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Abstract Phosphoinositide 3-kinase γ (PI3Kγ) is linked to
neuroinflammation and phagocytosis. This study was con-
ducted to elucidate conjectural differences of lipid kinase-
dependent and kinase-independent functions of PI3Kγ in the
evolvement of brain damage induced by focal cerebral ische-
mia/reperfusion. Therefore, PI3Kγ wild-type, knockout, and
kinase-dead mice were subjected to middle cerebral artery
occlusion followed by reperfusion. Tissue damage and cellu-
lar composition were assessed by immunohistochemical
stainings. In addition, microglial cells derived from respective
mouse genotypes were used for analysis of PI3Kγ effects on
phagocytic activity, matrix metalloproteinase-9 release, and
cAMP content under conditions of oxygen/glucose depriva-
tion and recovery. Brain infarction was more pronounced in
PI3Kγ-knockout mice compared to wild-type and kinase-
dead mice 48 h after reperfusion. Immunohistochemical anal-
yses revealed a reduced amount of galectin-3/MAC-2-positive
microglial cells indicating that activated phagocytosis was re-
duced in ischemic brains of knockout mice. Cell culture stud-
ies disclosed enhanced metalloproteinase-9 secretion in

supernatants derived from microglia of PI3Kγ-deficient mice
after 2-h oxygen/glucose deprivation and 48-h recovery. Fur-
thermore, PI3Kγ-deficient microglial cells showed a failed
phagocytic activation throughout the observed recovery peri-
od. Lastly, PI3Kγ-deficient microglia exhibited strongly in-
creased cAMP levels in comparison with wild-type microglia
or cells expressing kinase-dead PI3Kγ after oxygen/glucose
deprivation and recovery. Our data suggest PI3Kγ kinase
activity-independent control of cAMP phosphodiesterase as
a crucial mediator of microglial cAMP regulation, MMP-9
expression, and phagocytic activity following focal brain is-
chemia/recirculation. The suppressive effect of PI3Kγ on
cAMP levels appears critical for the restriction of ischemia-
induced immune cell functions and in turn tissue damage.
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Introduction

Brain ischemia causes both immediate and delayed cell death
and is accompanied by a robust inflammatory response that
can exacerbate injury during reperfusion. Recent evidence
suggests that elements of the immune system are intimately
involved in all stages of the ischemic cascade, from the acute
intravascular events triggered by the interruption of the blood
supply to the parenchymal processes leading to brain damage
and the ensuing tissue repair [1]. Activation of ischemia-
induced inflammation is mainly driven by Bdanger signals^
released by dying and dead cells [2]. Whereas the progress of
tissue damage after brain ischemia is forced by extracellular
matrix metalloproteinase (MMP) activation [3, 4], phagocytic
removal of dying cells and tissue debris appears to be impor-
tant for resolution of inflammation and tissue repair [5, 6].
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Microglial cells as the main cell population of resident
immune-competent cells in the CNS are activated early after
ischemia, preceding the invasion of blood-born immune cells
[7]. Activation of microglia is normally strictly controlled by
mechanisms involving neuronal-glial communication [8].
Furthermore, microglial activation in cortical tissue appears
to be a general response to metabolic stress [9] associated with
protein synthesis inhibition [10] at no detectable cortical dam-
age [11]. Therefore, microglia activation is a key factor in the
defense of neural parenchyma against various injuries, includ-
ing brain ischemia [12]. Ischemic stroke has been shown as a
powerful stimulus that disables the endogenous inhibitory sig-
naling and triggers pronounced microglial activation [13].
Once activated, microglia exhibit a spectrum of phenotypes
and functions to either exacerbate ischemic injury or to induce
repair and regeneration—depending on different molecular
signals received by the microglial receptors [14].

A wide variety of partly opposing responses have been
described for activated microglia and associated with stroke
pathophysiology; however, underlying signal transduction
pathways are hitherto poorly characterized [15].

Phosphoinositide 3-kinase γ (PI3Kγ was originally char-
acterized as a signaling protein mediating G protein-coupled
receptor stimulation by its enzymatic activity to produce phos-
phatidylinositol 3,4,5-trisphosphate for downstream protein
kinase B/Akt activation [16–18]. Subsequent studies of
PI3Kγ-deficient mice revealed impaired respiratory burst
and motility of peripheral leukocytes indicating a major regu-
latory function of this signaling protein in immune cells [19].
Unexpectedly, our investigations in heart revealed an intimate
interplay of the PI3Kγ with the cAMP-signaling pathway. A
first study revealed that PI3Kγ attenuates the cAMP/PKA
pathway by working as an activator of cardiomyocytic phos-
phodiesterases, which hydrolyze cAMP to 5′-AMP [20]. Re-
cently, we have disclosed the signaling protein PI3Kγ as a key
mediator of microglial cAMP signaling. This pathway has
been found responsible for LPS-induced microglial MMP-9
production with subsequent blood–brain barrier (BBB) dete-
rioration and phagocytic control [21, 22]. A previous report
revealed that PI3Kγ plays a significant role in ischemia/
reperfusion-induced brain damage [23] without consideration
of differences in its intracellular signaling performance.

