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Hypoxia-ischemia (HI) during the perinatal period continues to be a significant health problem 

for the newborn. A better understanding of the interplay between numerous pathophysi-

ological pathways that are activated by the hypoxic-ischemic insult, might lead to a more 

effective neuroprotective treatment strategy to combat the development of brain injury.

This thesis consists of two parts; part 1 (Chapter 2-7) focuses on mechanisms contributing 

to HI brain damage and possible neuroprotective strategies, whereas part 2 (Chapter 8-9) 

delineates the role of G protein-coupled kinase 2 in regulating neonatal HI brain damage.

In the introduction of this thesis we will first describe the clinical background of neonatal 

HI. Secondly, several important cellular mechanisms that contribute to the development of 

HI brain injury are delineated. It will be apparent that the key cellular mechanisms leading 

to HI brain damage represent potential targets for therapeutical intervention. Third, various 

of these potential neuroprotective strategies will be considered shortly. The introduction will 

conclude with the outline of this thesis. The introduction is based on reviews (1-12).

CLINICAL ASPeCtS of PerINAtAL HI

Prevalence, definition and causes

In developed countries, 1-6 per 1000 live-born children experience a hypoxic-ischemic insult 

during the perinatal period. Neonatal HI is a serious condition: approximately 15-20% of 

infants who suffer from HI die during the newborn period and 20-40% of the surviving 

newborns develop permanent neurological impairments. The development of brain injury 

(encephalopathy) after HI is dependent on the severity and duration of the HI insult as well as 

on the developmental stage of the brain (gestational age) and the location of injury. Deficits 

due to HI are observed throughout development of the child into maturity with an enormous 

impact on the child, family and society.

Cerebral HI is described as a period of diminished blood perfusion and oxygenation of 

the brain. The direct consequences of impaired cerebral circulation are, besides deprivation 

of oxygen, deprivation of glucose supply and accumulation of metabolic waste products 

which leads to tissue acidosis (see below). In the perinatal period, HI often occurs as a result 

of asphyxia, which refers to impairment in the exchange of respiratory gases, oxygen and 

carbon dioxide, between mother and child.

Studies concerning risk factors for neonatal encephalopathy reveal that many cases are 

associated with antepartum risks such as pregnancy-induced hypertension, maternal diabe-

tes, maternal fever or infants with intrauterine growth retardation. Other cases have been 

associated with intrapartum risk factors like an acute reduction in the uterine or umbilical 

circulation caused by prolapse or compression of the umbilical cord, abruptio placentae, 

placental insufficiency or severe contracture of the uterus. Also postnatal complications like 
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severe respiratory distress, cardiac failure, severe pulmonary disease, sepsis or shock may lead 

to neonatal HI brain damage.

Patterns of brain damage and clinical outcome

The patterns of brain damage after HI, depend on the severity of the insult and the gesta-

tional age at which it occurs.

Periventricular white matter damage and periventricular or intraventricular hemorrhage 

(PVH or IVH) are often observed after HI in preterm neonates (13). White matter damage, 

formerly classified as periventricular leukomalacia (PVL), is a critical form of brain injury 

characterized by more localized or diffuse injury to the white matter dorsal and lateral to the 

lateral ventricle (14-16). It occurs most frequently upon an ischemic insult before 32 weeks 

of gestation, mainly because developing oligodendrocytes are more vulnerable to ischemic 

injury than mature oligodendrocytes (see below).

Selective neuronal cell damage, parasagittal brain damage and injury to the basal ganglia 

and thalamus followed by the development of status marmoratus, are often encountered in 

fullterm neonates after HI. (Multi) focal ischemic brain lesions are observed in both preterm 

and fullterm neonates after HI (1,3). Besides the brain, also other organs may be at risk after 

HI/asphyxia, like the renal, cardiac, pulmonary and gastrointestinal systems.

Neonatal HI brain injury is a major predecessor of neurodevelopmental disability in the 

human newborn. One important negative outcome of HI brain damage is a variety of motor 

deficits, especially spasticity, dystonia and ataxia, which are often grouped together as 

cerebral palsy, a non-progressive syndrome which is characterized by motor impairments. 

Patterns of cerebral palsy in preterm and fullterm infants may differ based on the localiza-

tion of the brain injury. Other observed long-term sequelae of HI brain damage might be 

the development of seizures/epilepsy, mental retardation, visual and auditory impairments, 

behavioral problems and cognitive deficits/learning disabilities.

MeCHANISMS of HI BrAIN dAMAGe

The pathophysiological mechanisms which lead to the development of brain injury after 

HI have been investigated in detail during the last decades. Several currently understood 

pathophysiological pathways which are involved in neonatal HI brain injury are presented 

here.
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Metabolic aspects

Normal energy metabolism

Even though the brain amounts to only 2 percent of our body mass, it uses up 20 percent 

of the body’s available energy, almost all of which comes in the form of glucose, even at 

rest. In the brain, energy (ATP) is used for mainly two processes. First, transport of ions like 

sodium, potassium and calcium by ion-channels and transport of several neurotransmitters 

for proper impulse transmission. Secondly, especially in the developing brain, ATP is used for 

the synthesis of neurotransmitters, membrane lipids and structural and functional proteins.

Under aerobic conditions, ATP is produced by break-down of glucose to pyruvate via 

glycolysis in the cytosol. Pyruvate enters the mitochondrion and is converted to acetyl-CoA, 

which enters the citric acid cycle and undergoes oxidation to carbon dioxide. The electrons, 

in form of reducing equivalents NADH and FADH, that are generated in the citric acid cycle 

enter the electron transport chain (ETC) next. The membrane potential that is generated by 

the transport of electrons over the multimember chain of electron carrier proteins, is used to 

generate ATP. As oxygen is the final acceptor molecule for electrons in the ETC, this process 

is also called oxidative phosphorylation.

Disturbances in energy metabolism during HI

As glucose and oxygen are key players in energy production in the brain, major effects of 

HI are exerted at the level of carbohydrate and energy metabolism. After HI, high-energy 

phosphate levels decline within minutes with phospho-creatine (PCr), the principal storage 

form of high-energy phosphate in the brain, declining first. Glycogenolysis is observed in 

order to enhance glucose levels in the brain. In an attempt to compensate for the decrease in 

high-energy phosphate levels, glucose is glycolysed under anaerobic conditions, leading to a 

further decline of brain glucose levels, and a massive increase in lactate levels and subsequent 

fall in pH. Under asphyxic conditions, hypercapnia further contributes to the fall in pH.

Cell death after HI, appears to occur for a large part following termination of the insult, 

the so called reperfusion period. During reperfusion, blood perfusion and glucose and oxygen 

levels are restored. However, this is the time of onset of several other deleterious mechanisms, 

which evoke additional metabolic impairments and the development of structural damage to 

cells of the brain, as discussed below.

Injurious mechanisms during reperfusion

Initial mechanisms

Low ATP levels have an important initiating role in triggering a cascade of deleterious 

additional events. The cascade starts with an interplay between depolarization of the cell 

membrane, accumulation of extracellular glutamate and an increase in intracellular calcium 
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levels. Failure of ATP-dependent Na+-K+ pumps results in membrane depolarization which 

leads to subsequent opening of Ca2+ channels and excessive glutamate release. The increase 

in extracellular glutamate is enhanced by impaired ATP-dependent glutamate reuptake from 

the synaptic cleft by astrocytes and presynaptic neuronal endings. The increase in cytosolic 

calcium is further augmented by failure of ATP-dependent Ca2+ pumps and by activation of 

glutamate NMDA type receptor channels.

Glutamate excitotoxicity

Under normal conditions, intracellular neuronal glutamate levels are 1000-fold higher than 

the extracellular concentration. During the HI insult, membrane depolarization gives rise to 

a large release of glutamate from nerve endings and together with failure of ATP-dependent 

reuptake, extracellular glutamate levels are massively increased. Glutamate can act on three 

ionotropic receptors; the NMDA receptor which is an ion channel for Ca2+ and the AMPA and 

kainate receptors which are ion channels for Na+. In immature neurons, the AMPA receptor 

can also function as a Ca2+ channel. In addition, glutamate can also act via metabotropic glu-

tamate receptors, which are G protein-coupled receptors. The NMDA channel is considered 

the most crucial receptor for excitotoxic cell death after HI. Importantly, the influx of Ca2+ via 

the NMDA (and AMPA) receptor leads to a series of Ca2+-mediated events (see below).

Glutamate receptors, particularly the NMDA receptor are, like other neurotransmitter 

receptors, involved in normal brain development, e.g. regulation of neurite outgrowth, for-

mation of synapses, selective elimination of neurons and neuronal processes and functional 

organization of neuronal systems. Notably, the dense expression of glutamate receptors dur-

ing brain development and enhanced functioning of the receptors may become unintended 

mediators of excitotoxicity during HI. Indeed in the human brain, especially those regions 

that express high levels of glutamate receptors during development are regions extra vulner-

able to HI injury in the newborn (hippocampus, thalamus, basal ganglia).

Rise in intracellular calcium

The damaging effects of the massive increase in intracellular Ca2+ levels are multiple and 

affect the cell in a variety of ways. Several types of enzymes are dependent on Ca2+ for 

their activation, like phospholipases, proteases and nucleases; activation of these enzymes 

leads to degradation of membrane lipids, cellular proteins and cytoskeletal components, 

and of DNA. Furthermore, Ca2+ activates many enzymes involved in the formation of free 

radicals (see below). Excessive Ca2+ levels can also enter the mitochondrion which causes loss 

of mitochondrial membrane potential followed by impaired electron transport and further 

uncoupling of oxidative phosphorylation.
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Generation of free radicals

In both human neonates and in animal models of neonatal HI (lamb, piglet, rodents), the 

formation of free radicals and the increased expression of enzymes involved in formation of 

free radicals have been shown. Free radicals are highly reactive molecules with an unpaired 

electron, that can react with cellular components, especially with poly-unsaturated fatty 

acids of membrane lipids, which are highly abundant in brain membranes. The reaction 

of free radicals with these membrane components leads to peroxidation and ultimately to 

membrane injury. Furthermore, free radicals can react with and directly damage DNA and 

proteins and activate many other cellular cell death cascades.

Sources of free radicals

Important sources of free radicals in the brain are early reactive cells like microglia and 

neutrophils, which are involved in the inflammatory reaction evoked in the brain after HI 

(see below). Also in damaged neuronal cells, free radicals can be produced. One important 

cellular mechanism of free radical production after HI, is the ETC itself. When oxygen levels 

are low, electrons are not completely passaged through all members of the ETC complex, 

which results in the formation of the superoxide anion (O2
.-).

In addition, Ca2+ is involved in the activation of several enzymes which are involved in 

free radical formation. For instance, Ca2+ activates xanthine oxidase, the enzyme which 

catalyzes the oxidation of hypoxanthine to xanthine and uric acid with a resulting production 

of superoxide and hydrogen peroxide (H2O2).

