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Low Endogenous G-Protein-Coupled Receptor Kinase 2
Sensitizes the Immature Brain to Hypoxia–Ischemia-
Induced Gray and White Matter Damage
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Hypoxic–ischemic brain injury is regulated in part by neurotransmitter and chemokine signaling via G-protein-coupled receptors
(GPCRs). GPCR-kinase 2 (GRK2) protects these receptors against overstimulation by inducing desensitization. Neonatal hypoxic–isch-
emic brain damage is preceded by a reduction in cerebral GRK2 expression. We determined the functional importance of GRK2 in
hypoxic–ischemic brain damage.

Nine-day-old wild-type and GRK2 �/� mice with a �50% reduction in GRK2 protein were exposed to unilateral carotid artery occlu-
sion and hypoxia. In GRK2 �/� animals, gray and white matter damage was aggravated at 3 weeks after hypoxia–ischemia. In addition,
cerebral neutrophil infiltration was increased in GRK2 �/� animals. Neutrophil depletion reduced brain damage, but neuronal loss was
still more pronounced in GRK2 �/� animals. Onset of neuronal loss was advanced in GRK2 �/� animals regardless of neutrophil deple-
tion. White matter injury was advanced in GRK2 �/� animals and was not affected by neutrophil depletion. Activation/infiltration of
microglia/macrophages was stronger in GRK2 �/� brains but only occurred 24 h after hypoxia–ischemia and is therefore not the primary
cause of increased damage. During hypoxia, cerebral blood flow was reduced to the same extent in both genotypes. In vitro, GRK2 �/�

hippocampal slices and cerebellar granular neurons were more sensitive to glutamate-induced death.
We propose the novel concept that the kinase GRK2 regulates onset and magnitude of hypoxic–ischemic brain damage. Increased gray

and white matter damage in GRK2 �/� animals was not dependent on infiltrating neutrophils and occurred before microglia/macrophage
activation was detected. Collectively, our data suggest that cerebral GRK2 has an important endogenous neuroprotective role in ischemic
cerebral damage.
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Introduction
Perinatal hypoxia–ischemia (HI) is a major cause of morbidity
and mortality in the human newborn (Cowan et al., 2003; Ferri-
ero, 2004). Impaired cerebral supply of nutrients and oxygen
during HI followed by reperfusion induces a complex sequence
of events that ultimately leads to brain damage. Glutamate exci-
totoxicity through overstimulation of both metabotropic gluta-
mate receptors (mGluRs) and NMDA receptors initiates cerebral
damage (Pellegrini-Giampietro, 2003; Johnston, 2005). More-
over, HI induces an inflammatory reaction characterized by in-
creased numbers of cerebral neutrophils and microglial/macro-
phage activation. Prevention of cerebral neutrophil infiltration
markedly reduced brain damage (Hudome et al., 1997; Palmer et

al., 2004). Inhibition of microglial/macrophage activation can
also attenuate brain damage (Clarkson et al., 2005).

Both neurotransmitters that initiate neuronal loss and che-
mokines that regulate cerebral infiltration/activation of inflam-
matory cells, signal through G-protein-coupled receptors
(GPCRs). Agonist-induced desensitization and internalization of
GPCRs comprise an important regulatory process to ensure ad-
equate signaling and to prevent damage by overstimulation of
GPCR. GPCR kinase (GRK)-dependent GPCR phosphorylation
initiates this agonist-induced adaptive response that results in
attenuation of signaling and removal of receptors from the cell
surface (for review, see Pitcher et al., 1998a). GRK2 is the most
widely studied member of the GRK family. It is known that the
level of intracellular GRK2 controls chemokine-induced migra-
tion of inflammatory cells and signaling through receptors in-
volved in activation of microglia/macrophages (Vroon et al.,
2006). Moreover, changes in intracellular levels of GRK2 can
affect inflammatory cell infiltration in vivo as well (Fan and
Malik, 2003; Vroon et al., 2004, 2005). For example, we described
advanced onset of experimental autoimmune encephalomyelitis
in mice with a partial deletion of GRK2 (GRK2�/� animals) in
association with increased early cerebral infiltration of inflamma-
tory cells (Vroon et al., 2005). In addition to an important role in
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chemokine receptor regulation, GRK2 can modulate signaling
via group I metabotropic glutamate receptors (mGluR1 and
mGluR5). Overexpression of GRK2 attenuates mGluR1-
dependent cell death and signaling (Dhami et al., 2002; Sorensen
and Conn, 2003). Moreover, GRK2 does not only regulate the
responsiveness of cells via GPCR desensitization but can also
interfere with cellular function by directly interacting with intra-
cellular signaling molecules (Ribas et al., 2007). Together, GRK2
can function as a pivotal molecule in the regulation of many
receptors and downstream signaling molecules involved in cere-
bral damage after a hypoxic-ischemic event.

The cellular level of GRK2 can be modulated by cytokines and
reactive oxygen species, mediators that are upregulated after HI
(Lombardi et al., 1999, 2002, 2007; Ramos-Ruiz et al., 2000; Ar-
raes et al., 2006; Buonocore and Groenendaal, 2007; Cobelens et
al., 2007). Interestingly, neonatal HI-induced brain damage is
associated with a decrease in cerebral GRK2 protein expression
before damage becomes apparent (Lombardi et al., 2004). These
data suggest that decreased GRK2 may contribute to the patho-
physiological process leading to HI-induced brain damage.