Aim of this study was to elucidate conjectural differences
of lipid kinase-dependent and kinase-independent functions of
PI3Kγ in the evolvement of brain damage induced by focal
cerebral ischemia/reperfusion.We hypothesized a specific role
of PI3Kγ in microglial cAMP/PKA signaling on their inflam-
matory response in brain ischemia/reperfusion. Therefore, we
used PI3Kγ knockout mice and derived microglial cell with
complete loss of PI3Kγ and compared the respective func-
tional and structural consequences after focal brain ischemia
with mice and derived microglial cells with deficient PI3Kγ/
AKT signaling by loss of lipid kinase activity induced by

targeted point mutation [20] but preserved cAMP/PKA sig-
naling. Our data indicate that PI3Kγ deficiency enhances the
extent of brain damage during a later stage of acute recovery,
likely mediated by aberrant microglial activity. Corroborating
the in vivo analyses, investigations with primary microglial
cells identified the suppressive effect of PI3Kγ on cAMP
signaling on MMP-9 release and reinforced phagocytosis as
essential for ameliorating neuroinflammatory responses and
improved brain tissue survival.

Materials and Methods

Experiments were approved by the committee of the Thurin-
gian State Government on Animal Research and performed
according to the Protection of Animals Act of the Federal
Republic of Germany. The animals were treated in accordance
with the declaration of Helsinki and the guiding principles in
the care and use of animals. Efforts were made to reduce the
number of animals used and their suffering. All surgeries were
performed under appropriate anesthesia (isoflurane).

Animals

Male 3-month-old PI3Kγ knockout mice (PI3Kγ−/−) [19] and
PI3Kγ kinase-dead mice (PI3KγKD/KD; mice carrying a
targeted point mutation in the PI3Kγ gene causing loss of
lipid kinase activity) [20] were on the C57BL/6J background
for more than ten generations. Consequently, age-matched
C57BL/6 mice were used as controls. The animals were main-
tained with 12-h light and dark cycles with free access to food
and water. Ambient temperature was 29±1 °C during the
whole experimental period.

Bone Marrow Transplantation

Six- to 8-week-old recipient mice (either wild-type or PI3Kγ−/

− mice) underwent a lethal total body irradiation (1000 Rad).
Freshly isolated total host bone marrow cells (derived from
the appropriate genotype as indicated in the figure legends)
were then injected into the lateral tail vein of syngeneic recip-
ient mice (5×106 cells per mouse) 24 h after irradiation. Mice
were maintained in an isolator, fed irradiation-sterilized chow,
and allowed 4–6 weeks of recovery before surgery.

Induction of Transient Focal Brain Ischemia

Animals were anesthetizedwith 2.5% isoflurane for induction
and 1.5 % isoflurane for maintenance in 70/30 % nitrous
oxide/oxygen administered by mask. Rectal temperature was
maintained at 36.5 to 37 °C with a feedback-controlled
heating blanket. Focal brain ischemia was induced by tran-
sient occlusion of the middle cerebral artery (MCA) using
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the intraluminal filament technique [24]. The right common
carotid artery (CCA), the external carotid artery (ECA), and
the internal carotid artery (ICA) were dissected from sur-
rounding tissue. A 7–0 nylonmonofilament (70SPRe, Doccol
Corp, USA) was inserted into the ICA (11 mm) for 45 min to
occlude the MCA. Operation time per animal did not exceed
15 min. The intraluminal suture was left in situ for 45 min.
Then, animals were reanesthetized, and the occluding mono-
filament was withdrawn to allow reperfusion. Sham animals
underwent the same surgical procedure as the treatment group,
except that occlusion of the middle cerebral artery was omit-
ted. Animals were allowed to survive for 6 h (survival rate
100 % in all genotypes tested), 12 h (survival rate 100 % in all
genotypes tested) or 48 h (survival rate of wild-type mice 10/
12, PI3Kγ−/− mice 10/11, PI3KγKD/KD; 11/12), respectively.
Immediately after recovery from anesthesia, and 24 and 48 h
later, neurological deficits were scored in order to verify cor-
rect MCAO induction by a modified Bederson score [25]
(scoring system: 0, no deficit; 1, forelimb flexion; 2, unidirec-
tional circling; 3, longitudinal spinning; 4, no movement).
Mice were excluded from analysis when subarachnoid hem-
orrhage was macroscopically observed during brain harvest-
ing. No difference in exclusion rates between the groups was
observed.