Furthermore, Ca2+ activates phopholipases like phopholipase A2, which give rise to 

breakdown of membrane phospholipids and the release of arachidonic acid. Arachidonic 

acid is converted into prostaglandins and leukotriens by the enzymes cyclooxygenase and 

lipooxygenase with concomitant release of superoxide and H2O2.

In addition, Ca2+ is an important activator of the nitric oxide synthases (NOS), the enzymes 

involved in production of nitrogen mono-oxide (NO) during the conversion of L-arginine to 

L-citrulline. Three isoforms of NOS are known; two of them are constitutively expressed in 

neurons (nNOS) or endothelial cells (eNOS) and are dependent on Ca2+ for their activation. 

The inducible form of NOS (iNOS) is activated during inflammatory reactions in astrocytes, 

microglia and endothelial cells and is calcium-independent. NO can exist in a redox form 

called nitric oxide (NO.) which is a highly neurotoxic, free radical molecule. Toxicity of NO. 

becomes enhanced when it reacts with the superoxide anion to form peroxynitrite (ONOO-) 

which is another highly toxic molecule. Ferriero et al. (17) showed that neonatal mice lacking 

nNOS developed less brain injury in hippocampus and cortex than wildtype mice after HI. 

Iadecola et al. (18) showed a reduction in brain damage after middle cerebral artery occlusion 

(MCAO) in adult mice lacking iNOS. Huang et al. (19) showed that adult mice lacking eNOS 

had increased infarct sizes after MCAO. Thus, NO produced by nNOS and iNOS is mainly 
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described to be damaging after HI, whereas NO produced by eNOS is suggested to have 

beneficial vasodilatory actions which leads to preservation of cerebral perfusion.

Anti-oxidant defense mechanisms

The brain exerts several endogenous anti-oxidant defense mechanisms to fight high free 

radical levels. First of all, the enzyme superoxide dismutase (SOD) can convert the superoxide 

anion into H2O2. Secondly, H2O2 is detoxified by catalase and glutathione peroxidase into 

water and oxygen. Importantly, when catalase or glutathione peroxidase fail to reduce the 

generated H2O2 and when free iron (Fe2+) is available, the Fenton reaction takes place, which 

produces the highly toxic hydroxyl radical (OH.). Studies in neonatal animals and human 

neonates show that after HI, free iron is abundant, as iron-binding proteins become dam-

aged by free radicals or loose the ability to bind iron due to low pH. Additional defenses are 

provided by endogenous scavengers which include cholesterol, vitamin E, vitamin C and 

thio-containing compounds like glutathione.

After HI, cerebral free radicals levels are excessively increased and the anti-oxidative capac-

ity of the brain is exceeded. The immature brain is especially at risk to ‘oxidative stress’ as 

the expression of catalase and glutathione peroxidase is developmentally low in the perinatal 

period resulting in a limited capacity to detoxify hydrogen peroxide. In addition, non-protein-

bound-iron is more available in the neonatal than in the adult brain, partly because levels of 

transferrin are low which hampers sequestration of Fe2+. These latter observations put the 

neonatal brain at risk for excessive generation of the deadly hydroxyl radical. Importantly, 

especially the white matter is vulnerable to oxidative stress during development, as oligo-

dendroglia precursors have extremely low levels of catalase and glutathione peroxidase and 

contain high levels of free iron which is needed for their differentiation.

Inflammation

After a HI insult, it has been described that inflammatory mediators are produced in the brain 

and that immune cells are recruited to the brain (20-23). This cerebral inflammatory reaction 

contributes to the ongoing development of HI brain damage. Important key players seem to 

be the activation of microglia, which release free radicals like superoxide and NO., proteases 

and several cytokines. Especially, the cytokines TNF-α and IL-1β are upregulated in the brain 

after HI. Through activation of adhesion molecules, several other immune cells are recruited 

to the brain, including polymorphonuclear cells (PMN; especially neutrophils) (24,25) but also 

mononuclear cells (monocytes/phagocytes). These types of immune cells further enhance 

inflammation by excreting free radicals and cytokines. Besides cytokines, several chemokines 

and chemokine receptors are expressed after neonatal HI, like MIP-1α, MIP-1β, MIP2, MCP-1, 

RANTES, CCR1, CCR2 and CCR5 which are also involved in recruitment of immune cells to 

the brain (26-32). In asphyxiated human neonates, levels of cytokines like IL-1β, IL-6, IL-8, 
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TNF-α and IFN-γ in cerebrospinal fluid, are directly correlated to the severity of brain damage 

(33-36).

Mitochondrial impairment/ apoptotic cell death

Besides playing a very important role in the production of cellular energy, mitochondria are 

also recognized as the source of several potentially toxic proteins that have a normal function 

within the mitochondria but which become aversive when released from the mitochondria 

(37-39). Release of these pro-apoptotic mediators from the inner membrane space (IMS) of 

the mitochondrion to the cytosol is only possible when the outer mitochondrial membrane 

(OMM) becomes permeable. The routes to induce mitochondrial outer membrane permeabi-

lization, known as MOMP, are diverse (40).

MOMP induction

One of the routes to induce MOMP is the formation of pores in the OMM by members of the 

well-described Bcl-2 family, like Bax and Bak. The formation of these pores is tightly regulated 

by other pro-apoptotic Bcl-2 family members (see below).

Another route to MOMP is the formation of the permeabilization transition pore (PTP). 

These low conduction pores are normally present on contact sites of the OMM and inner 

mitochondrial membrane (IMM); i.e. via the VDAC channel and the ANT channel/ cyclo-

philin D protein, respectively. These pores normally allow contact between cytosol and 

mitochondrial matrix. By overload of Ca2+, the conduction of the pore becomes high, the 

mitochondrial matrix swells leading to rupture of the OMM and release of proteins from the 

IMS. Furthermore, the membrane potential over the IMM drops, leading to loss of oxidative 

phosphorylation and subsequent formation of free radicals. MOMP via the formation of PTP 

is described to be important during Ca2+ overload or high oxidative stress.

Caspase-dependent apoptotic routes

Caspase-dependent apoptosis consists of two main routes; the extrinsic pathway (receptor-

mediated) and the intrinsic pathway (mitochondrion-mediated) (39,41). Extrinsic induction 

of apoptosis involves so called death receptors, like TNF-R1 and Fas, which lead to autocleav-

age of initiator caspase 8 (or 10) with direct subsequent activation of important executioner 

caspases like caspase 3, 6 and 7. Caspase 8 is also involved in an indirect pathway which links 

the extrinsic and intrinsic caspase-dependent routes of cell death (42); caspase 8 can activate 

Bid, a member of the Bcl-2 family (see below) which has a role in inducing MOMP via its Bcl-2 

family relatives Bax and Bak.

Release of cytochrome c, one of the components of the ETC protein complex, from the 

IMS to the cytosol is the key characteristic of classical caspase-dependent apoptosis and is 

an important event in the intrinsic induction of apoptosis. Cytosolic cytochrome c associates 

with Apaf-1 and procaspase 9 and forms the apoptosome. In the apoptosome, procaspase 
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9 is activated to become initiator caspase 9, which in turn activates executioner caspases 

(mainly 3 and 7). Active caspase 3 and 7 induce subsequent activation of caspase-dependent 

DNAses (CAD), which will lead to chromatin condensation and DNA degradation.

Besides the classical pathway of apoptosis in which caspases play a critical role, recent 

studies show that there are other routes leading to apoptotic cell death which are caspase-

independent. Both caspase-dependent and caspase-independent pathways have been shown 

to play a role during HI (5,43-45).

Caspase-independent apoptotic routes

A key player in caspase-independent apoptosis is the protein apoptosis-inducing factor 

(AIF). This pathway is mainly triggered during excitotoxicity (46). As a result of oxidative 

and nitrosative stress during HI, DNA damage is induced, which leads to activation of poly 

(ADP-ribose) polymerase-1 (PARP-1), a DNA-damage sensing enzyme involved in DNA repair. 

PARP-1 activation leads to two detrimental events; PARP-1 causes poly-ADP ribosylation of 

many proteins using NAD+ as a substrate, thereby further depleting cellular energy stores. 

Second, PARP-1 causes AIF to be translocated from the IMS of the mitochondria to the 

nucleus, where AIF will act in chromatin condensation and DNA cleavage. Subsequently, AIF 

activation can also lead to cytochrome c release (47).

Bcl-2 family members

The Bcl-2 family of proteins consists of pro- and anti-apoptotic members and their interaction 

determines the death-survival balance within a cell (40). Bcl-2 family members each contain 

1 to 4 Bcl-2 homology domains (BH1-BH4) and can be divided in subgroups on these BH 

domains. The pro‑apoptotic members are divided in 2 groups; one group possesses BH1, 

BH2 and BH3 and consists of Bax and Bak. The other group is called the “BH-3 only” group 

and includes Bid, Bim, Bad, Bik, PUMA and several others. Anti‑apoptotic members like Bcl-2, 

Bcl-xL and Mcl-1 contain all 4 BH domains.

The most important apoptotic function of the first subgroup of the pro-apoptotic Bcl-2 

members (Bax and Bak) is their ion channel activity. Upon activation, these proteins have the 

ability to oligomerize in the OMM and form a pore, the so called Bax/Bak pore, which renders 

the OMM permeable to e.g. cytochrome c, which starts apoptosis.

Bax/Bak pore formation with subsequent MOMP must be triggered by the BH-3 only 

members Bid or Bim which are known as ‘direct activators’ and which are required for induc-

ing oligomerization. The other members like Bad, Bik and PUMA are known as ‘derepressors’, 

which competitively bind to the anti-apoptotic Bcl-2 members, thereby freeing the direct 

activator members from association with the anti-apoptotic members.

The anti-apoptotic Bcl-2 members, like Bcl-2 and Bcl-xL, are known as the guards of the 

OMM. These members bind and thereby inhibit the actions of both Bax and Bak in pore 

formation as well as the BH-3 only members in inducing the Bax/Bak pore.



General Introduction 21

p53 tumor suppressor protein

The p53 protein, a well-known tumor suppressor molecule, is another protein which plays 

an important role in neuronal apoptotic cell death (7). p53, known as the guardian of the 

genome, regulates DNA synthesis, DNA repair, cell cycle progression, senescence and cell 

death. Activated upon cell stress or DNA damage, p53 decides, depending on the severity of 

the stress or DNA damage, whether cell cycle arrest and repair or apoptosis is needed.

The p53 protein is a transcription factor that upregulates many pro-apoptotic target genes, 

like Bid, Bax, PUMA and Noxa. Besides that, p53 has transcription-independent actions, like 

mitochondrial translocation and direct activation of Bax/Bak pore formation (7,48).