Therefore, we determined the functional importance of GRK2
for HI brain damage. We compared HI-induced cerebral damage
in neonatal wild-type (WT) and GRK2�/� animals, which ex-
press a 50% reduction in GRK2 levels and determined the con-
tribution of neutrophils. Finally, we analyzed sensitivity of
GRK2�/� hippocampal slices and cerebellar granular neurons
for glutamate-induced cell death in vitro.

Materials and Methods
Animals. Experiments were performed in accordance with international
guidelines and were approved by the University Medical Center Utrecht
experimental animal committee.

At postnatal day 9, heterozygous GRK2 �/ � [homozygous GRK2 de-
letion is embryonically lethal (Jaber et al., 1996)] and WT C57BL/6 lit-
termates were anesthetized (5 min) with isoflurane (3.0% induction,
1.0% maintenance) in O2:N2O (1:1). The right common carotid artery
was occluded by thermocauterization, xylocaine (100 mg/ml; Astra-
Zeneca, Zoetermeer, The Netherlands) was applied, and wounds were
closed. Throughout surgery, pups were kept on a heated mattress. After
minimal 1 h recovery, pups were exposed to 10% O2 in N2 for 45 min and
returned to their dams. Sham-treated controls underwent anesthesia and
incision only.

For depletion of neutrophils, 28 �l/g body weight rabbit anti-mouse
polymorphonuclear (PMN) antibody or normal rabbit serum (Accurate
Antibodies, Westbury, NY) prediluted 1:10 in sterile saline was injected
intraperitoneally 20 h before and directly after HI. Depletion of circulat-
ing neutrophils was determined by a differential count.

Histological preparations. Mice received an overdose of pentobarbital
and were perfused with 4% paraformaldehyde in PBS. Brains were em-
bedded in paraffin. Coronal sections (8 �m) cut at approximately �1.8
mm (at hippocampal level) and �0.7 mm (at striatal level) from the
bregma were stained with hematoxylin– eosin (HE) (Klinipath, Duiven,
The Netherlands) and scored in a blinded way on a scale from 0 –3 in six
regions of the parietal cortex and in five regions of the hippocampus (van
den Tweel et al., 2005). The maximal total score for a normal brain was
33.

For Fluoro-Jade B staining, deparaffinized sections were pretreated
with 0.06% potassium permanganate and stained with 0.001% Fluoro-
Jade B-solution (Millipore Bioscience Research Reagents, Hampshire,
UK) in 0.1% acetic acid.

Immunohistochemistry. Deparaffinized sections were incubated with
mouse anti-microtubule-associated protein 2 (MAP2) (clone HM-2;
Sigma-Aldrich, Steinheim, Germany), mouse anti-myelin basic protein
(MBP) (Sternberger Monoclonals, Lutherville, MD), rabbit anti-GRK2
(SC-562; Santa Cruz Biotechnology, Santa Cruz, CA), rat anti-mouse-
CD68 (Serotec, Oxford, UK), rabbit anti-Iba1 (Wako Chemicals, Rich-

mond, VA), or rabbit anti-PMN (Accurate Antibodies) antibodies fol-
lowed by biotinylated horse anti-mouse (Vector Laboratories,
Burlingame, CA), mouse anti-rat (Jackson ImmunoResearch, Cam-
bridgeshire, UK), or goat anti-rabbit (Vector Laboratories) antibodies.
Visualization was performed using Vectastain ABC kit (Vector Labora-
tories) and diaminobenzamidine.

Analysis of damage. Full section images at �1.8 mm (at hippocampal
level) and �0.7 mm (at striatal level) from the bregma were captured
with a Nikon (Tokyo, Japan) D1 digital camera. The various brain areas
were outlined manually using image processing tools in Adobe Photo-
shop 6.0 (Adobe Systems, San Jose, CA) or NIH ImageJ software, and the
ratio of ipsilateral to contralateral areas was calculated (Nijboer et al.,
2007).

Preparation of brain homogenates. Pups were decapitated at 3– 48 h
post-HI, the cerebellum was removed, and the left and right hemispheres
were frozen in liquid nitrogen, pulverized using a liquid nitrogen-cooled
mortar and pestle, divided into two fractions, and stored at �80°C.

Pulverized hemispheres were homogenized in 70 mM sucrose, 210
mM mannitol, 5 mM HEPES, 1 mM EDTA, and protease inhibitors
using a Potter homogenizer (Heidolph, Schwabach, Germany).
Mitochondrion-free cytosolic and mitochondrion-enriched fractions
were prepared as described previously (Nijboer et al., 2007). Quality
of subcellular fractions was verified by immunoblotting with specific
markers. Protein concentration was determined using a protein assay
(Bio-Rad, Hercules, CA).

Western blotting. Proteins were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (Hybond-C; GE Healthcare,
Roosendaal, The Netherlands). Equal protein loading was verified by
Ponceau-S staining.

Membranes were stained with rabbit anti-GRK2 (Santa Cruz Biotech-
nology), mouse anti-cytochrome c (BD Biosciences, San Jose, CA), rabbit
anti-cleaved caspase 3, rabbit anti-Bcl-2, or rabbit anti-Bcl-xL (all from
Cell Signaling Technology, Danvers, MA), followed by incubation with
donkey �-rabbit-HRP (GE Healthcare) or goat anti-mouse-HRP (Jack-
son ImmunoResearch, Cambridgeshire, UK). To control for equal load-
ing, membranes were stripped and reprobed for �-actin in cytosolic
fraction. Ponceau S staining was used to verify equal loading in mito-
chondrial fractions, because cytochrome c oxidase complex IV (COX IV)
expression was affected by HI.