Assessment of Infarct Volume

Infarct volume was determined as described previously [26].
Briefly, brains were removed at various reperfusion times (6,
12, 48 h). Therefore, mice were deeply anesthetized and per-
fused with 4 % paraformaldehyde (PFA) in phosphate buffer
after rinsing with PBS by cardiac puncture via the left ventri-
cle. Brains were removed immediately after fixation and
postfixed for 5 h in 4 % PFA at 4 °C. After cryoprotection in
phosphate-buffered saline (PBS) containing 30 % sucrose,
brains were frozen in methylbutane at −30 °C and stored at
−80 °C. Whole brains were cut by coronal sections at 40 μm
on a freezing microtome (Microm International GmbH,
ThermoScientific, Germany). The slices were immunostained
by MAP2 (see below) to visualize the infarctions. Sections
were photographed with a digital Olympus DP50 camera.
Planimetric measurements (ImageJ software, National Insti-
tutes of Health, Bethesda, MD) blinded to the treatment
groups were used to calculate lesion volumes, which were
corrected for brain edema accordingly.

Immunohistochemistry

Free-floating sections were treated with Tris-buffered saline
containing 10 % normal donkey or goat serum, 1 % BSA, and
0.2 % Triton X-100. Sections were incubated with the desired
primary antibody at 4 °C overnight, followed with the associ-
ated secondary antibody at 4 °C for 1 h, and visualized by

fluorescence imaging. Control sections were incubated with
the blocking solution in the absence of the respective primary
antibody. The following primary antibodies were used: mouse
anti-MAP2 (1:1000) antibody (Sigma-Aldrich Chemie Gmbh
Munich, Germany) for MAP2 staining, goat polyclonal anti-
Iba-1 (1:400) antibody (Abcam, Cambridge, UK) for Iba1
staining and rabbit polyclonal anti-MMP-9 (1:250) antibody
(Cell Signaling Technology, Danvers, USA) for MMP-9, rab-
bit anti-mouseMAC-2/galectin-3 (1:750) antibody, and rabbit
anti-mouse PMN (1:1000) antibody for neutrophil staining.
For visualization, the secondary fluorescent isotype-specific
antibodies Alexa Fluor® 488 and Alexa Fluor® 568 (Molecu-
lar Probes, Inc., Eugene, USA) were used. Cell numbers of
respective immune-positive cells were counted from every
five visual fields derived from sections adjacent to the both
sections with the largest infarct size (according to the respec-
tive MAP2 staining) obtained from every three animals of
each group. Counting was performed by one observer in a
blinded fashion. For MAP2 visualization sections were proc-
essed by the Vectastain Elite ABC Kit (Vector Laboratories,
Burlingame, USA) using a donkey anti-mouse biotinylated
secondary antibody (Dianova, Hamburg, Germany). Finally,
immunoreactivity was developed in 3,3′-diaminobenzidine
tetrahydrochloride (DAB, Sigma-Aldrich Chemie Gmbh Mu-
nich, Germany).

Cell Culture

Primary microglial cells were isolated from neonatal mouse
cerebral cortex of C57BL/6J wild-type (wt), PI3Kγ-knockout
(PI3Kγ−/−), and PI3Kγ-kinase-dead (PI3KγKD/KD) mice at
day 1 after birth (P1). Microglial cells were cultured at
37 °C and 5 % CO2 in DMEMwith high glucose supplement-
ed with 10 % FCS, 1 % penicillin/streptomycin, and 1 %
amphotericin B. Co-cultures of microglial cells and astrocytes
were incubated for 14 days at 37 °C and 5 % CO2. Adherent
microglial cells were separated from co-cultures by addition of
PBS/EDTA and careful shaking. Purity of microglia culture
was >95 %. After harvesting, microglial cells were counted
and seeded in 96-well plates (10,000 cells/well) and 6-well
plates (300,000 cells/well) for oxygen-glucose-deprivation
(OGD) experiments.

OGD

Primary microglia were seeded in single cell culture dishes
(35 mm, 9.4 cm2, 300,000 cells/dish) or white 96-well plates
and incubated over night at 37 °C and 5 % CO2 in DMEM
high glucose containing 10 % FCS, 1 % penicillin/streptomy-
cin, and 1 % amphotericin B. After becoming adherent, cells
were starved 4 h in DMEM medium without FCS. After star-
vation, the medium was changed to DMEM without glucose,
and cells were incubated under hypoxic conditions at 1 % O2
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for 2 h. After OGD, the mediumwas replaced byDMEMhigh
glucose, 1 % penicillin/streptomycin, and 1 % amphotericin
B, and microglia were incubated at normoxic conditions at
37 °C and 5%CO2 for 24 or 48 h (reoxygenation). Thereafter,
microglial cells were used for protein lysis, phagocytosis as-
say, or cAMP assay.