G protein-coupled receptors and GrKs

Several molecules which contribute to the pathology of HI brain injury, like chemokines, 

neurotransmitters, neuropeptides and leukotriens, signal through well-described G protein-

coupled receptors (GPCR) (reviewed in 49,50). One of the characteristics of signaling through 

activated GPCR is that responsiveness of the GPCR to its agonist is actively turned off (desen‑

sitization) by GPCR kinases (GRKs). GRKs are involved in agonist-induced phosphorylation 

of GPCR which induces a rapid uncoupling of the receptor from the G protein, subsequent 

attenuation of signaling and receptor internalization. Desensitization and internalization of 

GPCR comprise an important regulatory process to ensure adequate signaling and to prevent 

damage by overstimulation of GCPR.

At this moment, seven members of the GRK family are known: GRK1 – 7. GRK2, which is 

highly expressed in the nervous system, is the most widely studied member of the GRK fam-

ily. Importantly, changes in the level of intracellular GRK2 can modulate signaling of group 

I metabotropic glutamate receptors (mGluR1 and mGluR5). For example, overexpression of 

GRK2 attenuates mGluR1-dependent cell death and signaling (51,52). In addition, GRK2 

has an important role in chemokine receptor regulation. GRK2 is known to control signaling 

through chemokine receptors which are involved in activation of microglia/macrophages like 

CCR2 and CCR5, and is involved in chemokine-induced migration and infiltration of inflam-

matory cells in vivo (53-56).

Besides regulating the responsiveness of cells via GPCR desensitization, GRK2 can also 

interfere with cellular function by direct interaction with intracellular signaling molecules 

like PI3 kinase, Akt, ERK MAP kinase (reviewed in 56; 57-58) and p38 MAP kinase (59). 

Moreover, several cytoskeletal proteins like ezrin and tubulin, have been reported to function 

as a functional substrate for GRK2 as well (60,61). Taken together, GRK2 can function as a 

pivotal molecule in the regulation of many receptors and downstream signaling molecules 

involved in cerebral HI. Therefore, we proposed that alterations in GRK2 expression may likely 

play a critical role in HI-induced brain damage.
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In vitro studies have shown that GRK2 levels can be modulated by cytokines and free 

radicals as well as via agonist-induced receptor triggering (62-67). In this respect, it is of 

interest that we could show that downregulation of GRK2 protein expression occurs after 

neonatal HI in rats in vivo (68), implying that GRK2 may play an important regulatory role in 

the pathophysiology of HI brain damage.

NeuroProteCtIve StrAteGIeS After NeoNAtAL HI

As many of the damaging mechanisms leading to HI brain injury start during the reperfusion 

period, so after the actual insult, there is a so-called ‘therapeutic window’; the possibility 

of a time interval after HI during which potential neuroprotective interventions might be 

efficacious in reducing the severity of ultimate brain injury. During the last years, great effort 

has been concentrated on the exploration of possible potent non-pharmacological and phar-

macological therapeutic strategies to combat HI brain injury. Many possible strategies are or 

have been under investigation in animal models of neonatal HI and several are described in 

short below (see also 12).

Non-pharmacological interventions

Hyperglycemia

Initial hypoglycemia is an important risk factor for the development of severe HI brain injury 

in term human infants (69). Although avoiding hypoglycemia and maintaining glucose 

within a normal range is nowadays a supportive strategy at the NICU, treatment with glucose 

(hyperglycemia) has led to controversial observations in animal studies.

Animal studies using adult experimental animals show that hyperglycemia (glucose-

pretreatment) superimposed on a HI insult exacerbates brain injury. These studies describe 

that hyperglycemia together with cerebral HI results in an enhanced anaerobic glycolytic 

degradation of glucose and a subsequent massive accumulation of brain lactate. In immature 

rodents subjected to HI, however, hyperglycemia (pre-treatment) prevents the occurrence of 

brain damage (70). In contrast to the adult brain, increase in brain lactate levels in immature 

animals is limited by several mechanisms: the immature brain has a basal lower capacity for 

glucose uptake because glucose transporter proteins (especially those in the blood brain 

barrier) are lower expressed than in the adult brain which limits glucose transport and utiliza-

tion of glucose. Furthermore, lactate is a preferred fuel in the neonatal brain and excessive 

lactate can be transported rapidly across the blood brain barrier in the immature animal. In 

contrast to immature rats, hyperglycemia in newborn piglets has been shown to increase HI 

damage (71). Additionally, when glucose was administrated after the HI insult in immature 

rats, brain damage was not prevented (72). Notably, hypoglycemia induced by insulin seems 
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to be detrimental in immature HI brain injury, whereas hypoglycemia induced by fasting gives 

a high degree of protection after cerebral HI damage (73).

Based on the experimental findings in animals, it appears that blood glucose levels should 

be maintained within a physiological range during and after a HI insult in the human neo-

nate. Hypoglycemia seems to be detrimental, but data regarding potential beneficial effects 

of hyperglycemia are controversial.

Hypothermia

Hypothermia (cooling of the brain by as little as 2-4ºC) appears to be the most reliable 

intervention at present for reducing the risk of death or disability in infants with brain injury 

(reviewed in 2,4,6,8). Also in experimental animal models, hypothermia after HI provides 

neuroprotection (74-78). However, its mechanism of action is mostly unknown. Hypotheses 

suggest that the treatment interrupts the biochemical cascades that result in cell death by 

reducing metabolic demands of the brain (a decrease in cerebral perfusion, oxygen con-

sumption and free radical accumulation). Furthermore, hypothermia is thought to inhibit 

glutamate release (79,80).

Multicenter trials with infants that have moderate to severe HI brain injury show that mild 

therapeutic hypothermia (systemic (whole-body) cooling or local (head) cooling) improves 

survival and decreases neurological impairments up to 18 months of age (81-85). Similar 

results have not been well-documented in preterm infants nor have effects beyond 18 

months been assessed. Further studies are needed before hypothermia can be recommended 

for general use in the NICU for infants with suspected brain injury. The therapeutic window 

for the use of hypothermia has yet to be defined, but appears to be 6 hours after the insult. 

Other issues as the ideal temperature for cooling, the best mode (head vs total body) and the 

duration of cooling need to be determined in future (86-91).

Pharmacological interventions

Excitatory amino acid antagonists

As glutamate excitotoxicity plays an important damaging role during HI brain damage, 

various pharmacological agents have been investigated that could either inhibit glutamate 

release or block its postsynaptic action. Whereas inhibitors of glutamate release from 

the nerve terminal (e.g. baclofen) have not been investigated widely, glutamate receptor 

antagonists have been extensively investigated in experimental animal models. The available 

NMDA antagonists include MK-801 (dizocilpine), magnesium, PCP, dextromethorphan and 

ketamine. MK-801 has been shown to be effective in reducing HI brain damage in both adult 

and neonatal animals (reviewed in 3,9). Data on the use of magnesium, which blocks influx 

of calcium through NMDA channels, are conflicting, probably by the fact that the effect of 

magnesium appears to be dependent on the maturation of the glutamate receptor system 
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in the developing brain. Moreover, in newborn rats administration of magnesium reduced HI 

brain injury, whereas, the administration of magnesium sulfate in piglets and fetal lambs did 

not influence HI brain damage.

Although many years NMDA and AMPA receptor antagonists (NBQX) have been sug-

gested to be the most potent drugs available to combat HI brain injury, nowadays it is known 

that the drugs have important adverse effects by triggering widespread apoptosis in the 

developing brain of rodents (4,92).

Calcium antagonists

As calcium is a regulator of numerous biochemical reactions after neonatal HI (see above), 

drugs have been tested that inhibit Ca2+ influx into neurons. The most important strategy to 

inhibit the massive influx of Ca2+ was to use calcium channel blockers, like flunarizine, nimo-

dipine and nicardipine. Although flunarizine and nimodipine appear efficacious in reducing 

the extent of HI brain damage in adult animals, marginal effects at best have been shown 

after neonatal HI and more importantly, several adverse effects were observed on heart rate 

and blood pressure.

Free radical inhibition and scavengers

One therapeutic approach for early destruction of oxygen free radicals has been adminis-

tration of the anti-oxidant enzymes superoxide dismutase (SOD) or catalase conjugated to 

polyethylene glycol. Although these enzymes are able to reduce HI brain damage in neonatal 

animal models, these agents only provide neuroprotection when administered several hours 

before the HI insult because of their poor uptake into the brain (9,93).

A second group of free radical inhibitors are agents that inhibit the enzyme xanthine oxi-

dase, like allopurinol and oxypurinol. These agents have been shown to protect the immature 

rat from HI brain damage and have been proven effective in several other animal studies 

(94-97). Also indomethacin, an inhibitor of cyclooxygenase and phospholipase, has been 

shown to ameliorate ischemic brain damage at least in adult animals and has been shown to 

reduce free radical formation after HI in newborn piglets (98,99).

A third group of free radical inhibitors target the formation of the hydroxyl radical from 

free iron during HI. Agents like deferoxamine (DFO) which are iron chelators, have been 

shown to partially reduce the severity of brain injury (97, 100-102).

A fourth group of agents concerns the prevention of NO. formation by inhibiting the NOS 

enzymes. Studies have been performed using selective and non-selective NOS inhibitors. 

Muramatsu et al. (103), Higuchi et al. (104) and Ishida et al. (105) described neuroprotec-

tive effects of 7-nitroindazole, a selective nNOS inhibitor, when administrated before HI in 

neonatal rodent models. Ferriero et al. (106) have shown that pre-elimination of nNOS in 

parenchymal neurons by pharmacological depletion with quisqualate, can decrease injury 

after HI. In addition, pre- and post-insult inhibition of iNOS with the selective inhibitor 
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aminoguanidine showed reduced infarct sizes in neonatal rats (104,107). Combination treat-

ment after the insult with 7-nitroindazole and aminoguanidine for inhibition of both nNOS 

and iNOS, resulted in improved long-term outcome after HI in 12-day-old rats (108). However, 

using a non-selective inhibitor of all NOS isoforms resulted in worsening of outcome after 

HI probably by adverse effects of inhibition of the eNOS isoform (109). From these studies, 

it has been concluded that NO production within endothelium may protect brain tissue, 

probably by hemodynamic mechanisms, whereas nNOS and iNOS activity may contribute to 

neurotoxicity.

Inflammation

Circulating inflammatory cells act as mediators of HI injury in the immature brain, presumably 

through the production of free radicals and cytokines (see above).

The important role of IL-1 was suggested from experimental observations in which admin-

istration of IL-1 receptor antagonist (IL-1RA) was associated with a reduction in HI brain injury 

in rodents (110-114). However, the role of inflammatory cytokines after HI is not completely 

clear; these molecules appear to exert both beneficial and deleterious effects after ischemia. 