Specific bands were visualized by chemiluminescence detection (ECL;
GE Healthcare) with x-ray film exposure. Films were scanned with a
GS-700 Imaging Densitometer and analyzed with Quantity One Software
(both from Bio-Rad).

Neutrophil infiltration. Myeloperoxidase (MPO) activity was deter-
mined as described previously (Eijkelkamp et al., 2007). In short, pulver-
ized brains were homogenized in 50 mM HEPES buffer, pH 8.0, and
centrifuged, and pellets were rehomogenized in H2O/0.5% cetyltrimeth-
ylammonium chloride (CTAC) (Merck, Darmstadt, Germany). After
centrifugation, supernatants were diluted in 10 mM citrate buffer,
pH 5.0/0.22% CTAC, and substrate solution [3 mM 3�,5,5�-
tetramethylbenzidine dihydrocloride (TMB) (Sigma-Aldrich), 120 �M

resorcinol (Merck), and 2.2 mM H2O2 in distilled water] was added.
These reaction mixtures were incubated for 30 min at 37°C and stopped
by addition of H2SO4. Optical density (OD) at 450 nm was determined.
MPO activity determined in samples of a known number of neutrophils
was used as reference. Protein concentration of samples was determined
with BCA protein assay (Pierce, Rockford, IL) using BSA as standard.

Cerebral blood flow. The reduction in ipsilateral blood flow was mea-
sured (Gilland and Hagberg, 1996). A dose of 8 �Ci of iodo-[ 14C]-
antipyrine (1600 �Ci/kg) in 0.1 ml of saline was injected subcutaneously
in the neck at the end of the hypoxic period, and the pups were decapi-
tated 60 s after injection. The brain was removed in �35 s to minimize
postmortem diffusion (Jay et al., 1988) and ipsilateral and contralateral
hemispheres were frozen in liquid nitrogen. Hemispheres were homog-
enized, and radioactivity was counted in a liquid scintillation counter.
Relative ipsilateral blood was expressed as follows: (cpm ipsilateral/cpm
contralateral) � 100%.

Hippocampal slices. Organotypic hippocampal slices were prepared
using the method of Stoppini et al. (1991) from 7-d-old GRK2 �/� (n �
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17) and WT (n � 13) pups. Using a McIlwain tissue chopper (The Mickle
Laboratories, Watford, UK), 400-�m-thick hippocampal transverse
slices were cut. Slices with complete dentate gyrus and CA3 and CA1
areas were selected and placed (three per membrane) onto 0.4 �mol/L
semiporous membranes (Millicell-CM membrane insert; Millipore,
Watford, UK). Membranes were placed in Petri dishes of 35 mm
in diameter containing 1 ml of growth medium consisting of 50% min-
imal essential medium, 25 mmol/L HEPES, 25% heat-inactivated horse
serum, 3.5% sodium bicarbonate, 20% HBSS, 2 mmol/L L-glutamine, 10
ml/L penicillin–streptomycin, and 6 mg/ml glucose. Cultures were main-
tained in 95% air–5% CO2 at 37°C. Medium was changed every 3– 4 d,
and experiments were performed after 14 d in vitro (DIV). Slices were
treated with 4 mM glutamate for 24 h at 37°C. Cell death was determined
using propidium iodine (PI). PI was added to the culture medium 24 h
after addition of glutamate to a final concentration of 5 �g/ml. The
cultures were incubated for 1 h and washed three times for 10 min with
PBS. Neuronal damage was then assessed by quantifying the intensity of
PI fluorescence using a Leica DM-IRBE inverted fluorescent microscope
(Leica, Rijkswijk, The Netherlands). One phase contrast image and one
fluorescence image were taken. With an interactive drawing tool, the
borders of the slice were outlined on the phase contrast image and then
superimposed on the fluorescent PI image. The gray-level intensity of the
PI image was assessed using Leica Quantimet software and used as an
index of neuronal death. To calculate percentage of neuronal survival, PI
intensity in the experimental slices (Pglut) was corrected for basal PI
fluorescence (P0, before treatment) and maximal cell death in slices
treated with 50 mM glutamate (Pmax), using the following formula: (Pglut

� Pmax)/(P0 � Pmax) � 100.
Cerebellar granule neurons. Cerebellar granule cells (CGNs) were pre-

pared from 7-d-old WT and GRK2 �/� pups. Neurons were seeded on

poly-D-lysine (15 �g/ml)-coated 96-well plates at a density of 0.3 � 10 6

cells/ml and were cultured in MEM supplemented with 30 mM D-glucose,
25 mM KCl, 10% FCS, 2 mmol/L L-glutamine, 100 U/ml penicillin, 100
�g/ml streptomycin, and 0.25 �g/ml Fungizone. To prevent growth of
dividing (glial) cells, fluorodeoxyuridine and uridinecytosine (50 and
150 �M, respectively) were added to the cultures 24 h after plating. CGNs
were cultured 7 DIV before addition of different concentrations of glu-
tamate for 24 h. MTT (0.5 mg/ml) (Sigma-Aldrich) was added to the
medium for 4 h, MTT crystals were dissolved in DMSO, and OD was
measured at 550 nm.