Gel Zymography

As described previously [21], cells were seeded in 6-well
plates and incubated at 37 °C (5 % CO2). Following adher-
ence, cells were starved for 4 h and incubated under OGD
conditions for the indicated times. Supernatants were collect-
ed and centrifuged (500g, 4 °C, 5 min). Thereafter, 500 μl of
supernatant was concentrated using a 30-kDa Amicon Ultra
0.5-mL centrifugal filter (Millipore, Billerica, MA, USA). The
whole concentrate was mixed with 5× nonreducing protein
sample buffer (1.5 M Tris–HCl, pH 6.8, 2 % SDS, 50 %
glycerol, 0.1 mg/ml bromophenol blue) and loaded to a 8 %
polyacrylamide gel containing 0.6 g/l gelatin. Samples were
separated at 15-mA constant current, the gels were washed in
Triton X-100 (30 min) and in water (30 min), and then incu-
bated in TAB buffer (100 mM Tris HCl, pH 7.8, 30 mM
CaCl2, 0.01 % NaN3) for 20 h. Thereafter, the gels were
stained with 0.25 % Coomassie blue G250 in de-/stain buffer
(25 % methanol, 7 % acetic acid) [27]. Stained gels were
scanned and analyzed by quantitative densitometry using
FUJIFILM Multi Gauge Ver.3.0 software (Fuji Photo Film
Co., Ltd., Tokyo, Japan).

Phagocytosis Assay

Estimation of microglial phagocytic activity has been de-
scribed previously [22]. Briefly, microglial cells were seeded
in single cell culture dishes (35 mm, 9.4 cm2, 300,000 cells/
dish) and incubated under OGD conditions. At 23 or 47 h of
reoxygenation, the phagocytosis assay was performed by
using GFP-producing E. coli. For this purpose, 40 μl (optical
density 10) of the suspended bacteria were added to the
microglial cells and incubated for 1 h. Thereafter, cells were
harvested, washed, and resuspended in PBS. The phagocytic
activity of the cells was measured by flow cytometry using a
FACS Canto instrument (BD, Heidelberg, Germany).

SDS Page and Western Blotting

Monoclonal anti-mouse p110γ antibody was produced in our
facility in Jena. Other antibodies were obtained from Cell
Signaling Technologies (Danvers, USA; Phospho-CREB,
#9198) and Sigma-Aldrich Chemie Gmbh (Munich, Germa-
ny;β-Actin #A5441). For quantification of protein expression
and phosphorylation under in vitro OGD conditions,
microglial cells of equal cell numbers were seeded in single

cell culture dishes (35 mm, 9.4 cm2) and incubated under
hypoxic conditions for 2 h followed by reoxygenation at
37 °C (5 % CO2) for 24 or 48 h. Thereafter, cells were lysed
in 200-μl RIPA lysis buffer composed of 50 mM Tris/HCl pH
8, 150 mM NaCl, 1 % (v/v) NP-40, 0.5 % (v/v) deoxycholate,
0.1 % (w/v) SDS, 100 μg/ml Pefa-Block, 1 μg/ml Pepstatin,
10 μM sodium orthovanadate, and 1 μg/ml leupeptin. Cell
lysates were centrifuged at 13,000g at 4 °C for 20 min, and
the supernatants were mixed with 5× protein sample buffer
(5 % SDS, 33 % glycerol, 25 % β-mercaptoethanol) and heat-
ed to 95 °C for 5 min. Protein samples were separated by SDS-
PAGE using 10 % PAGE-gels, transferred to a polyvinylidene
fluoride membrane and developed with the indicated antibod-
ies followed by enhanced chemiluminescence reaction.

cAMPAssay

Microglial cells were seeded in 96-well clear bottom plates
and incubated under OGD conditions followed by reoxygen-
ation. cAMP was measured following the manufactures pro-
tocol (Promega, cAMP GloAssayKit).

Statistical Analysis

Data are reported as means±SD, if not otherwise indicated.
Comparisons between groups were made with one-way or
two-way analysis of variance or Mann–Whitney rank sum
test, if appropriate. Post hoc comparisons were made with
the Holm–Sidak test. Differences were considered significant
when p<0.05.

