
(Fig. 9A). Compared with the vehicle-treated and scramble
siRNA-treated SBI, PI3K� siRNA reduced PI3K� levels (Fig. 9A).
In addition, PI3K� siRNA treatment attenuated brain edema in
peri-resection brain tissues (Fig. 9B) and improved neurological
function (Fig. 9C,D). Double immunofluorescence staining showed
PI3K� expression in brain endothelia and microglia cells in sham-
operated and SBI animals at 24 h after injury, which were suppressed
by PI3K� siRNA intracerebroventricular injection (Fig. 10).

Discussion
In the present study, we have made the following observations:
(1) endogenous PI3K� levels were significantly elevated in peri-
resection brain tissues at 1 d and up to 7 d after corticotomy in a
rat SBI model; (2) there was a tendency toward increase of en-
dogenous PDE3B phosphorlation, a downstream enzyme of
PI3K� proinflammation signaling pathways, in the peri-resection
brain tissues at 1 d after SBI; (3) the selective PI3K� inhibitor
AS252424 at a dose of 10 mg/kg significantly attenuated SBI-
induced brain edema and neurological deficits 24 and 72 h after
SBI; (4) the improved outcomes by the PI3K� inhibitor
AS252424 were associated with less immune cell infiltration, ac-
tivation, and cytokine release in peri-resection brain tissues 24 h
after SBI; (5) exogenous human recombinant active-PI3K� pro-
tein partially offset the neuroprotection provided by the selective
PI3K� inhibitor AS252424 24 h after SBI; (6) exogenous human
recombinant active-PDE3B reversed the benefits of AS252424 on

Figure 7. Effect of exogenous human recombinant active-PDE3B at 24 h after surgery. A,
Western blot showed a trend toward reduction in PED3B phosphorylation by AS252424, which
tended to be reversed by active-PDE3B administration. However, these differences did not
reach statistical significance ( p � 0.085). B, The protective effects of AS252424 on neurological
deficit were significantly reversed by active PDE3B (n � 6/group). One-way ANOVA followed by
Student–Newman–Keuls post hoc tests were used.**p � 0.001 versus sham; &p � 0.011
versus SBI � AS252424 10 mg/kg; &&p � 0.003 versus SBI � AS252424 10 mg/kg.

Figure 6. Effect of AS252424 and human recombinant active-PI3K� protein on neuroinflammation associated with SBI 24 h after surgery. Representative images are shown of Western blot assay
for mast cell tryptase, CD3, MPO, E-selectin, and IL-1� level within peri-resection brain tissues (A). Compared with the vehicle-treated SBI, AS 252424 significantly reduced levels of mast cell tryptase
(B), T-cell associated with CD 3 level (C), neutrophils associated MPO level (D), cell-adhesion molecule E-selectin (E), and IL-1� cytokine (F ) elevation by SBI. Human recombinant active-PI3K�
partially reversed the protective effect of AS252424 against neuroinflammation (n � 6/group). One-way ANOVA followed by Student–Newman–Keuls post hoc tests were used. B, **p � 0.001
versus sham; &&p � 0.001 versus SBI � AS252424 10 mg/kg; #p � 0.016 versus SBI � vehicle. C, **p � 0.001 versus sham; &&p � 0.003 versus SBI � AS252424 10 mg/kg; &p � 0.019 versus
SBI � AS252424 10 mg/kg. D, *p � 0.023 versus sham; **p � 0.001 versus sham; &&p � 0.004 versus SBI � AS252424 10 mg/kg. E, *p � 0.039 versus sham; **p � 0.002 versus sham; &&p �
0.008 versus SBI � AS252424 10 mg/kg. F, *p � 0.029 versus sham; **p � 0.001 versus sham; &p � 0.026 versus SBI � AS252424 10 mg/kg; &&p � 0.001 versus SBI � AS252424 10 mg/kg.
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neurological outcomes at 24 h after SBI; (7) another selective
PI3K� inhibitor, AS605240, at a dose of 10 mg/kg produced a
similar protective effect against brain edema and neurological
deficit 24 h after SBI; and (8) PI3K� siRNA decreased the PI3K�
level, reduced brain edema, and improved neurological out-
comes 24 h after SBI. These results demonstrate that PI3K� and
its downstream enzyme, PDE3B, are involved in neuroinflamma-
tion in adjacent resection brain tissues after SBI.