For instance, TNF-R knockout mice were shown to have increased neuronal death after HI, 

suggesting a critical protective role for endogenous TNF (115). In addition, administration of 

exogenous IL-6 following ischemia by MCAO in adult rats, resulted in marked neuroprotec-

tion (116).

Neutropenia (depletion of neutrophils by administration of anti-neutrophil antibodies) has 

been shown to be neuroprotective in the neonatal rat model but only when applied before 

HI (24,25,117).

Minocycline, a synthetic tetracycline, has been shown to be neuroprotective in adult 

animal stroke models. It prevents the formation of activated caspase 3 and inhibits p38 MAP 

kinase, an important inducer of the inflammatory cascade in microglial cells (118-123).

Also platelet-activating factor (PAF), a potent phospholipid inflammatory mediator is 

synthesized in the brain after HI and is involved in inducing the expression of leukocyte 

adhesion molecules (25). Liu et al. (124) have shown in immature rats that the PAF antagonist 

BN52021 attenuates HI brain injury after both pre- and post-treatment.

Apoptosis

To directly inhibit apoptotic cell death after HI, several studies have aimed at inhibiting 

caspases. In adult mice, treatment with the pan-caspase inhibitors z-VAD.FMK and z-DEVD.

FMK reduced brain injury after MCAO (125). Han et al. (126) showed partial diminished 

neuronal death in neonatal rats after intracerebroventricular administration of M826, a 

selective caspase 3 inhibitor. Furthermore, Cheng et al. (127) showed neuroprotection with a 

pan-caspase inhibitor when given i.c.v. in neonatal P7 rats and Renolleau et al. (128) showed 

neuroprotection after i.p. administration of a broad-spectrum caspase inhibitor in P7 neonatal 
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rats. However, no definite effects of caspase inhibition by BAF, another pan-caspase inhibitor 

were observed by Joly et al. (129) in P7 rats after HI. In addition to caspase inhibitors, Yin 

et al. (130) showed that increased Bcl-xL expression by TAT-mediated protein delivery to the 

brain was neuroprotective in P7 neonatal rats after HI.

Because in general growth factors and other neurotrophic substances prevent apoptotic 

cell death, many have been studied for their potential neuroprotective effects. Several have 

been demonstrated valuable in various neonatal models of HI like insulin like growth factor 

(IGF-1), nerve growth factor (NGF), brain derived neurotrophic factor (BDNF) and growth 

hormone (GH). Whereas these growth factors may prevent apoptosis, there is evidence that 

they might potentiate necrotic cell death under some conditions (reviewed in 1).

ANIMAL ModeL of NeoNAtAL HI

In the experiments described in this thesis, the rodent model for neonatal HI as designed by 

Vannucci and Rice (131) was used to study mechanisms of HI brain injury and different thera-

peutic approaches. HI brain injury in this model is generated by a combination of unilateral 

carotid artery ligation and different duration times of systemic hypoxia.

It has been reported that brain development of the 10-14-day-old rat is comparable to 

that of the fullterm human neonate at a gestational age of 42 weeks human pregnancy 

(132,133). In this thesis, 3-day-old (P3) and 7-day-old rat pups (P7) were used; brain develop-

ment of P3 and P7 rat pups is comparable to that of a (more) preterm human neonate 

with a gestational age of 24-28 weeks and 30-34 weeks of human pregnancy respectively. 

Furthermore, HI brain injury in the adapted Vannucci and Rice model in P9 neonatal mice 

was studied.

outLINe of tHIS tHeSIS

At present, there still is no optimal effective therapeutical strategy to treat newborns who are 

at high risk of developing sustained HI brain injury. Available interventions are inadequately 

understood, show controversial results and/or are marginally effective. The experiments 

described in the first part of this thesis (Chapter 2-7) were designed to further unravel 

pathophysiological mechanisms that are involved in HI brain injury and to explore whether 

manipulation of these pathways might open up novel, more effective neuroprotective treat-

ment possibilities.

In Chapter 2, 3 and 4, the role of the transcription factor nuclear factor kappa B (NF-κB) in 

neonatal HI brain injury is described. NF-κB is a ubiquitously expressed transcription factor 
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that regulates expression of genes involved in inflammation, cell survival and apoptosis, 

which makes it a potent candidate for intervention on multiple cellular levels.

Chapter 2 describes the potent neuroprotective effect of early NF-κB inhibition on HI 

brain damage in P7 rats by post-HI administration of the well-described NF-κB inhibitor; 

TAT-NBD peptide. The therapeutic window of TAT-NBD is examined. The effect of early NF-κB 

inhibition is further outlined by investigating several markers involved in apoptotic cell death 

and inflammation.

In Chapter 3, the kinetics of cerebral NF-κB activation after HI in P7 rats are determined. 

The effect of different treatment schedules with TAT-NBD, e.g. early, prolonged or late admin-

istration after neonatal HI, is described on the level of brain injury, pro- and anti-apoptotic 

markers and cytokine production.

In Chapter 4 we explore the possibility that NF-κB inhibition by TAT-NBD after neonatal HI 

leads to a switching of transcription factor use. The possible consequence of activating the 

JNK/ AP-1 pathway for the observed cytokine production and brain injury, under conditions 

when NF-κB is inhibited, is delineated.

Chapter 5, 6 and 7 focus on the expression of the NOS enzymes and on the possible 

neuroprotective effects of the compound 2-iminobiotin (2-IB). Neuroprotective effects of 

2-IB, a compound previously suggested to inhibit both nNOS and iNOS, were already shown 

in a newborn piglet model for neonatal HI (134) and in P12 rat pups (135). We studied the 

neuroprotective and mechanistic effects of 2-IB in the more immature brain in more detail 

(Chapter 6 and 7).

Chapter 5 describes the expression of the NOS enzymes and nitrosylation of proteins in 

time during neonatal HI.

In Chapter 6, we explore the possible neuroprotective effects of 2-IB in P7 rats after HI. 

Importantly, effects of 2-IB on several read-outs of NO production both in vitro and in vivo are 

considered. The data presented in this chapter prompted us to revise the working mechanism 

of 2-IB. Furthermore, gender dimorphism in the use of apoptotic pathways after HI and the 

effect of 2-IB on brain damage in P7 rats is described.

Chapter 7 illustrates gender-dependent neuroprotective properties of 2-IB after HI in 

immature P3 rats. Additionally, expression levels of iNOS and the patterns of NT during 

gestation of the brain are shown.

Chapter 8 and 9 of this thesis focus on the important role of G protein-coupled receptors 

(GPCR) and the kinase GRK2 during neonatal HI brain damage. In these two chapters we 

examine the role of GRK2 during the development of HI brain injury.

In Chapter 8, the role of GRK2 in HI brain damage is studied by examining HI-induced 

development of cerebral damage in wildtype and GRK2 heterozygous knockout (GRK2+/-) P9 
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mice. The contribution of infiltrating neutrophils to HI brain injury is examined by depleting 

WT and GRK2+/- mice of neutrophils before inducing HI.

Chapter 9 focuses on the effect of low GRK2 on p38 MAP kinase activation and TNF-α 

production after HI in WT and GRK2+/- mice. Furthermore, the contribution of low GRK2 in 

microglial cells to brain damage and cytokine production after HI is determined in mice that 

express low levels of GRK2 only in microglial cells by using the CRE-Lox system.



General Introduction 29

refereNCeS

 1. Volpe JJ (2001) Neurology of the newborn. Philadelphia, W.B. Saunders, 4rd edition.

 2. Badr Zahr LK, Purdy I (2006) Brain injury in the infant: the old, the new, and the uncertain. J 

Perinat Neonatal Nurs 20: 163-175.

 3. Berger R, Garnier Y (1999) Pathophysiology of perinatal brain damage. Brain Res Brain Res Rev 

30: 107-134.

 4. Ferriero DM (2004) Neonatal brain injury. N Engl J Med 351: 1985-1995.

 5. Hagberg H (2004) Mitochondrial impairment in the developing brain after hypoxia-ischemia. J 

Bioenerg Biomembr 36: 369-373.

 6. Hamrick SE, Ferriero DM (2003) The injury response in the term newborn brain: can we neuropro-

tect? Curr Opin Neurol 16: 147-154.

 7. Culmsee C, Mattson MP (2005) p53 in neuronal apoptosis. Biochem Biophys Res Commun 331: 

761-777.

 8. Perlman JM (2006) Intervention strategies for neonatal hypoxic-ischemic cerebral injury. Clin Ther 

28: 1353-1365.

 9. Vannucci RC, Perlman JM (1997) Interventions for perinatal hypoxic-ischemic encephalopathy. 

Pediatrics 100: 1004-1014.

 10. Vannucci SJ, Hagberg H (2004) Hypoxia-ischemia in the immature brain. J Exp Biol 207: 

3149-3154.

 11. Vexler ZS, Ferriero DM (2001) Molecular and biochemical mechanisms of perinatal brain injury. 

Semin Neonatol 6: 99-108.

 12. Groenendaal F, van Bel F (2007) Neuroprotection after perinatal asphyxia: Recent advances and 

future perspectives. Mechanisms of Hypoxic Brain Injury in the Newborn and Potential Strategies 

for Neuroprotection; Chapter 5: 77-97, Kerala India, Transworld Research Network.

 13. de Vries LS, Groenendaal F (2002) Neuroimaging in the preterm infant. Ment Retard Dev Disabil 

Res Rev 8: 273-280.

 14. de Vries LS, Eken P, Dubowitz LM (1992) The spectrum of leukomalacia using cranial ultrasound. 

Behav Brain Res 49: 1-6.

 15. Back SA (2006) Perinatal white matter injury: the changing spectrum of pathology and emerging 

insights into pathogenetic mechanisms. Ment Retard Dev Disabil Res Rev 12: 129-140.

 16. Folkerth RD (2006) Periventricular leukomalacia: overview and recent findings. Pediatr Dev Pathol 

9: 3-13.

 17. Ferriero DM, Holtzman DM, Black SM, Sheldon RA (1996) Neonatal mice lacking neuronal nitric 

oxide synthase are less vulnerable to hypoxic-ischemic injury. Neurobiol Dis 3: 64-71.

 18. Iadecola C, Zhang F, Casey R, Nagayama M, Ross ME (1997) Delayed reduction of ischemic brain 

injury and neurological deficits in mice lacking the inducible nitric oxide synthase gene. J Neurosci 

17: 9157-9164.

 19. Huang Z, Huang PL, Ma J, Meng W, Ayata C, Fishman MC, Moskowitz MA (1996) Enlarged 

infarcts in endothelial nitric oxide synthase knockout mice are attenuated by nitro-L-arginine. J 

Cereb Blood Flow Metab 16: 981-987.

 20. Silverstein FS, Barks JD, Hagan P, Liu XH, Ivacko J, Szaflarski J (1997) Cytokines and perinatal brain 

injury. Neurochem Int 30: 375-383.