Results

PI3Kγ Deficiency Provokes Maturation of Enlarged
Brain Infarction

Evaluation of infarct size after temporary focal brain ischemia
by MCAO revealed more pronounced enlargement of brain
infarction and neurologic deficit score in PI3Kγ−/−mice com-
pared to wild-type mice 48 h after reperfusion (p<0.05, Fig. 1,
Table 1). Early infarct demarcation (6 and 12 h after reperfu-
sion) was similar in both genotypes (Fig. 2a, b). In order to
assess the causal impact of specific PI3Kγ signaling reactions
on this phenotype, we also studied the response of knock-in
mice expressing lipid kinase-dead PI3Kγ (PI3KγKD/KD). In-
farct size after temporary MCAO and 48-h recirculation was
similar in PI3KγKD/KD and wild-type mice indicating that
PI3Kγ inhibits enlargement of infarct size not through its
catalytic but through its scaffolding function. In addition, dif-
ferences shown in infarct volume were not caused by differ-
ences in vascular anatomy between wild-type mice and mu-
tants under consideration (Fig. 1 Suppl., Fig. 2 Suppl.).
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Since PI3Kγ controls multiple functions of hematopoetic
cells including cell migration [28] and invasion of blood-born
leukocytes into the injured brain tissue, we checked for poly-
morphonuclear leukocytes (PMN) infiltration 48 h after focal
brain ischemia.We found amarked increase of invaded PMN in
the infarct core regions, compared to corresponding peri-infarct
areas (Table 2). Importantly, PI3Kγ−/−mice exhibited a reduced
amount of PMN invasion as compared to wild-type mice, mak-
ing the contribution of PMN to the increased infarction in
PI3Kγ−/− mice unlikely. PI3KγKD/KD mice exhibited similar
PMN accumulation in the infarct core as seen in PI3Kγ−/−mice.

To further elucidate the potential contribution of PI3Kγ in
invading leukocytes to infarct progression, we determined in-
farct size 48 h after MCAO in the bone marrow chimeras.
Intriguingly, PI3Kγ−/− mice transplanted with bone marrow
harvested from wild-type mice developed enlarged brain in-
farctions compared to wild-type mice transplanted with
PI3Kγ−/− bone marrow (Fig. 2c). These data indicate that
the increased damage seen in PI3Kγ−/− mice following
MCAO injury occurred independently of its role in bone-
marrow-derived hematopoietic cells.

We therefore sought for another cellular basis and potential
molecular mediators of the destructive processes involved in

the discovered PI3Kγ-dependent ischemic brain damage. We
considered the contribution of brain-resident microglial cells
because recent own findings indicated PI3Kγ as a crucial
mediator of microglial cell activation, MMP expression, and
subsequent BBB deterioration in the development of sepsis-
induced brain damage [21]. Indeed, IHC evaluation of brain
slices revealed a distinct immunoreactivity for MMP-9 in Iba-
1-positive cells (a marker of microglial cells), suggesting ex-
pression of this proteinase in activated microglial cells within
the ischemic core (Fig. 3).

PI3KγDeficiency EnhancesMicroglial cAMPLevel After
OGD/Reoxygenation Challenge

Our recent reports identified negative control of cAMP signal-
ing as a prominent lipid kinase-independent activity of PI3Kγ
in resting and activated microglial cells [21, 22]. We used
oxygen-glucose deprivation (OGD) to mimic in vitro condi-
tions in the infarcted tissue. As shown in Fig. 4a, PI3Kγ-
deficient microglia exhibited strongly increased cAMP in
comparison with wild-type microglia or cells expressing
PI3KγKD/KD. This effect was further enhanced early after
OGD/reoxygenation challenge. Themissing response of intra-
cellular cAMP content in wild type as well as PI3KγKD/KD

microglial cells owing to OGD/reoxygenation challenge was
accompanied by PI3Kγ upregulation (Fig. 4b) indicating a
PI3Kγ-related negative control of cAMP signaling to prevent
its excessive activation. A similar relation was observed if
cAMP levels in these microglial cells were indirectly mea-
sured by assaying phosphorylation of the cAMP response
element-binding transcription factor CREB (Fig. 4b). These
data confirmed the role of PI3Kγ as a critical mediator of
cAMP signaling in microglia in response to OGD/
reoxygenation challenge, presumably through a scaffold-
dependent stimulation of cAMP phosphodiesterase.