PI3K� upregulation within 24 h was reported previously in a
mouse model of focal cerebral ischemia (Jin et al., 2010b). Ge-
netic ablation of the PI3K� gene resulted in less ischemia-
induced microglia activation and blood– brain barrier (BBB)
disruption in mice (Jin et al., 2010b; Jin et al., 2011). In the pres-
ent study, there were significant increases in the PI3K� protein
level at 1 d and up to 7 d after SBI. PI3K� was localized in immune
cells such as neutrophils and T cells. The pattern of PI3K� eleva-
tion conforms to the time course of inflammatory cells recruit-
ment after brain injury (Ling et al., 2003; Jin et al., 2010a; Rhodes,
2011), suggesting PI3K� involvement in neuroinflammation af-
ter SBI. In addition to PI3K� in class IB of PI3K, there are three
members in subclass IA of PI3K, PI3K�, PI3K�, and PI3K�,
which are activated by receptor tyrosine kinases (Barberis and
Hirsch, 2008). Ubiquitously expressed PI3K� and PI3K� are vital
for cell growth, division, and survival (Venable et al., 2010) and
genetic ablations of each resulted in early embryonic lethality (Bi
et al., 1999; Bi et al., 2002). PI3K�, also mainly expressed in he-
matopoietic cells, cooperates with PI3K� in immune-mediated
inflammation with a complex epistatic interaction with activities
critical during the process of inflammatory diseases (Liu et al.,
2007; Rommel et al., 2007; Cushing et al., 2012). In the absence of
changes in PI3K� and PI3K�, PI3K� was the only PI3K class IA
isoform significantly increased within peri-resection brain tissues
7 d after corticotomy. Future studies are needed to investigate the
specific role of PI3K� in neuroinflammation after SBI.

Accumulation of leukocytes into the injured brain area is cru-
cial to the extent of inflammation and secondary brain damage
(Jin et al., 2010a; Ma et al., 2011; Rhodes, 2011). We found there
were higher levels of MPO, CD3, and mast cell tryptase in the
peri-resection tissues of SBI animals than shams, suggesting that
the increased neutrophil, T-cell infiltration, and mast cell degran-
ulation occurred after SBI. It was accompanied by increases in
proinflammatory cytokine levels of IL-1�. Given the central role
of PI3K� in regulating chemotaxis of leukocytes, as well as im-
mune cell activation (Rückle et al., 2006), inhibition of the com-
mon signaling pathway of PI3K� is expected to provide
comprehensive anti-inflammation effects and thus benefit over-
all outcome after SBI. The fact that its expression is restricted
mainly to the hematopoietic system, although not exclusively,
ensures overall benefits in the absence of severe side effects
(Hirsch et al., 2000). PI3K� knock-out mice had significantly less
infarct volumes and better neurological scores 24 h after focal
ischemic stroke (Jin et al., 2011). PI3K� inhibition prevented
�-amyloid1-40 peptide-induced cognitive deficits and synaptic
dysfunction in mice (Passos et al., 2010). In agreement with these
observations, we found that PI3K� inhibitor reduced neuroin-
flammation, leading to better outcomes at 24 and 72 h after SBI.
Due to our model limitations that brain edema and neurological
deficits gradually recede over 14 d, we did not evaluate the long-
term effects of PI3K� inhibitor. However, preclinical studies have
demonstrated that daily administration of PI3K� inhibitors ben-
efit systemic inflammatory diseases for up to 1 month without
evident side effects (Barber et al., 2005; Camps et al., 2005; Martin
et al., 2010). Our findings complement earlier reports demon-