 21. Bona E, Andersson AL, Blomgren K, Gilland E, Puka-Sundvall M, Gustafson K, Hagberg H (1999) 

Chemokine and inflammatory cell response to hypoxia-ischemia in immature rats. Pediatr Res 45: 

500-509.



C
ha

pt
er

  1

30

 22. Hedtjarn M, Leverin AL, Eriksson K, Blomgren K, Mallard C, Hagberg H (2002) Interleukin-18 

involvement in hypoxic-ischemic brain injury. J Neurosci 22: 5910-5919.

 23. Cowell RM, Silverstein FS (2003) Developmental changes in the expression of chemokine receptor 

CCR1 in the rat cerebellum. J Comp Neurol 457: 7-23.

 24. Hudome S, Palmer C, Roberts RL, Mauger D, Housman C, Towfighi J (1997) The role of neutrophils 

in the production of hypoxic-ischemic brain injury in the neonatal rat. Pediatr Res 41: 607-616.

 25. Palmer C (1995) Hypoxic-ischemic encephalopathy. Therapeutic approaches against microvascular 

injury, and role of neutrophils, PAF, and free radicals. Clin Perinatol 22: 481-517.

 26. Galasso JM, Miller MJ, Cowell RM, Harrison JK, Warren JS, Silverstein FS (2000a) Acute excitotoxic 

injury induces expression of monocyte chemoattractant protein-1 and its receptor, CCR2, in 

neonatal rat brain. Exp Neurol 165: 295-305.

 27. Galasso JM, Liu Y, Szaflarski J, Warren JS, Silverstein FS (2000b) Monocyte chemoattractant pro-

tein-1 is a mediator of acute excitotoxic injury in neonatal rat brain. Neuroscience 101: 737-744.

 28. Cowell RM, Xu H, Galasso JM, Silverstein FS (2002) Hypoxic-ischemic injury induces macrophage 

inflammatory protein-1alpha expression in immature rat brain. Stroke 33: 795-801.

 29. Cowell RM, Xu H, Parent JM, Silverstein FS (2006) Microglial expression of chemokine receptor 

CCR5 during rat forebrain development and after perinatal hypoxia-ischemia. J Neuroimmunol 

173: 155-165.

 30. Xu H, Barks JD, Schielke GP, Silverstein FS (2001) Attenuation of hypoxia-ischemia-induced mono-

cyte chemoattractant protein-1 expression in brain of neonatal mice deficient in interleukin-1 

converting enzyme. Brain Res Mol Brain Res 90: 57-67.

 31. Ivacko J, Szaflarski J, Malinak C, Flory C, Warren JS, Silverstein FS (1997) Hypoxic-ischemic injury 

induces monocyte chemoattractant protein-1 expression in neonatal rat brain. J Cereb Blood Flow 

Metab 17: 759-770.

 32. Kremlev SG, Roberts RL, Palmer C (2007) Minocycline modulates chemokine receptors but 

not interleukin-10 mRNA expression in hypoxic-ischemic neonatal rat brain. J Neurosci Res 85: 

2450-2459.

 33. Schmitz T, Heep A, Groenendaal F, Huseman D, Kie S, Bartmann P, Obladen M, Felderhoff-Muser 

U (2007) Interleukin-1beta, interleukin-18, and interferon-gamma expression in the cerebrospinal 

fluid of premature infants with posthemorrhagic hydrocephalus--markers of white matter dam-

age? Pediatr Res 61: 722-726.

 34. Aly H, Khashaba MT, El-Ayouty M, El-Sayed O, Hasanein BM (2006) IL-1beta, IL-6 and TNF-alpha 

and outcomes of neonatal hypoxic ischemic encephalopathy. Brain Dev 28: 178-182.

 35. Savman K, Blennow M, Gustafson K, Tarkowski E, Hagberg H (1998) Cytokine response in cere-

brospinal fluid after birth asphyxia. Pediatr Res 43: 746-751.

 36. Silveira RC, Procianoy RS (2003) Interleukin-6 and tumor necrosis factor-alpha levels in plasma 

and cerebrospinal fluid of term newborn infants with hypoxic-ischemic encephalopathy. J Pediatr 

143: 625-629.

 37. Krantic S, Mechawar N, Reix S, Quirion R (2005) Molecular basis of programmed cell death 

involved in neurodegeneration. Trends Neurosci 28: 670-676.

 38. Saelens X, Festjens N, Vande Walle L, van Gurp M, van Loo G, Vandenabeele P (2004) Toxic 

proteins released from mitochondria in cell death. Oncogene 23: 2861-2874.

 39. Lavrik I, Golks A, Krammer PH (2005) Death receptor signaling. J Cell Sci 118: 265-267.

 40. Bouchier-Hayes L, Lartigue L, Newmeyer DD (2005) Mitochondria: pharmacological manipulation 

of cell death. J Clin Invest 115: 2640-2647.



General Introduction 31

 41. Henry-Mowatt J, Dive C, Martinou JC, James D (2004) Role of mitochondrial membrane permea-

bilization in apoptosis and cancer. Oncogene 23: 2850-2860.

 42. Zamzami N, Kroemer G (2003) Apoptosis: mitochondrial membrane permeabilization--the (w)

hole story? Curr Biol 13:R71-R73.

 43. Cao G, Clark RS, Pei W, Yin W, Zhang F, Sun FY, Graham SH, Chen J (2003) Translocation of 

apoptosis-inducing factor in vulnerable neurons after transient cerebral ischemia and in neuronal 

cultures after oxygen-glucose deprivation. J Cereb Blood Flow Metab 23: 1137-1150.

 44. Plesnila N, Zhu C, Culmsee C, Groger M, Moskowitz MA, Blomgren K (2004) Nuclear transloca-

tion of apoptosis-inducing factor after focal cerebral ischemia. J Cereb Blood Flow Metab 24: 

458-466.

 45. Zhu C, Qiu L, Wang X, Hallin U, Cande C, Kroemer G, Hagberg H, Blomgren K (2003) Involvement 

of apoptosis-inducing factor in neuronal death after hypoxia-ischemia in the neonatal rat brain. J 

Neurochem 86: 306-317.

 46. Cregan SP, Dawson VL, Slack RS (2004) Role of AIF in caspase-dependent and caspase-independent 

cell death. Oncogene 23: 2785-2796.

 47. Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ, Federoff HJ, Poirier GG, Dawson TM, Dawson 

VL (2002) Mediation of poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-

inducing factor. Science 297: 259-263.

 48. Culmsee C, Siewe J, Junker V, Retiounskaia M, Schwarz S, Camandola S, El-Metainy S, Behnke H, 

Mattson MP, Krieglstein J (2003) Reciprocal inhibition of p53 and nuclear factor-kappaB transcrip-

tional activities determines cell survival or death in neurons. J Neurosci 23: 8586-8595.

 49. Pitcher JA, Freedman NJ, Lefkowitz RJ (1998a) G protein-coupled receptor kinases. Annu Rev 

Biochem 67: 653-92.:653-692.

 50. Lefkowitz RJ (1998) G protein-coupled receptors. III. New roles for receptor kinases and beta-

arrestins in receptor signaling and desensitization. J Biol Chem 273: 18677-18680.

 51. Dhami GK, Anborgh PH, Dale LB, Sterne-Marr R, Ferguson SS (2002) Phosphorylation-independent 

regulation of metabotropic glutamate receptor signaling by G protein-coupled receptor kinase 2. 

J Biol Chem 277: 25266-25272.

 52. Sorensen SD, Conn PJ (2003) G protein-coupled receptor kinases regulate metabotropic gluta-

mate receptor 5 function and expression. Neuropharmacology 44: 699-706.

 53. Fan J, Malik AB (2003) Toll-like receptor-4 (TLR4) signaling augments chemokine-induced neu-

trophil migration by modulating cell surface expression of chemokine receptors. Nat Med 9: 

315-321.

 54. Vroon A, Heijnen CJ, Lombardi MS, Cobelens PM, Mayor F, Jr., Caron MG, Kavelaars A (2004) 

Reduced GRK2 level in T cells potentiates chemotaxis and signaling in response to CCL4. J Leukoc 

Biol 75: 901-909.

 55. Vroon A, Kavelaars A, Limmroth V, Lombardi MS, Goebel MU, Van Dam AM, Caron MG, 

Schedlowski M, Heijnen CJ (2005) G protein-coupled receptor kinase 2 in multiple sclerosis and 

experimental autoimmune encephalomyelitis. J Immunol 174: 4400-4406.

 56. Vroon A, Heijnen CJ, Kavelaars A (2006) GRKs and arrestins: regulators of migration and inflam-

mation. J Leukoc Biol 80: 1214-1221.

 57. Ribas C, Penela P, Murga C, Salcedo A, Garcia-Hoz C, Jurado-Pueyo M, Aymerich I, Mayor F, Jr. 

(2007) The G protein-coupled receptor kinase (GRK) interactome: role of GRKs in GPCR regula-

tion and signaling. Biochim Biophys Acta 1768: 913-922.



C
ha

pt
er

  1

32

 58. Kleibeuker W, Jurado-Pueyo M, Murga C, Eijkelkamp N, Mayor F, Jr., Heijnen CJ, Kavelaars A 

(2008) Physiological changes in GRK2 regulate CCL2-induced signaling to ERK1/2 and Akt but 

not to MEK1/2 and calcium. J Neurochem 104: 979–992.

 59. Peregrin S, Jurado-Pueyo M, Campos PM, Sanz-Moreno V, Ruiz-Gomez A, Crespo P, Mayor F, 

Jr., Murga C (2006) Phosphorylation of p38 by GRK2 at the docking groove unveils a novel 

mechanism for inactivating p38MAPK. Curr Biol 16: 2042-2047.

 60. Pitcher JA, Hall RA, Daaka Y, Zhang J, Ferguson SS, Hester S, Miller S, Caron MG, Lefkowitz RJ, 

Barak LS (1998b) The G protein-coupled receptor kinase 2 is a microtubule-associated protein 

kinase that phosphorylates tubulin. J Biol Chem 273: 12316-12324.

 61. Cant SH, Pitcher JA (2005) G protein-coupled receptor kinase 2-mediated phosphorylation of 

ezrin is required for G protein-coupled receptor-dependent reorganization of the actin cytoskel-

eton. Mol Biol Cell 16: 3088-3099.

 62. Lombardi MS, Kavelaars A, Schedlowski M, Bijlsma JW, Okihara KL, Van de Pol M, Ochsmann S, 

Pawlak C, Schmidt RE, Heijnen CJ (1999) Decreased expression and activity of G-protein-coupled 

receptor kinases in peripheral blood mononuclear cells of patients with rheumatoid arthritis. 

FASEB J 13: 715-725.