PI3Kγ Mediates Microglial MMP-9 Release

Prompted by the reported in vivo data, further investigations
were focused on regulatory functions of PI3Kγ in microglial
cells with potential relevance for infarct enlargement in
PI3Kγ-deficient mice. As shown in Fig. 4b, challenge with
OGD induced a marked increase of PI3Kγ production in pri-
mary microglial cells derived from wild-type mice, consistent

Fig. 1 PI3Kγ deficiency (PI3KγKO) enhances infarct volume 48 h after
temporary (45 min) MCAO (values are means+SD, n=10–12 per group;
*p<0.05, *significant difference to wild-type mice; triangles indicate the
individual values of infarct size; one-way ANOVA, followed by Holm–
Sidak test for post hoc multiple comparisons)

Table 1 Neurological
assessment Assessment 24 h after MCAO Assessment 48 h after MCAO

Wt 2.0±0.8 1.8±0.6

PI3Kγ−/− 2.3±0.7 2.7±0.9*#

PI3KγKD/KD 1.8±0.7 1.8±0.8

Values are given as means±SD
#, *p<0.05; *significant difference to wild-type (Wt) mice; # significant difference to PI3KγKD/KD mice
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with an involvement in the control of neuroinflammatory re-
actions of these immune cells. Next, we asked for the role of
PI3Kγ in microglial MMP expression. We determined the
activity of microglial MMP-9 release into the supernatant by
gelatin zymography. As shown in Fig. 5, 2-h OGD and 48-h
recovery caused an enhanced MMP-9 secretion, with the

highest activity in supernatants derived from microglia of
PI3Kγ-deficient mice. Wild type as well as PI3KγKD/KD mi-
croglia exhibited only low levels of liberated MMP-9 activity
after OGD challenge. This observation indicates that the
PI3Kγ scaffold function—and presumably related effects on
cAMP signaling—is important for negative control of OGD-
induced MMP-9 production.

PI3Kγ Deficiency Inhibits Microglial Phagocytic Activity

Considering that microglial phagocytic activity is important
for removal of dying cells and debris after focal brain ischemia
and recent own data revealing PI3Kγ-dependent suppression
of cAMP signaling as a critical regulatory element of
microglial phagocytosis [22], we asked for specific signaling
functions of PI3Kγ involved in brain ischemia/recirculation-
induced microglial phagocytosis.

To assess phagocytic activity of microglial cells within the
brain infarction after MCAO and 48 h recovery, an IHC anal-
ysis of galectin-3/MAC-2 immunoreactivity [29] in Iba-1
positive cells was performed. Intriguingly, a markedly re-
duced number of Iba1- and galectin-3/MAC-2 positive cells
were found within the peri-infarct regions of PI3Kγ-deficient
mice compared with wild-type and kinase-dead PI3Kγ
knockin-mice (Fig. 6).

Subsequent studies on primary microglial cells subjected to
OGD/reoxygenation challenge were consistent with the IHC
findings. OGD/reoxygenation caused a marked increase of the
phagocytic activity in microglial cells derived from wild-type
mice, whereas PI3Kγ-deficient microglial cells showed a
markedly diminished phagocytic activity already under con-
trol conditions and a failed phagocytic activation throughout
the observed recovery period following OGD (Fig. 7).
Microglial cells derived from PI3KγKD/KD mice showed a
comparable phagocytic activity as seen in wild-type
microglial cells. Furthermore, the OGD/reoxygenation chal-
lenge induced a similar phagocytic activation in PI3KγKD/KD

microglial cells, compared with wild-type microglial cells.
These data clearly indicate a microglial deficiency of phago-
cytosis activation in the absence of PI3Kγ, which depends on
PI3Kγ scaffold functions but not on its lipid kinase activity.

Fig. 2 Time-dependent increase of infarct volume 6 (a) and 12 h (b) after
temporary (45 min) MCAO. Note that there was no dependency of
PI3Kγ on the extent of infarct volume. c Enhanced infarct volume in
chimeras of PI3Kγ−/−/wild-type bone marrow chimeras in comparison
to wild-type/PI3Kγ−/−-bone marrow (BM) 48 h after temporary
(45 min) MCAO (values are means+SD, *p<0.05, *significant
difference between both groups; Mann–Whitney rank sum test; n=9–10
per group; triangles indicate the individual values of infarct size)

Table 2 Number of neutrophils per tissue section for different groups
of mice

Peri-infarct region Infarct core

Wt 1.6±1.4 52.7±9.9*

PI3Kγ−/− 1.6±1.2 21.1±11.3*#

PI3KγKD/KD 0.9±0.3 22.1±6.5*#

Values are given as means±SD
#, *p<0.05; *significant difference between the brain regions studied;
# significant difference to wild-type (Wt) mice
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Fig. 3 Detectable cells co-
labeling for Iba1 (a marker of
microglial cells in red, left panel)
and MMP-9 (middle panel, in
green) in brain slices derived from
wild-type (upper part), PI3Kγ-
deficient (middle part) and PI3Kγ
kinase-dead (lower part) mice
(right panel, merged pictures, bar
50 μm) (color figure online)
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challenge, analyzed by zymography of cell culture supernatants (black
columns, wild-type (Wt); hatched columns, PI3Kγ kinase-dead (KD)
microglial cells). Cells were seeded in 6-well plates, starved overnight
and used as well (Normoxia) or stimulated with OGD for 2 h and
incubated in normoxia for 24 h (2 h OGD 24 h Reox) or incubated in
normoxia for 48 h (2 h OGD 48 h Reox). Five hundred microliters of cell
culture supernatant was concentrated (30 kDa size exclusion) and used for
gelantin zymography. Values are mean+SD, n=5 independent
experiments derived from five different microglia isolations. *§p<0.05,
*significant difference vs. wt within the respective state, §significant
difference vs. normoxia (two-way ANOVA, followed by Holm–Sidak
test for post hoc multiple comparisons)
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Discussion