Primary microglia. Primary cultures of cortical microglia were ob-
tained from 1-d-old WT and GRK2 �/� mice. Cortices were dissected
after removal of meninges and blood vessels, minced and incubated with
0.25% trypsin for 15 min in Gey’s balanced salt solution containing 100
U/ml penicillin, 100 �g/ml streptomycin, and 30 mM D(�)-glucose. Cells
were dissociated and cultured in poly-L-ornithine (15 �g/ml)-coated
culture flasks in DMEM/Ham’s F10 (1:1) supplemented with 10% FCS, 2
mM glutamine, and antibiotics as stated above. After 10 DIV, flasks were
shaken overnight at 37°C to detach microglia from the astrocyte layer.
Microglia were cultured for 48 h in poly-L-ornithine-coated 24-well
plates at a density of 0.5 � 10 6 cells/ml, and total cell lysates were pre-
pared by incubation in ice-cold radioimmunoprecipitation assay buffer
(20 mM HEPES, pH 7.5, 1% Triton X-100, 150 mM NaCl, 10 mM EDTA,
and protease inhibitors) for 30 min at 4°C followed by 15 min centrifu-
gation at 13,000 rpm.

Statistical analysis. Mortality rates were analyzed with Fisher’s exact
test. Histological scores are presented as individual data with median and
were analyzed using Kruskal–Wallis tests. Mann–Whitney U tests were
used for additional analysis. All other data are presented as mean and
SEM. One-way or two-way ANOVA with Bonferroni’s posttests were

Figure 1. HI-induced brain damage. A, GRK2 expression in total brain homogenates was �50% lower in GRK2 �/� brains compared with WT (contralateral hemispheres WT vs GRK2 �/�). WT
and GRK2 �/� mouse pups were exposed to unilateral carotid artery occlusion and 45 min of hypoxia. GRK2 expression level was reduced in ipsilateral hemispheres at 24 h after HI in both WT and
GRK2 �/� animals. *p � 0.05 versus contralateral levels; n � 6 –10 per group. c, Contralateral; i, ipsilateral; A.U., arbitrary density units. B, Photographs illustrating reduced levels of GRK2 in
neurons of the parietal cortex in GRK2 �/� mice compared with WT animals. C, Brains were collected 3 weeks after the insult. Neuronal integrity was scored in six regions of parietal cortex and five
regions of hippocampus on HE-stained coronal sections from WT and GRK2 �/� animals. GRK2 �/� animals show significant lower scores than WT animals (**p � 0.01). Maximal scores of normal
brain tissue: 33. SHAM, Sham-operated control animals. D, Brains were analyzed at two coronal levels: �1.8 mm (hippocampal level) or �0.7 mm (striatal level) from bregma. MBP, Myelin basic
protein immunohistochemistry. E, HI induced significantly more hemispheric and hippocampal area loss in the ipsilateral hemisphere of GRK2 �/� versus WT mice at 3 weeks post-HI. Hemispheric
or hippocampal area loss was determined by comparing areas of ipsilateral to contralateral hemispheres at �1.8 mm and �0.7 mm from bregma. *p � 0.05, **p � 0.01, WT versus GRK2 �/�.
F, GRK2 �/� mice show significantly more white matter damage than WT littermates at 3 weeks after HI at �1.8 mm (left) and �0.7 mm (right) from bregma. Expression of MBP was determined
in contralateral and ipsilateral hemispheres. *p � 0.05; **p � 0.01, WT versus GRK2 �/�. Number of animals for C, E, and F: WT, n � 11; GRK2 �/�, n � 10; and sham controls, n � 6.
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used to analyze differences between genotype or differences between
genotype (WT and GRK2 �/�) and different time points post-HI.

Results
GRK2 expression
We have shown previously that expression of GRK2 protein was
reduced by �50% in total homogenates of GRK2�/� cerebellum
(Vroon et al., 2004) as well as in primary cultures of astrocytes
(Kleibeuker et al., 2008). Here, we show that GRK2 expression is
also reduced by �50% in total homogenates of the brain after
removal of cerebellum (Fig. 1A) and by �42% in primary cul-
tures of microglia.

The data in Figure 1B illustrate that GRK2 was also reduced in
neurons of the parietal cortex from GRK2�/� animals. Similar
reductions in GRK2 levels were observed throughout the brain
(e.g., in neurons of the hippocampus). Collectively, these data

suggest that there are no major cell-specific differences in the
level of reduction in GRK2 expression in GRK2�/� animals.

The data in Figure 1A confirm our previous observations in
the neonatal rat model that GRK2 is reduced in the ipsilateral
hemisphere after HI. Moreover, the relative HI-induced decrease
was similar in both genotypes.

Role of GRK2 in brain damage
Mortality rates during HI procedures did not differ between ge-
notypes (WT animals, 13.2%; GRK2�/� animals, 17.0%; Fisher’s
exact test, p � 0.46)

At 3 weeks post-HI, brain sections were scored for neuronal
integrity in six regions of the parietal cortex and in five regions of
the hippocampus. The data in Figure 1C demonstrate that there
was significantly more damage in ipsilateral parietal cortex and
hippocampus ( p � 0.01) of GRK2�/� animals compared with
WT animals. Moreover, GRK2�/� animals displayed more brain
damage as determined by measuring areas of ipsilateral and con-
tralateral hippocampus and of the entire hemispheres at �1.8
mm and �0.7 mm from bregma (Fig. 1D,E). Similar differences
in brain damage between WT and GRK2�/� animals were ob-
served after 60 min of hypoxia (data not shown).

To determine the effect of GRK2 on the extent of white matter
damage, we determined loss of ipsilateral MBP staining at 3 weeks
after the insult. At both �1.8 mm and �0.7 mm from bregma,
loss of MBP staining was more pronounced in GRK2�/� mice
compared with WT mice ( p � 0.05 at �1.8 mm; p � 0.01 at �0.7
mm) (Fig. 1D,F).