Figure 8. Effect of AS605240 on brain water edema, the modified Garcia test, and balance
beam test 24 h after SBI. Compared with the vehicle-treated SBI animals, AS605240 signifi-
cantly reduced brain water content in peri-resection brain tissues (A) and improved the modi-
fied Garcia neurological function (B), but not the performance in balance beam test (C) (n � 6
in sham, n � 7 in SBI � vehicle, n � 5 in SBI � AS605240). One-way ANOVA followed by
Student–Newman–Keuls post hoc tests were used. A, **p � 0.001 versus sham; #p � 0.022
versus sham; &p � 0.038 versus SBI � vehicle. @p � 0.044 versus SBI � vehicle. B, **p �
0.001 versus sham; &p � 0.035 versus SBI � vehicle. D, **p � 0.001 versus sham. RF, Right
frontal lobe; LF, left frontal lobe; RP, right parietal lobe; LP, left parietal lobe; C, cerebellum; BS,
brainstem.
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strating impaired leukocyte trafficking to inflamed venues of
rodents in which PI3K� activation was blocked using a pharma-
cological or genetic approach (Barber et al., 2005; Camps et al.,
2005; Ferrandi et al., 2007). The absence of PI3K� activity im-
paired lipid product accumulation at the leading edge and actin
rearrangement in leukocytes (Rickert et al., 2000) and stable ad-
hesion to the endothelial wall (Smith et al., 2006), thus hamper-
ing their migration and infiltration. Conversely, endothelial
PI3K� blockade reduced E-selectin-mediated attachment and in-
creased neutrophil rolling velocity (Puri et al., 2005; Ghigo et al.,
2010). PI3K� expresses in rodent brain endothelial cells and mi-
croglia (Jin et al., 2010a,b). PI3K� deficiency mice have a lower
E-selectin level after focal brain ischemia (Jin et al., 2011). Con-
sistent with this, in our study, PI3K� inhibitor diminished
E-selectin elevation after SBI. Drug delivered through the CSF
compartment could penetrate into the brain parenchyma and
circulate into blood along CSF flow tracks (Kuo and Smith,
2014). Therefore, intracerebroventricular PI3K� siRNA ad-
ministration suppressed PI3K� expression in brain endothe-
lial cells and microglia, which could further reduce endothelial
E-selectin-mediated leukocyte adhesion. To some extent, PI3K�
siRNA may also suppress leukocyte PI3K� expression and asso-
ciated chemotaxis.

Brain mast cells located mainly in meninges and several
perivascular brain structures responded and degranulated to a
multitude of physical/chemical challenges (Dimitriadou et al.,
1990; Zhuang et al., 1996). By releasing potent preformed vaso-
active and inflammatory mediators, including proteases and cy-
tokines, that then act on cerebral vessels, mast cells initiate and
promote breakdown of BBB and secondary inflammatory re-
sponses after focal brain ischemia (Strbian et al., 2007; Stokely
and Orr, 2008; Jin et al., 2009). After SBI, increased tryptase in the
brain region surrounding resection implicated the participation
of mast cell activation and degranulation in initiating and pro-
moting pathological processes associated with SBI. AS252424 sig-
nificantly reduced tryptase release after SBI. Our findings echo
previous studies in experimental systemic anaphylaxis showing
that PI3K� inhibition reduced mast cell degranulation and that
PI3K� deficiency animals were resistant to passive systemic ana-
phylaxis (Laffargue et al., 2002). PI3K� inhibitor or PI3K�
knock-out could interrupt the degranulation amplification in
mast cells (Laffargue et al., 2002).