Our comparative investigation of infarct expansion after tem-
porary focal brain ischemia revealed an enhanced time-
dependent progression in PI3Kγ-deficient mice, compared
with wild-type mice or mice harboring a lipid kinase-dead
version of PI3Kγ. The time-course of infarct expansion and
experiments with bone-marrow-transplanted mice suggests
that the genotype-related differences of resulting brain dam-
age are likely related to brain intraparenchymal processes. As
underlying reasons, we identified distinct differences in
neuroinflammatory control mechanisms presumably leading
to altered removal of dying cell and debris as well as to alter-
ations of extracellular proteolysis.

Compliant infarct sizes in wild-type and PI3Kγ-deficient
mice early (6 and 12 h) after recirculation confirm our find-
ings that differences in infarct volume were not caused by
differences in vascular anatomy between WT and KO mice
(Figs. 1,2 Suppl.) and verified previous results [23]. Further-
more, we document an enhanced enlargement in infarct size
48 h after recirculation. The latter finding contradicts pub-
lished results from Jin et al. who showed reduced ischemia/
reperfusion-induced BBB disruption and brain damage in
PI3Kγ-deficient mice [23]. Conclusions for the reasons of
discrepancy between both studies cannot be drawn from this
study. However, in the previous report, the documented en-
hanced BBB disturbance and associated brain damage in
wild-type mice resulted from a longer-lasting period of focal

Wt

PI3Kγ -/-

PI3KγKD/KD

a

b

Fig. 6 Representative pictures
(a) of cells co-labeling for Iba1 (a
marker of microglial cells in red,
left panel) and galectin-3/MAC-2
(middle panel, in green) in brain
slices derived from wild-type
(upper part), PI3Kγ-deficient
(middle part), and PI3Kγ kinase-
dead (lower part) mice (right
panel, merged pictures, bar
50 μm). (b) Number of Iba1- and
MAC-2/Galectin-3- immunoreac-
tive cells per tissue section for
different groups of mice (wild-
type, black columns; PI3Kγ-/-,
open columns; PI3KγKD/KD,
hatched columns). Values are
given as means + SD, *,# P<0.05,
* significant difference to wild-
type (Wt) mice, # significant
difference to PI3KγKD/KD mice
(MAC-2: MAC-2/Galectin-3).
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ischemia (1 h) and occurred already earlier (24 h) after
recirculation. In contrast, our data showed that the enhanced
enlargement of infarct size in KO mice was detectable clear-
ly only at a later stage (48 h) of infarct maturation suggest-
ing different underlying mechanisms. Indeed, the authors of
the previous study claimed a markedly enhanced PMN in-
filtration into the ischemic area of wild-type mice as the
main source for increased MMP-9 secretion and ROS pro-
duction and as the relevant executors for enlarged brain
tissue damage. Our data clearly show that after a shorter
period of brain ischemia with probably reduced BBB dis-
turbance [30] an anticipated markedly increased PMN accu-
mulation occurred in wild-type mice within the ischemic
core but was associated with smaller infarct size. In contrast,
KO mice with enlarged infarct size exhibited a reduced
PMN accumulation (Table 2). These findings suggest that
PMN invasion is unlikely to play a decisive role for PI3Kγ-
dependent differences in infarct maturation during later
stages of recirculation after focal brain ischemia. This view-
point is supported by our findings in chimeras harboring
PMN (and other leukocytes) with opposing genotype in
respect to the host organism including residing microglial
cells with corresponding alterations in infarct size 48 h after
recirculation (Fig. 2c).