Early damage and apoptotic cell death
To determine whether the observed increase in brain injury in
GRK2�/� animals at 3 weeks post-HI was associated with in-
creased early apoptosis, we prepared subcellular fractions (Fig.
2A) and determined the reduction in mitochondrial cytochrome
c levels and the level of activated caspase 3, an important apopto-
sis executioner at 24 h post-HI. GRK2�/� pups showed a signif-
icantly larger reduction of ipsilateral mitochondrial cytochrome c
levels ( p � 0.01) and a significantly higher level of ipsilateral
activated caspase 3 than WT littermates ( p � 0.05) (Fig. 2B,C).
In addition, ipsilateral levels of the anti-apoptotic molecules
Bcl-2 and Bcl-xL, which are important guardians of the mito-
chondrial membrane, were significantly reduced after HI in
GRK2�/� mice but not in WT mice ( p � 0.05) (Fig. 2D,E). We
did not detect any cytochrome c leakage, caspase 3 activation, or
changes in Bcl-2 and Bcl-xL in the contralateral hemisphere of

Figure 2. HI-induced expression of proapoptotic and anti-apoptotic molecules in WT and
GRK2 �/� mice. A, Confirmation of subcellular fractionation of brain homogenates by specific
markers for cytosolic (cyt) and mitochondrial (mitoch) fractions. Predominant expression of
�-actin in cytosolic fraction and exclusive expression of COX IV in mitochondrial fractions. B, C,
At 24 h after HI, subcellular fractions of ipsilateral (i) and contralateral (c) hemispheres were
analyzed for mitochondrial cytochrome c (B) and cytosolic active (cleaved) caspase 3 (C) by
Western blotting. GRK2 �/� mice show significantly more reduction of mitochondrial cyto-
chrome c (**p � 0.01) and cytosolic expression of caspase 3 (*p � 0.05). D, E, Mitochondrial
expression of the anti-apoptotic molecules Bcl-2 (D) and Bcl-xL (E) in both hemispheres at 24 h
post-HI. Significant loss of mitochondrial Bcl-2 and Bcl-xL was observed in GRK2 �/� mice only.
*p � 0.05 versus WT. B–E, Insets show representative Western blots; Ponceau S (ponc) or
�-actin was used to control for equal loading in the different subcellular fractions. n � 6 –10
per group.

Figure 3. Early neuronal and white matter damage at 24 h post-HI. A, GRK2 �/� animals
show significantly more loss of MAP2 staining as an early marker of neuronal damage at 24 h
after HI than WT animals. The ratio of the total area of ipsilateral/contralateral MAP2 was
determined at hippocampal level. ***p � 0.001. B, Representative example of Fluoro-Jade B
staining in hippocampus of WT and GRK2 �/� animals at 24 h after HI. C, GRK2 �/� animals
show significantly more loss of MBP staining at 24 h after HI than WT animals. The ratio of the
total area of ipsilateral/contralateral MBP expression was determined at hippocampal level.
**p � 0.01. A–C, n � 10 –13 animals per group; sham, n � 8.
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WT and GRK2�/� animals compared with
sham-operated animals (Fig. 2B–E, insets).

In line with increased signs of apoptosis,
we observed more pronounced loss of
MAP2 and increased Fluoro-Jade B stain-
ing at 24 h after the insult, indicating that
increased damage was already present at
this time point (Fig. 3A,B). Moreover,
white matter damage, determined by ex-
amining the ratio of ipsilateral over con-
tralateral MBP staining at 24 h after HI, was
more pronounced in GRK2�/� animals
(Fig. 3C).

Cerebral blood flow
It is known that GRK2 plays an important
role in the regulation of blood flow and ar-
terial blood pressure (Hansen et al., 2006).
Therefore, we analyzed whether increased
brain damage in GRK2�/� animals was as-
sociated with a more pronounced reduc-
tion in blood flow in the ipsilateral hemi-
sphere. We did not observe differences in
the HI-induced reduction in cerebral
blood flow in the ipsilateral hemisphere be-
tween WT (54.8 � 7.7% reduction) and
GRK2�/� (49.3 � 8.0% reduction)
animals.

Neutrophil infiltration
Neutrophils are known to contribute sig-
nificantly to HI-induced brain damage
(Hudome et al., 1997; Palmer et al., 2004). In addition, there is
evidence that GRK2 can regulate chemotactic activity (Vroon et
al., 2006). Therefore, we first set out to investigate whether the
increased damage in GRK2�/� animals was caused by increased
recruitment of neutrophils to the brain. At 24 and 48 h after the
insult, the HI-induced neutrophil infiltration, determined as ce-
rebral MPO activity, was significantly more pronounced in
GRK2�/� mice than in WT littermates (Fig. 4A) ( p � 0.01; p �
0.001). In addition, only in GRK2�/� animals, some MPO activ-
ity was already detectable at 6 h post-HI (Fig. 4A). No MPO
activity was detectable in brains of sham controls.

To further delineate the contribution of neutrophils to the
increase in brain damage in GRK2�/� animals, we depleted the
animals of neutrophils by intraperitoneal administration of a
polyclonal anti-neutrophil antibody. This procedure efficiently
prevented neutrophil mobilization to the blood and the brain
(Fig. 4B–D). Neutrophil depletion significantly attenuated
MAP2 loss at 48 h after the insult in both genotypes, confirming
that neutrophilic granulocytes play an important role in the de-
velopment of HI brain damage (Fig. 4E) ( p � 0.05; p � 0.001).
Interestingly, however, the differences in MAP2 loss between WT
and GRK2�/� mice at 48 h after the insult were maintained after
neutrophil depletion (Fig. 4E) ( p � 0.01).