Notably, neurobehavioral benefits were not evident in the bal-
ance beam test. Given that the balance beam test examines the over-
all performance of a task, rats can compensate for deficits using the
uninjured body side, thus reducing the sensitivity to reveal unilateral

Figure 9. Effect of PI3K� siRNA on brain water content and neurological score 24 h after SBI. Compared with vehicle- or scramble siRNA-treated SBI animals, PI3K� siRNA significantly reduced
PI3K� levels in peri-resection brain tissue (A). PI3K siRNA-treated SBI animals were associated with significantly less brain water content (B) and a better neurological function (C, D) (n � 6/group).
One-way ANOVA followed by Student–Newman–Keuls post hoc tests were used. A, *p�0.028 versus sham; **p�0.005 versus sham; &p�0.043 versus SBI�PI3K� siRNA. B, *p�0.003 versus
sham; **p � 0.001 versus sham; &p � 0.005 versus SBI � PI3K� siRNA; &&p � 0.001 versus SBI � PI3K� siRNA. C, **p � 0.001 versus sham; &p � 0.003 versus SBI � PI3K� siRNA; &&p �
0.001 versus SBI � PI3K� siRNA. D, *p � 0.001 versus sham; **p � 0.001 versus sham; &p � 0.036 versus SBI � PI3K� siRNA. RF, Right frontal lobe; LF, left frontal lobe; RP, right parietal lobe;
LP, left parietal lobe; C, cerebellum; BS, brainstem.
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brain damage. In the mouse model of intracerebral hemorrhage, the
balance beam test showed a limited ability to identify the sensorimo-
tor deficits compared with the modified Garcia neuroscore (Krafft et
al., 2014). Nevertheless, either pharmacological PI3K� inhibition or
siRNA-mediated PI3K� reduction significantly improved compos-

ite neurological function evaluated by the
modified Garcia test after SBI.

When exogenous human recombinant
active-PI3K� was administrated, it re-
versed the protective effect of selective
PI3K� inhibitor against neuroinflamma-
tion, brain edema, and neurological defi-
cit in SBI, confirming the detrimental role
of PI3K� in SBI pathological progression.

Stimulatory effects of PI3K� on PDE3B
activity have been documented in sev-
eral types of cells through kinase-
independent protein-protein direct
interaction and downstream protein ki-
nase B/Akt-dependent phosphorylation
of PDE3B (Patrucco et al., 2004; Baragli et
al., 2011; Degerman et al., 2011; Perino et
al., 2011; Schmidt et al., 2013). Active-
PDE3B degrades the phosphodiester
bond in cAMP, which could further acti-
vate a variety of immune cell functions
(Serezani et al., 2008; Schmidt et al.,
2013). Selective PI3K� inhibitor was able
to suppress microglial phagocytosis, pos-
sibly through preventing Akt-dependent
PDE3B phosphorylation (Schmidt et al.,
2013). Along with PI3K� elevation in the
present study, there was a tendency to-
ward increase in PDE3B phosphorylation
within peri-resection brain tissues at 24 h
after SBI. SBI animals treated with the se-
lective PI3K� inhibitor AS252424 had
lower levels of phosphorylated PDE3B.
The administration of human recombi-
nant active PDE3B reversed the protective
effect of AS252424 against SBI-induced
neurological deficit. These results sug-
gested that the proinflammation effects of
PI3K� may be at least in part through
PDE3B activation.

In conclusion, signaling through PI3K�
appears to be a common platform control-
ling diverse immune modulation after SBI.
Our study underscores the suppression of
multimodal inflammatory cells achieved by
selective PI3K� inhibition in the setting of
SBI. Local administration of human recom-
binant active-PI3K� and active-PDE3B
proteins partially reversed the neuropro-
tective effects associated with pharmaco-
logical inhibition of PI3K�. Selective
PI3K� inhibitor may offer pleiotropic anti-
inflammation effects in patients undergoing
neurosurgery and may thus prove beneficial
to postoperative outcomes.
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