 63. Lombardi MS, Kavelaars A, Penela P, Scholtens EJ, Roccio M, Schmidt RE, Schedlowski M, Mayor 

F, Jr., Heijnen CJ (2002) Oxidative stress decreases G protein-coupled receptor kinase 2 in lympho-

cytes via a calpain-dependent mechanism. Mol Pharmacol 62: 379-388.

 64. Lombardi MS, Vroon A, Sodaar P, van Muiswinkel FL, Heijnen CJ, Kavelaars A (2007) Down-

regulation of GRK2 after oxygen and glucose deprivation in rat hippocampal slices: role of the 

PI3-kinase pathway. J Neurochem 102: 731-740.

 65. Ramos-Ruiz R, Penela P, Penn RB, Mayor F, Jr. (2000) Analysis of the human G protein-coupled 

receptor kinase 2 (GRK2) gene promoter: regulation by signal transduction systems in aortic 

smooth muscle cells. Circulation 101: 2083-2089.

 66. Cobelens PM, Kavelaars A, Heijnen CJ, Ribas C, Mayor F, Jr., Penela P (2007) Hydrogen peroxide 

impairs GRK2 translation via a calpain-dependent and cdk1-mediated pathway. Cell Signal 19: 

269-277.

 67. Arraes SM, Freitas MS, da Silva SV, de Paula Neto HA, ves-Filho JC, Auxiliadora MM, Basile-Filho 

A, Tavares-Murta BM, Barja-Fidalgo C, Cunha FQ (2006) Impaired neutrophil chemotaxis in sepsis 

associates with GRK expression and inhibition of actin assembly and tyrosine phosphorylation. 

Blood 108: 2906-2913.

 68. Lombardi MS, van den Tweel E, Kavelaars A, Groenendaal F, van Bel F, Heijnen CJ (2004) Hypoxia/

ischemia modulates G protein-coupled receptor kinase 2 and beta-arrestin-1 levels in the neonatal 

rat brain. Stroke 35: 981-986.

 69. Salhab WA, Wyckoff MH, Laptook AR, Perlman JM (2004) Initial hypoglycemia and neonatal brain 

injury in term infants with severe fetal acidemia. Pediatrics 114: 361-366.

 70. Vannucci RC, Mujsce DJ (1992) Effect of glucose on perinatal hypoxic-ischemic brain damage. Biol 

Neonate 62: 215-224.

 71. LeBlanc MH, Huang M, Vig V, Patel D, Smith EE (1993) Glucose affects the severity of hypoxic-

ischemic brain injury in newborn pigs. Stroke 24: 1055-1062.

 72. Sheldon RA, Partridge JC, Ferriero DM (1992) Postischemic hyperglycemia is not protective to the 

neonatal rat brain. Pediatr Res 32: 489-493.

 73. Yager JY, Heitjan DF, Towfighi J, Vannucci RC (1992) Effect of insulin-induced and fasting hypo-

glycemia on perinatal hypoxic-ischemic brain damage. Pediatr Res 31: 138-142.



General Introduction 33

 74. Thoresen M, Penrice J, Lorek A, Cady EB, Wylezinska M, Kirkbride V, Cooper CE, Brown GC, 

Edwards AD, Wyatt JS et al. (1995) Mild hypothermia after severe transient hypoxia-ischemia 

ameliorates delayed cerebral energy failure in the newborn piglet. Pediatr Res 37: 667-670.

 75. Laptook AR, Corbett RJ, Sterett R, Burns DK, Tollefsbol G, Garcia D (1994) Modest hypothermia 

provides partial neuroprotection for ischemic neonatal brain. Pediatr Res 35: 436-442.

 76. Laptook AR, Corbett RJ, Sterett R, Burns DK, Garcia D, Tollefsbol G (1997) Modest hypothermia 

provides partial neuroprotection when used for immediate resuscitation after brain ischemia. 

Pediatr Res 42: 17-23.

 77. Gunn AJ, Gunn TR, de Haan HH, Williams CE, Gluckman PD (1997) Dramatic neuronal rescue 

with prolonged selective head cooling after ischemia in fetal lambs. J Clin Invest 99: 248-256.

 78. Nedelcu J, Klein MA, Aguzzi A, Martin E (2000) Resuscitative hypothermia protects the neonatal 

rat brain from hypoxic-ischemic injury. Brain Pathol 10: 61-71.

 79. Compagnoni G, Pogliani L, Lista G, Castoldi F, Fontana P, Mosca F (2002) Hypothermia reduces 

neurological damage in asphyxiated newborn infants. Biol Neonate 82: 222-227.

 80. Thoresen M, Whitelaw A (2005) Therapeutic hypothermia for hypoxic-ischaemic encephalopathy 

in the newborn infant. Curr Opin Neurol 18: 111-116.

 81. Gluckman PD, Gunn AJ, Wyatt JS (2006) Hypothermia for neonates with hypoxic-ischemic 

encephalopathy. N Engl J Med 354: 1643-1645.

 82. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan EF, Fanaroff AA, 

Poole WK, Wright LL, Higgins RD, Finer NN, Carlo WA, Duara S, Oh W, Cotten CM, Stevenson 

DK, Stoll BJ, Lemons JA, Guillet R, Jobe AH (2005) Whole-body hypothermia for neonates with 

hypoxic-ischemic encephalopathy. N Engl J Med 353: 1574-1584.

 83. Battin M, Bennet L, Gunn AJ (2004) Rebound seizures during rewarming. Pediatrics 114: 1369.

 84. Inder TE, Hunt RW, Morley CJ, Coleman L, Stewart M, Doyle LW, Jacobs SE (2004) Randomized 

trial of systemic hypothermia selectively protects the cortex on MRI in term hypoxic-ischemic 

encephalopathy. J Pediatr 145: 835-837.

 85. Higgins RD, Raju TN, Perlman J, Azzopardi DV, Blackmon lR, Clark RH, Edwards AD, Ferriero 

DM, Gluckman PD, Gunn AJ, Jacobs SE, Eicher DJ, Jobe AH, Laptook AR, LeBlanc MH, Palmer C, 

Shankaran S, Soll RF, Stark AR, Thoresen M, Wyatt J (2006) Hypothermia and perinatal asphyxia: 

executive summary of the National Institute of Child Health and Human Development workshop. 

J Pediatr 148: 170-175.

 86. Shankaran S, Laptook AR (2007) Hypothermia as a treatment for birth asphyxia. Clin Obstet 

Gynecol 50: 624-635.

 87. Gunn AJ, Gluckman PD (2007) Head cooling for neonatal encephalopathy: the state of the art. 

Clin Obstet Gynecol 50: 636-651.

 88. Schulzke SM, Rao S, Patole SK (2007) A systematic review of cooling for neuroprotection in 

neonates with hypoxic ischemic encephalopathy - are we there yet? BMC Pediatr 7: 30.:30.

 89. Shah PS, Ohlsson A, Perlman M (2007) Hypothermia to treat neonatal hypoxic ischemic enceph-

alopathy: systematic review. Arch Pediatr Adolesc Med 161: 951-958.

 90. Jacobs S, Hunt R, Tarnow-Mordi W, Inder T, Davis P (2007) Cooling for newborns with hypoxic 

ischaemic encephalopathy. Cochrane Database Syst RevCD003311.

 91. Kirpalani H, Barks J, Thorlund K, Guyatt G (2007) Cooling for neonatal hypoxic ischemic enceph-

alopathy: do we have the answer? Pediatrics 120: 1126-1130.

 92. Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J, Dikranian K, Tenkova TI, Stefovska V, 

Turski L, Olney JW (1999) Blockade of NMDA receptors and apoptotic neurodegeneration in the 

developing brain. Science 283: 70-74.



C
ha

pt
er

  1

34

 93. Shimizu K, Rajapakse N, Horiguchi T, Payne RM, Busija DW (2003) Protective effect of a new 

nonpeptidyl mimetic of SOD, M40401, against focal cerebral ischemia in the rat. Brain Res 963: 

8-14.

 94. Palmer C, Vannucci RC, Towfighi J (1990) Reduction of perinatal hypoxic-ischemic brain damage 

with allopurinol. Pediatr Res 27: 332-336.

 95. Palmer C, Towfighi J, Roberts RL, Heitjan DF (1993) Allopurinol administered after inducing 

hypoxia-ischemia reduces brain injury in 7-day-old rats. Pediatr Res 33: 405-411.

 96. van Bel F, Shadid M, Moison RM, Dorrepaal CA, Fontijn J, Monteiro L, Van De Bor M, Berger HM 

(1998) Effect of allopurinol on postasphyxial free radical formation, cerebral hemodynamics, and 

electrical brain activity. Pediatrics 101: 185-193.

 97. Peeters-Scholte C, Braun K, Koster J, Kops N, Blomgren K, Buonocore G, van Buul-Offers S, 

Hagberg H, Nicolay K, van Bel F, Groenendaal F (2003) Effects of allopurinol and deferoxamine 

on reperfusion injury of the brain in newborn piglets after neonatal hypoxia-ischemia. Pediatr Res 

54: 516-522.

 98. Sasaki T, Nakagomi T, Kirino T, Tamura A, Noguchi M, Saito I, Takakura K (1988) Indometha-

cin ameliorates ischemic neuronal damage in the gerbil hippocampal CA1 sector. Stroke 19: 

1399-1403.

 99. Pourcyrous M, Leffler CW, Bada HS, Korones SB, Busija DW (1993) Brain superoxide anion gen-

eration in asphyxiated piglets and the effect of indomethacin at therapeutic dose. Pediatr Res 34: 

366-369.

 100. Palmer C, Roberts RL, Bero C (1994) Deferoxamine posttreatment reduces ischemic brain injury in 

neonatal rats. Stroke 25: 1039-1045.

 101. Sarco DP, Becker J, Palmer C, Sheldon RA, Ferriero DM (2000) The neuroprotective effect of 

deferoxamine in the hypoxic-ischemic immature mouse brain. Neurosci Lett 282: 113-116.

 102. Mu D, Chang YS, Vexler ZS, Ferriero DM (2005) Hypoxia-inducible factor 1alpha and erythropoi-

etin upregulation with deferoxamine salvage after neonatal stroke. Exp Neurol 195: 407-415.

 103. Muramatsu K, Sheldon RA, Black SM, Tauber M, Ferriero DM (2000) Nitric oxide synthase activity 

and inhibition after neonatal hypoxia ischemia in the mouse brain. Brain Res Dev Brain Res 123: 

119-127.

 104. Higuchi Y, Hattori H, Kume T, Tsuji M, Akaike A, Furusho K (1998) Increase in nitric oxide in the 

hypoxic-ischemic neonatal rat brain and suppression by 7-nitroindazole and aminoguanidine. Eur 

J Pharmacol %19;342: 47-49.

 105. Ishida A, Trescher WH, Lange MS, Johnston MV (2001) Prolonged suppression of brain nitric oxide 

synthase activity by 7-nitroindazole protects against cerebral hypoxic-ischemic injury in neonatal 

rat. Brain Dev 23: 349-354.