Kinetics of development of gray and white matter damage
Next, we examined the kinetics of the development of brain dam-
age in WT and GRK2�/� animals in more detail. Interestingly,
the first signs of neuronal loss in GRK2�/� animals were already
observed before MPO activity could be detected in the brain;
already at 3 h after HI, significant MAP2 loss was detected in
GRK2�/� animals ( p � 0.05), whereas in WT animals, we did

not detect any MAP2 loss before 48 h after HI ( p � 0.01) (Fig. 5).
In both genotypes, MAP2 loss at 3 weeks was similar to MAP2 loss
at 48 h after HI.

Moreover, the extent of MAP2 loss in GRK2�/� animals at 3
and 6 h after HI was not affected by depletion of neutrophils,

Figure 4. Cerebral neutrophil numbers and neutrophil depletion. A, Cerebral MPO activity was determined in homogenates of
the ipsilateral hemisphere at 6 – 48 h post-HI as a measure of neutrophil mobilization to the brain. Brain neutrophil numbers are
significantly higher in GRK2 �/� mice versus WT mice at 24 – 48 h post-HI. **p � 0.01, ***p � 0.001. Animal numbers: 6 –10
per group. B–D, GRK2 �/� and WT animals were treated with anti-neutrophil serum (depl) or control serum (contr) at 20 h
before and immediately after HI. Depletion with anti-neutrophil serum significantly reduced the percentage of peripheral neu-
trophils (B), MPO activity in the ipsilateral hemisphere at 24 h after HI (*p � 0.05, ***p � 0.001) (C), and the number of cells
staining positively with anti-neutrophil serum in the ipsilateral hemisphere at 24 h after HI (D) in both genotypes. E, The effect of
pretreatment with anti-neutrophil antibodies on HI-induced MAP2 loss at 48 h after HI in GRK2 �/� and WT animals. In both
genotypes, neutrophil depletion (depl) significantly reduced MAP2 loss (WT, *p�0.05; GRK2 �/�, ***p�0.001). Importantly,
the difference in MAP2 loss between WT and GRK2 �/� mice was maintained after neutrophil depletion (**p � 0.01).

Figure 5. Effect of neutrophil depletion on kinetics of HI-induced MAP2 loss. GRK2 �/� and
WT animals were treated with anti-neutrophil antiserum (depl) or control serum as described in
Figure 4 B–D. Animals were exposed to HI and killed at the time points indicated. Total ipsilat-
eral MAP2 loss was determined. Significant MAP2 loss was first detectable at 3 h in GRK2 �/�

mice (#p � 0.05) and at 48 h in WT mice (##p � 0.01). In both genotypes, MAP2 loss at 48 h was
similar to MAP2 loss at 3 weeks after HI. MAP2 loss was not affected by neutrophil depletion at
3– 6 h post-HI. At 24 – 48 h post-HI, neutrophil depletion reduced MAP2 loss. *p�0.05, **p�
0.01, ***p � 0.001. See also Figure 4 E. Number of animals: 6 –13 per group.

3328 • J. Neurosci., March 26, 2008 • 28(13):3324 –3332 Nijboer et al. • Low GRK2 Exacerbates Neonatal HI Brain Damage



indicating that at this early time point, neuronal damage devel-
oped independently of neutrophil infiltration (Fig. 5).

In both GRK2 �/� and WT animals, myelination of white
matter tracts was clearly less developed at 3 h after the insult
than at later time points (24 – 48 h to 3 weeks after HI) (Fig.
6 A). Contralateral MBP staining in this time frame did not
differ between genotypes. In GRK2 �/� mice, however, a
�20% reduction of ipsilateral/contralateral MBP staining
could already be observed at 3 h (Fig. 6 A) ( p � 0.05). Signif-
icant MBP loss was first detectable in WT animals at 6 h
post-HI (Fig. 6 A) ( p � 0.05). GRK2 �/� mice showed signif-
icantly more MBP loss (�45%) than WT littermates (�25%)
at 6 – 48 h post-HI ( p � 0.01) (Fig. 6 A, B). Interestingly, how-
ever, the relative reduction in ipsilateral MBP staining did not
increase between 6 h and 3 weeks after HI in both genotypes.
These data indicate that the maximal relative reduction in
MBP was reached already very early (6 h) after HI in both
genotypes (Fig. 6 B) (nondepleted bars).

We discovered that, in contrast to what had been observed for
neuronal damage, depletion of neutrophils did not affect loss of
MBP expression at 3– 48 h post-HI. The latter suggests that the
HI-induced increase in cerebral neutrophils does not contribute
to early white matter damage (Fig. 6B) (depleted bars).

Activated microglia/monocytes
To investigate whether increased and more advanced activation
and migration of microglia/macrophages could contribute to
earlier and more pronounced neuronal loss in animals deficient
for GRK2, we analyzed CD68 staining. In both WT and GRK2�/�

animals, we could not detect any HI-induced changes in CD68
expression at 6 h after HI. At 24 and 48 h after HI, the HI-induced
upregulation of CD68 expression was more pronounced in
GRK2�/� animals than in WT animals (Fig. 7A). The relative
difference in microglia activation between GRK2�/� animals and
WT animals was similar in the hippocampus and cortex (data not
shown). These data suggest that increased microglial activation,
as observed in GRK2�/� animals, occurs as a reactive process
induced by increased brain damage. Therefore, increased micro-
glial activation is not the primary cause of increased damage in
GRK2�/� animals. As shown in Figure 7B, neutrophil depletion
did not have major effects on HI-induced activation of microglia.