Consequently, we sought for alternative cellular compo-
nents which may be causally involved in PI3Kγ-dependent
modification of infarct maturation. Our recent studies revealed

that major inflammatory functions of activated microglial cells
are markedly controlled by PI3Kγ. We were able to identify
PI3Kγ as a key mediator of microglial cAMP signaling re-
sponsible for LPS-induced microglial MMP-9 production
with subsequent BBB deterioration and phagocytic control
[21, 22]. There is likewise compelling evidence that cAMP
serves as a second messenger for a variety of immunoregula-
tory and inflammatory responses in microglial cells after tran-
sient brain ischemia by a wide range of external stimuli in-
cluding adrenergic activation of microglial cells via β-
adrenergic stimulation [8]. Transient brain ischemia is accom-
panied by pronounced extracellular norepinephrine release
[31, 32] suggesting that adrenergic pathways may contribute
to microglial activation early after brain ischemia via cAMP-
mediated signaling. Sustained modulation of microglial
cAMP signaling during formation of secondary ischemic
brain injury is mainly driven by ATP released from damaged
cells, being a universal Bdanger^ signal as well as its
degrading products formed by numerous endonucletidases al-
so acting as signaling molecules [33]. This is accompanied by
pronounced upregulation of different G protein-coupled
purinergic receptors in activated microglia with stimulating
as well as inhibitory effects on membrane-bound adenylate
cyclase activity affecting intracellular cAMP content [34,
35]. However, intracellular control of cAMP signaling in ac-
tivated microglial cells after brain ischemia remained widely
unknown. The herein used experimental approach revealed
that the scaffold function of PI3Kγ is responsible to prevent
microglial cAMP upregulation after ischemic conditions
(Fig. 8, see below). The time course of infarct size enlarge-
ment in the current study suggests that the genotype-related
differences in brain damage may likewise induce brain
intraparenchymal processes in response to PI3Kγ-dependent
neuroinflammatory activation of microglial cells via modulat-
ed cAMP signaling, leading to varying extracellular matrix
decompaction by MMP-9 secretion and removal of dying
cells and cell debris by phagocytosis.

Previous reports showed that MMP-9 expression and ac-
tivity after brain ischemia are induced first in reactive microg-
lia [36] and contribute, among other factors, to infarct extent
[37, 38]. Indeed, a pathogenetic role of microglial MMP-9
release is well-defined. MMP-9 acts as executing protease
for degrading matrix substrates and interrupting cell–cell or
cell–matrix homeostatic interactions, which may directly trig-
ger anoikis-like neuronal cell death by interrupting cell–ma-
trix survival signaling [39] and may further disturb scar for-
mation as a key process of infarct demarcation for preventing
inflammatory spreading into perilesional tissue [40]. Further-
more, it has been shown that upregulation of microglial
phagocytic activity occurs rapidly after brain ischemia [41]
and represents the predominant phagocytic activity [42] for
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Fig. 7 Reduced phagocytic activity in PI3Kγ-deficient microglial cells
(open columns) with missing activation after OGD/reoxygenation
challenge (black columns, wild type; hatched columns, PI3Kγ kinase-
dead microglial cells). Cells were seeded in 6-well plates, starved for
4 h and used as well (Normoxia) or stimulated with OGD for 2 h and
incubated in normoxia for 24 h (2 h OGD 24 h Reox) or incubated in
normoxia for 48 h (2 h OGD 48 h Reox). To assay phagocytic activity, a
suspension of GFP-producing E. coli cells (40 μl) was added and
incubated together for the last 60 min, respectively. Values are mean+
SD, n=4 independent experiments derived from four different microglia
isolations. *$§p<0.05, *significant difference vs. wt within the respective
state, $significant difference vs. KD within the respective state,
§significant difference vs. normoxia (two-way ANOVA, followed by
Holm–Sidak test for post hoc multiple comparisons)
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removal of released danger signals resulting from dying cells
and debris after necrotic cell death. These damaged cells are
responsible for infarct enlargement by an overwhelming
neuroinflammatory response [1].

Our data reveal for the first time that microglial MMP-9
upregulation and secretion as well as microglial phagocytic
activity after focal brain ischemia and recirculation is con-
trolled by PI3Kγ-dependent cAMP signaling. Our genetic ap-
proach suggests that the catalytic subunit p110γ of PI3Kγ
signals through its earlier characterized scaffold function in
this context. PI3Kγ has the capacity to anchor protein kinase
A through a site in its N-terminal region thereby mediating
stimulation of phosphodiesterases and cAMP degradation
[43]. Loss of PI3Kγ in p110γ-deficient mice impedes forma-
tion of this multiprotein complex resulting in enhanced
microglial cAMP signaling after OGD/reoxygenation chal-
lenge (Fig. 4). Uncoupling of this signal transduction network
led to increased microglial MMP-9 release and suppression of

microglial phagocytic activity during a critical period of in-
farct expansion after temporal focal brain ischemia, which is
mainly driven by proinflammatory mechanisms [3].

In conclusion, our findings characterize the lipid kinase-
independent scaffold function of PI3Kγ as a key mediator
for controlling the neuroinflammatory response after tempo-
rary MCAO in mice. PI3Kγ serves a protective role in that it
suppresses MMP-9 release and reinforces phagocytosis lead-
ing to improved brain tissue survival.
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