 106. Ferriero DM, Sheldon RA, Black SM, Chuai J (1995) Selective destruction of nitric oxide synthase 

neurons with quisqualate reduces damage after hypoxia-ischemia in the neonatal rat. Pediatr Res 

38: 912-918.

 107. Tsuji M, Higuchi Y, Shiraishi K, Kume T, Akaike A, Hattori H (2000) Protective effect of aminoguani-

dine on hypoxic-ischemic brain damage and temporal profile of brain nitric oxide in neonatal rat. 

Pediatr Res 47: 79-83.

 108. van den Tweel ER, Peeters-Scholte CM, van Bel F, Heijnen CJ, Groenendaal F (2002) Inhibition of 

nNOS and iNOS following hypoxia-ischaemia improves long-term outcome but does not influence 

the inflammatory response in the neonatal rat brain. Dev Neurosci 24: 389-395.

 109. Yamamoto S, Golanov EV, Berger SB, Reis DJ (1992) Inhibition of nitric oxide synthesis increases 

focal ischemic infarction in rat. J Cereb Blood Flow Metab 12: 717-726.



General Introduction 35

 110. Martin D, Chinookoswong N, Miller G (1994) The interleukin-1 receptor antagonist (rhIL-1ra) pro-

tects against cerebral infarction in a rat model of hypoxia-ischemia. Exp Neurol 130: 362-367.

 111. Hagan P, Barks JD, Yabut M, Davidson BL, Roessler B, Silverstein FS (1996) Adenovirus-mediated 

over-expression of interleukin-1 receptor antagonist reduces susceptibility to excitotoxic brain 

injury in perinatal rats. Neuroscience 75: 1033-1045.

 112. Loddick SA, Rothwell NJ (1996) Neuroprotective effects of human recombinant interleukin-1 

receptor antagonist in focal cerebral ischaemia in the rat. J Cereb Blood Flow Metab 16: 

932-940.

 113. Loddick SA, Wong ML, Bongiorno PB, Gold PW, Licinio J, Rothwell NJ (1997) Endogenous inter-

leukin-1 receptor antagonist is neuroprotective. Biochem Biophys Res Commun 234: 211-215.

 114. Mulcahy NJ, Ross J, Rothwell NJ, Loddick SA (2003) Delayed administration of interleukin-1 

receptor antagonist protects against transient cerebral ischaemia in the rat. Br J Pharmacol 140: 

471-476.

 115. Bruce AJ, Boling W, Kindy MS, Peschon J, Kraemer PJ, Carpenter MK, Holtsberg FW, Mattson MP 

(1996) Altered neuronal and microglial responses to excitotoxic and ischemic brain injury in mice 

lacking TNF receptors. Nat Med 2: 788-794.

 116. Loddick SA, Turnbull AV, Rothwell NJ (1998) Cerebral interleukin-6 is neuroprotective during 

permanent focal cerebral ischemia in the rat. J Cereb Blood Flow Metab 18: 176-179.

 117. Palmer C, Roberts RL, Young PI (2004) Timing of neutrophil depletion influences long-term 

neuroprotection in neonatal rat hypoxic-ischemic brain injury. Pediatr Res 55: 549-556.

 118. Tikka T, Usenius T, Tenhunen M, Keinanen R, Koistinaho J (2001) Tetracycline derivatives and 

ceftriaxone, a cephalosporin antibiotic, protect neurons against apoptosis induced by ionizing 

radiation. J Neurochem 78: 1409-1414.

 119. Lin S, Zhang Y, Dodel R, Farlow MR, Paul SM, Du Y (2001) Minocycline blocks nitric oxide-induced 

neurotoxicity by inhibition p38 MAP kinase in rat cerebellar granule neurons. Neurosci Lett 315: 

61-64.

 120. Liu Z, Fan Y, Won SJ, Neumann M, Hu D, Zhou L, Weinstein PR, Liu J (2007) Chronic treatment 

with minocycline preserves adult new neurons and reduces functional impairment after focal 

cerebral ischemia. Stroke 38: 146-152.

 121. Fan LW, Lin S, Pang Y, Rhodes PG, Cai Z (2006) Minocycline attenuates hypoxia-ischemia-induced 

neurological dysfunction and brain injury in the juvenile rat. Eur J Neurosci 24: 341-350.

 122. Hewlett KA, Corbett D (2006) Delayed minocycline treatment reduces long-term functional 

deficits and histological injury in a rodent model of focal ischemia. Neuroscience 141: 27-33.

 123. Neumann J, Gunzer M, Gutzeit HO, Ullrich O, Reymann KG, Dinkel K (2006) Microglia provide 

neuroprotection after ischemia. FASEB J 20: 714-716.

 124. Liu XH, Eun BL, Barks JD (2001) Platelet-activating factor antagonist BN 50730 attenuates 

hypoxic-ischemic brain injury in neonatal rats. Pediatr Res 49: 804-811.

 125. Endres M, Namura S, Shimizu-Sasamata M, Waeber C, Zhang L, Gomez-Isla T, Hyman BT, 

Moskowitz MA (1998) Attenuation of delayed neuronal death after mild focal ischemia in mice 

by inhibition of the caspase family. J Cereb Blood Flow Metab 18: 238-247.

 126. Han BH, Xu D, Choi J, Han Y, Xanthoudakis S, Roy S, Tam J, Vaillancourt J, Colucci J, Siman R, 

Giroux A, Robertson GS, Zamboni R, Nicholson DW, Holtzman DM (2002) Selective, reversible 

caspase-3 inhibitor is neuroprotective and reveals distinct pathways of cell death after neonatal 

hypoxic-ischemic brain injury. J Biol Chem 277: 30128-30136.



C
ha

pt
er

  1

36

 127. Cheng Y, Deshmukh M, D’Costa A, Demaro JA, Gidday JM, Shah A, Sun Y, Jacquin MF, Johnson 

EM, Holtzman DM (1998) Caspase inhibitor affords neuroprotection with delayed administration 

in a rat model of neonatal hypoxic-ischemic brain injury. J Clin Invest 101: 1992-1999.

 128. Renolleau S, Fau S, Goyenvalle C, Joly LM, Chauvier D, Jacotot E, Mariani J, Charriaut-Marlangue 

C (2007) Specific caspase inhibitor Q-VD-OPh prevents neonatal stroke in P7 rat: a role for gender. 

J Neurochem 100: 1062-1071.

 129. Joly LM, Mucignat V, Mariani J, Plotkine M, Charriaut-Marlangue C (2004) Caspase inhibition 

after neonatal ischemia in the rat brain. J Cereb Blood Flow Metab 24: 124-131.

 130. Yin W, Cao G, Johnnides MJ, Signore AP, Luo Y, Hickey RW, Chen J (2006) TAT-mediated delivery 

of Bcl-xL protein is neuroprotective against neonatal hypoxic-ischemic brain injury via inhibition 

of caspases and AIF. Neurobiol Dis 21: 358-371.

 131. Rice JE, III, Vannucci RC, Brierley JB (1981) The influence of immaturity on hypoxic-ischemic brain 

damage in the rat. Ann Neurol 9: 131-141.

 132. Hagberg H, Ichord R, Palmer C, Yager JY, Vannucci SJ (2002) Animal models of developmental 

brain injury: relevance to human disease. A summary of the panel discussion from the Third 

Hershey Conference on Developmental Cerebral Blood Flow and Metabolism. Dev Neurosci 24: 

364-366.

 133. Romijn HJ, Hofman MA, Gramsbergen A (1991) At what age is the developing cerebral cortex of 

the rat comparable to that of the full-term newborn human baby? Early Hum Dev 26: 61-67.

 134. Peeters-Scholte C, Koster J, Veldhuis W, van den Tweel E, Zhu C, Kops N, Blomgren K, Bar D, 

van Buul-Offers S, Hagberg H, Nicolay K, van Bel F, Groenendaal F (2002) Neuroprotection by 

selective nitric oxide synthase inhibition at 24 hours after perinatal hypoxia-ischemia. Stroke 33: 

2304-2310.

 135. van den Tweel ER, van Bel F, Kavelaars A, Peeters-Scholte CM, Haumann J, Nijboer CH, Heijnen 

CJ, Groenendaal F (2005) Long-term neuroprotection with 2-iminobiotin, an inhibitor of neuronal 

and inducible nitric oxide synthase, after cerebral hypoxia-ischemia in neonatal rats. J Cereb Blood 

Flow Metab 25: 67-74.







ChaPter

2
Strong neuroprotection by 
inhibition of Nf-κB after neonatal 
hypoxia-ischemia involves apoptotic 
mechanisms but is independent 
of cytokines

Cora H.A. Nijboer1,2

Cobi J. Heijnen1

Floris Groenendaal2

Michael J. May3

Frank van Bel2

Annemieke Kavelaars1

1Laboratory of Psychoneuroimmunology, University Medical Center Utrecht, 
Lundlaan 6, 3584 EA Utrecht, The Netherlands.

2Department of Neonatology, University Medical Center Utrecht, Lundlaan 
6, 3584 EA Utrecht, The Netherlands.

3Department of Animal Biology, University of Pennsylvania, School of 
Veterinary Medicine, 3800 Spruce Street, Philadelphia, PA 19104, USA.

Stroke, in press



C
ha

pt
er

 2

40

ABStrACt

Background and purpose

Interactions between excitotoxic, inflammatory and apoptotic pathways determine outcome 

in hypoxic-ischemic brain damage. The transcription factor NF-κB has been suggested to 

enhance brain damage via stimulation of cytokine production. There is also evidence that 

NF-κB activity is required for neuronal survival. We used the NF-κB inhibitor NBD, coupled to 

TAT to facilitate cerebral uptake, to determine the neuroprotective capacity of NF-κB inhibi-

tion in neonatal hypoxia-ischemia (HI) and to identify its contribution to cerebral inflamma-

tion and damage.

Methods

Brain damage was induced in neonatal rats by unilateral carotid artery occlusion and hypoxia 

and analyzed immunohistochemically; NF-κB activity was analyzed by EMSA. We analyzed 

cytokine mRNA levels and activation of apoptotic pathways by Western blotting. In vitro 

effects of TAT-NBD were determined in a neuronal cell line.

results

Inhibition of cerebral NF-κB activity by TAT-NBD had a significant neuroprotective effect; brain 

damage was reduced by more than 80% with a therapeutic window of at least 6 h. In 

contrast to earlier suggestions, the protective effect of TAT-NBD did not involve suppression 

of early cytokine upregulation after HI. Moreover, NF-κB inhibition prevented HI-induced 

upregulation and nuclear as well as mitochondrial accumulation of p53, prevented mito-

chondrial cytochrome c release and activation of caspase 3. Finally, TAT-NBD could directly 

increase neuronal survival since TAT-NBD was sufficient to inhibit death in a neuronal cell line. 