In vitro sensitivity to glutamate-induced cell death
Dale et al. (2000) have shown that overexpression of GRK2 can
protect against mGluR1-mediated cell death in human embry-
onic kidney 293 cells. In this study, we analyzed whether a reduc-
tion in endogenous GRK2 has consequences for glutamate-
induced cytotoxicity in ex vivo cultures of hippocampal slices.
Indeed, we observed a small, but statistically significant ( p �
0.02) 22% decrease in cellular survival after exposure to gluta-
mate in GRK2�/� (45.1 � 4.3% survival) compared with WT
(57.9 � 2.8% survival) hippocampal slices. Finally, we also com-
pared the sensitivity of primary cultures of CGN from WT and
GRK2�/� animals to glutamate-induced cell death. Glutamate
dose-dependently induced cell death (Fig. 8). Moreover, the data
in Figure 8 clearly demonstrate that glutamate-induced cell death
was significantly more pronounced in cultures of GRK2�/� CGN
compared with WT CGN.

Discussion
GPCR comprise the largest known family of cell surface recep-
tors. Malfunction or dysregulation of GPCR is a major contribu-
tor to the pathophysiology of disease and 	50% of all therapeu-
tics target GPCR-mediated pathways (Flower, 1999). Here, we
present the novel concept that GRK2, a ubiquitous member of
the GRK family that plays a central role in GPCR regulation,
represents an important endogenous factor in the protection
against HI brain damage. We demonstrate that the 50% reduc-
tion in GRK2 protein expression in GRK2�/� mouse pups mark-
edly exacerbated long-term gray and white matter damage after
HI. Moreover, we show that partial GRK2 deficiency accelerated
onset of early neuronal and white matter damage after a HI insult
in neonatal mice.

Systemic neutrophil depletion did clearly reduce neuronal
loss in both genotypes, confirming previous observations that
neutrophils are important contributors to the extent of neuronal
loss in this model (Hudome et al., 1997; Palmer et al., 2004).
Because GRK2 is involved in chemotaxis (Vroon et al., 2006), we
investigated the contribution of neutrophil infiltration to the in-
crease in gray and white matter damage in GRK2�/� animals.
Importantly, neutrophil depletion did not prevent the early onset
of neuronal damage we observed in GRK2�/� animals at 3– 6 h
after HI. Moreover, the increased level of damage was maintained
in neutrophil-depleted GRK2�/� animals, although neutrophil
depletion did prevent the large further increase in damage that
was observed between 6 and 48 h post-HI. In intact GRK2�/�

animals, the first signs of neutrophil infiltration in the brain were

Figure 6. Kinetics of MBP loss after HI and the effect of neutrophil depletion. A, Expression of
MBP in contralateral (c) and ipsilateral (i) hemispheres at different time points after HI: 3– 48 h
(left y-axis) and 3 weeks (right y-axis). Significant loss of ipsilateral MBP expression was first
detectable at 3 h in GRK2 �/� mice and at 6 h in WT mice ( #p � 0.05). GRK2 �/� mice showed
significantly more loss of ipsilateral MBP expression than WT mice at all time points (**p �
0.01; n � 7–11 animals per group). B, The relative reduction of ipsilateral MBP expression did
not increase from 6 h to 3 weeks post-HI in both genotypes [solid gray (WT) and black
(GRK2 �/�) bars]. Neutrophil depletion (see Fig. 4 B–D) did not affect loss of MBP expression in
the ipsilateral hemisphere [hatched light gray (WT) and hatched dark gray (GRK2 �/�) bars].
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detectable at 6 h after HI and were associated with a sharp in-
crease in the amount of MAP2 loss between 6 and 24 h after the
insult. Collectively, our data suggest that the increased distribu-
tion of neutrophils to the brain of GRK2�/� animals is in fact the
result of a reactive process and secondary to neuronal damage.
These neutrophils exacerbate the already existing neuronal dam-
age but are not the primary cause of the more pronounced neu-
ronal loss in GRK2�/� mice.

We show here for the first time that neutrophil depletion did
not change the level of MBP staining during the observation pe-
riod of 3– 48 h after HI, suggesting that neutrophils do not con-

tribute to HI-induced early white matter loss. In line with this
observation, the more pronounced HI-induced decrease in ipsi-
lateral MBP in GRK2�/� versus WT animals appeared to be in-
dependent of neutrophils as well.

Our present data confirm previous suggestions that cerebral
microglial/macrophage activation after HI is part of a reactive
process, because appearance of activated microglia in the brain
clearly followed the onset of neuronal loss (McRae et al., 1995).
Therefore, we propose that microglia/macrophage infiltration
and activation is not the primary cause of increased and advanced
early damage in the GRK2�/� animals but may well contribute to
further aggravation of brain damage in these animals.

Based on the depletion studies and analysis of the kinetics of
development of brain damage and of cerebral blood flow, we
propose that the earlier and more pronounced cerebral damage
in GRK2�/� animals results from increased sensitivity of gray
and white matter to factors produced in response to the insult.
However, the mechanisms leading to increased damage caused by
low GRK2 levels will include multiple pathways that may be dif-
ferent for gray and white matter. GRK2 regulates the activity of
multiple GPCR in the brain, including mGluR1 and mGluR5
(Dale et al., 2000; Dhami et al., 2002; Pellegrini-Giampietro,
2003; Sorensen and Conn, 2003) and chemokine receptors. Ex-
cessive glutamate release and glutamate excitotoxicity are
thought to be key to the initiation of the process leading to neu-
ronal loss after cerebral HI. In addition, immature oligodendro-
glial cells are highly susceptible to glutamate excitotoxicity
(Follett et al., 2000). Interestingly, it has been shown that overex-
pression of GRK2 can protect cells in vitro against mGluR1-
dependent cell death and reduces glutamate-induced signaling
via both mGluR1 and mGluR5. Both neurons and oligodendro-
glial cells express metabotropic glutamate receptors, and there is
also evidence that mGluR1 antagonists can reduce NMDA
receptor-mediated neuronal death (Strasser et al., 1998). There-
fore, it may well be possible that reduced levels of GRK2 facilitate
excitotoxic damage by overstimulation of mGluRs, either directly
or indirectly via potentiation of NMDA receptor signaling. Our
ex vivo studies using hippocampal slices or CGN from WT and
GRK2�/� animals indeed showed that partial deletion of GRK2
significantly increased the sensitivity for glutamate-induced cell
death. However, it should be noted that in vivo, not only gluta-

Figure 7. HI-induced increase in CD68 expression. A, CD68-positive cells were counted in six visual fields of hippocampus and 24 visual fields of parietal cortex. At 24 – 48 h post-HI, GKR2 �/�

mice show significantly higher numbers of CD68-positive cells in the brain than WT littermates (**p � 0.01; ***p � 0.001). Number of animals: 7 per group. B, Representative examples showing
that neutrophil depletion did not affect microglial activation in WT and GRK2 �/�animals. Slices obtained at 48 h post-HI were stained for Iba-1. depl, Treated with anti-neutrophil serum; contr,
control serum.

Figure 8. Increased sensitivity to glutamate in vitro. Primary CGNs were cultured for 7 DIV
before inducing cell death by different concentration of glutamate for 24 h. Cell death was
determined using MTT assay. GRK2 �/� CGNs are significantly more vulnerable to glutamate
than WT CGNs (***p � 0.001). Number of animals: WT, n � 6; GRK2 �/�, n � 5. All experi-
ments were performed in sixfold.
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mate receptors but also other GRK2 substrate receptors may con-
tribute to the observed difference in neuronal loss after HI.

Apart from its classical role in receptor desensitization, more
recent evidence suggests that GRK2 can also interfere with cellu-
lar signaling and activity at a more downstream level. For exam-
ple, GRK2 can interact directly with MAP kinase kinase (MEK),
p38, and Akt, and these interactions inhibit phosphorylation of
downstream substrates of these kinases (Naga Prasad et al., 2001;
Liu et al., 2005; Jiménez-Sainz et al., 2006; Peregrin et al., 2006;
Kleibeuker et al., 2008). Moreover, there is evidence that the
phosphatidyl inositol 3-kinase-Akt pathway as well as the MEK-
ERK (extracellular signal-regulated kinase) pathway is important
for the regulation of neuronal apoptosis and survival, indicating
that direct interactions of GRK2 with these molecules may affect
cell survival (Frebel and Wiese, 2006). GRK2 also binds to cy-
toskeletal proteins, including tubulin, synuclein and ezrin, and it
has been suggested that GRK2 may contribute to the regulation of
cytoskeletal reorganization in response to GPCR signaling
(Pitcher et al., 1998b; Cant and Pitcher, 2005). In addition, we
have shown recently that treatment of human T cells with the
microtubule stabilizer taxol rescues GRK2�/� cells from defi-
cient agonist-induced internalization of the �-adrenergic recep-
tor (Vroon et al., 2007). Interestingly, there is evidence that mi-
crotubule dissociation precedes MAP2 loss and that the
microtubule stabilizer taxol can reduce neuronal damage in a
hippocampal slice model of excitotoxic neuronal injury (Hoski-
son and Shuttleworth, 2006). The consequences of reduced
GRK2 for cytoskeletal changes and neuronal damage remain to
be determined, but it is conceivable that the earlier loss of the
neuronal microtubule-associated protein MAP2 in animals with
low GRK2 is caused by direct interactions of GRK2 with cytoskel-
etal elements.

In a previous study, we described that exposure of neonatal
rats to HI induces a decrease in cerebral GRK2 expression that
could be detected prior to the onset of neuronal MAP2 loss in this
model. Here, we confirm HI-induced reduction in GRK2 and
demonstrate that decreased GRK2 expression sensitizes the brain
for HI-induced neuronal and white matter loss. Collectively,
these data suggest that alterations in the expression of GRK2 do
occur as part of the pathological process after cerebral HI. Inter-
estingly, it has been described in humans that cerebral GRK2
levels decline with age, which might reflect an additional risk
factor for brain injury after stroke (Grange-Midroit et al., 2002).
Moreover, cerebral GRK2 is relatively low in neonatal rats and
increases to adult levels at 3 weeks after birth (Penela et al., 2000).

In conclusion, we show that endogenous GRK2 protects
against HI brain damage, because reduced levels of GRK2 accel-
erate onset and aggravate the extent of HI-induced brain pathol-
ogy. The underlying mechanisms will be an important subject of
our future research. We speculate that prevention of the HI-
induced decrease in GRK2 may help to protect the brain against
ischemic injury.
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