A non-active mutant peptide did not have any effect.

Conclusions

Inhibition of NF-κB has strong neuroprotective effects that involves downregulation of apop-

totic molecules but is independent of inhibition of cytokine production.
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INtroduCtIoN

Perinatal cerebral hypoxia-ischemia (HI) is a major cause of neonatal morbidity and mortality 

(1). The mechanisms underlying HI brain damage are only partially understood and involve 

excitotoxicity, apoptosis and inflammation. To date, effective therapeutic strategies to combat 

HI brain injury are lacking (2).

Nuclear factor kappa B (NF-κB) is a ubiquitously expressed transcription factor that regu-

lates expression of genes involved in inflammation, cell survival and apoptosis (3,4). In resting 

cells, NF-κB is sequestered in the cytoplasm by binding to inhibitory IκB proteins typified by 

IκBα. Signal-induced phosphorylation of IκBα by a high molecular-weight complex of pro-

teins named the IκB-kinase (IKK)-complex is a key step in NF-κB activation. The IKK complex 

consists of two kinases, IKKα and IKKβ and the regulatory protein NEMO (NF-κB essential 

modulator). Phosphorylated IκBα becomes ubiquitinated and is proteasome-degraded after 

which free NF-κB enters the nucleus to regulate transcription (4,5).

NF-κB activation has been described in various in vivo and in vitro models of brain injury 

(reviewed in 6) but its role in cerebral damage is complex as it functions in both protective 

and damaging pathways. In neurons, NF-κB supports survival by increasing the expression of 

anti-oxidants, growth factors and anti-apoptotic molecules. However, NF-κB also upregulates 

expression of pro-apoptotic factors such as p53 (7-9). Reciprocal interaction between pro-

apoptotic activity of p53 and anti-apoptotic signals provided by NF-κB further complicate 

the prediction of the effect of NF-κB activity on brain damage. Finally, glial NF-κB activation 

induces production of pro-inflammatory cytokines, a pathway proposed to promote neuronal 

death in vivo (10).

Previous studies investigating the role of NF-κB in cerebral damage have used either non-

selective pharmacological NF-κB inhibitors or mice harboring targeted deletions of elements 

of the IKK/ NF-κB pathway (e.g. 11-17). The results of the latter studies are conflicting and 

the precise effects of selectively targeting the NF-κB pathway on HI brain injury remains to be 

determined. In our previous study of neonatal cerebral HI using 12-day-old rats, we explored 

the effect of inhibiting IKK/ NF-κB by peripheral administration of a peptide inhibitor of the 

IKK complex, the NEMO Binding Domain (NBD)-peptide (18) at 0, 6 and 12 h after HI. This 

treatment schedule did not reduce HI-induced brain damage (19).

The aim of the present study was to further explore the possible neuroprotective effect 

of IKK/ NF-κB inhibition. In addition, we analyzed the contribution of IKK/ NF-κB activity to 

cytokine production and regulation of apoptotic cell death to delineate the role of NF-κB 

in the pathophysiology of HI brain damage. To inhibit IKK/ NF-κB, we used a modified NBD 

peptide, coupled to the protein transduction sequence of HIV-TAT (TAT-NBD) to facilitate 

cerebral uptake so that it can be administered intraperitoneally (20,21).
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MAterIALS ANd MetHodS

Animals

The local animal committee approved all experiments. Timed-pregnant Wistar rats (Charles 

River, Sulzfeld, Germany) delivered at the Utrecht Central Animal Laboratory. In postnatal day 

7 (P7) pups, the right common carotid artery was occluded under anaesthesia (isoflurane, 

5% induction, 1.5% maintenance in O2:N2O (1:1). Pups recovered for 1-3 h, followed by 120 

min 8% O2 in N2. Sham controls underwent anaesthesia and incision only. All analyses were 

performed in a blinded set-up.

TAT-NBD (YGRKKRRQRRRTALDWSWLQTE), mutant TAT-NBD (TAT-NBDmut; YGRKKRRQR-

RRTALDASALQTE) (W.M. Keck facility, Yale University, New Haven, CT) or biotinylated TAT-

NBD (PeptiTag biotin labeling kit, BioSight Ltd., Karmiel, Israel) was dissolved in DMSO (40 

mg/mL), diluted in PBS and administered i.p. at 20 mg/kg (19).

Rats were terminated by 300 mg/kg pentobarbital and perfused with 4% paraformalde-

hyde in PBS or brains were snap frozen.

Histology

Coronal paraffin sections (8 μm) were cut ~ -3.30 mm from bregma and stained with 

hematoxylin-eosin (HE). Both hemispheres were outlined on full section images and the ratio 

of ipsi- and contralateral areas was calculated (22).

Deparaffinized sections were incubated with mouse-anti-microtubule-associated pro-

tein (MAP2) (Sigma-Aldrich, Steinheim, Germany), mouse-anti-myelin basic protein (MBP) 

(Sternberger Monoclonals, Lutherville, MD) or mouse-anti-ED-1-FITC (Serotec, Oxford, UK) 

followed by peroxidase-labeled secondary antibodies and revealed using Vectastain ABC kit 

(Vector Laboratories, Burliname, CA) and diaminobenzamidine.

MAP2 loss was quantified as described above. MBP-staining was quantified using ImageJ 

software (http://rsb.info.nih.gov/ij/, 1997-2006).

Coronal frozen sections (10 μm) were acetone-treated and incubated with mouse-

anti-NeuN and rabbit-anti-NF-κB p65 (Chemicon, Temecula, CA) followed by Alexa Fluor 

488-goat-anti-mouse (Molecular Probes, Eugene, OR), biotin-goat-anti-rabbit (Vector Labo-

ratories) and extravidin-Cy3 conjugate (Sigma-Aldrich). Biotinylated TAT-NBD was revealed 

on 8 μm frozen sections with avidin-peroxidase (ABC kit Elite, Vector Laboratories) and 

nickel-diaminobenzamidine.
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Proteins

Mitochondrial, nuclear and cytosolic fractions of each hemisphere were prepared as 

described (22). Proteins were separated by SDS-PAGE, transferred to Hybond-C membranes 

(Amersham Biosciences, Roosendaal, the Netherlands) and revealed using goat-anti-β-actin, 

rabbit-anti-IκBα, mouse-anti-histone-H1, donkey-anti-goat-peroxidase (Santa Cruz Biotech-

nology, Santa Cruz, CA); mouse-anti-cytochrome c oxidase IV (COX IV) (Molecular Probes); 

mouse-anti-cytochrome c (BD Biosciences Pharmingen, San Jose, CA), rabbit-anti-cleaved 

caspase 3, mouse-anti-p53 (Cell Signaling, Danvers, MA); donkey-anti-rabbit-peroxidase 

(Amersham Biosciences); goat-anti-mouse-peroxidase (Jackson Immunoresearch, Suffolk, 

UK) followed by enhanced chemiluminescence (Amersham Biosciences) and analyzed with a 

GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA).

Electromobility shift asssays (EMSA) on nuclear extract with 32P labeled NF-κB probe 

was performed as described (19). Excess of cold DNA probe eliminated the signal, showing 

specificity of the EMSA.

Quantitative real time reverse transcriptase (rt)-PCr

Total RNA was isolated with TRIzol® (Invitrogen, Paisley, UK). cDNA was synthesized with 

SuperScript Reverse Transcriptase (Invitrogen). The PCR reaction was performed with iQ5 

Real-Time PCR Detection System (Bio-Rad) using the following primers; IL-1β forward: 

CTCTGTGACTCGTGGGATGATG, reverse: CACTTGTTGGCTTATGTTCTGTCC; TNF-α forward: 

CCCAGACCCTCACACTCAGATCAT, reverse: GCAGCCTTGTCCCTTGAAGAGAA; IL-10 for-

ward: CCTTACTGCAGGACTTTAAGGGTTA, reverse: TTTCTGGGCCATGGTTCTCT; IL-4 for-

ward: GCAACAAGGAACACCACGGAGAAC, reverse: CTTCAAGCACGGAGGTACATCACG; 

IL-1RA forward: ATGGTGCCTATTGACTTTCG, reverse: TGTCTTCTTCTTTGTTCTTGTTC; 

GAPDH forward: CACGGCAAGTTCAACGGCACAG, reverse: GACTCCACGACATACTCAG-

CACCAG; β-actin forward: CACTATCGGCAATGAGCGGTTCC, reverse: CAGCACTGTGTTG-

GCATAGAGGTC. To confirm appropriate amplification, size of PCR products was verified on 

gel. Data were normalized for expression of β-actin and GAPDH.

Neuronal cultures

SK-N-MC human neuronal cells (ATCC, Manassas, VA, USA) were plated in 96-wells plates 

in DMEM/ F12 (1:1) medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 

100U/ml penicillin, 100 μg/ml streptomycin, 0.5 μg/ml Fungizone and 0.1 mM non-essential 

amino acids (Gibco, Carlsbad, CA, USA) for 48 h before 24 h incubation with 1 mM NMDA 

(Sigma-Aldrich), 100 μM H2O2, 250 nM etoposide or 100 nM staurosporine (Sigma-Aldrich) 

and different concentrations of TAT-NBD or TAT-NBDmut peptide (10-100 μM) for 6 h. 
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0.5 mg/ml MTT (Sigma-Aldrich) was added for 4 h. MTT crystals were dissolved in DMSO and 

absorbance was measured at 550 nm.

Statistical Analysis

Data are presented as mean and SEM and were analyzed by one-way ANOVA with Bonfer-

roni post-tests.

reSuLtS

Neuroprotection by intraperitoneal tAt-NBd

HI brain damage was induced in P7 rat pups by unilateral occlusion of the carotid artery and 

120 min hypoxia. This procedure resulted in severe brain damage with 79.3 ± 1.6% MAP2 

loss at 48 h after HI and a 66.6 ± 4.8% reduction in ipsilateral hemisphere size at 6 wks after 

the insult (Fig. 1A, B) without detectable damage in the contralateral hemisphere.

I.p. administration of TAT-NBD at 0 and 3 h after HI had a significant neuroprotective 

effect; MAP2 loss at 48 h was reduced from 79.3 ± 1.6% in vehicle-treated animals to 34.6 ± 

12.1% in TAT-NBD-treated animals (p<0.01; Fig. 1C). TAT-NBD treatment did not simply delay 

damage as the effect of treatment was even more pronounced at 6 wks after HI when lesion 

size was reduced by >80% (p<0.001; Fig. 1D). In fact, the size of the ipsilateral hemisphere 

of TAT-NBD-treated animals did not differ significantly from that of sham-control animals (Fig. 

1D). White matter loss as determined at 6 wks after HI was also reduced by more than 80% 

(Fig. 1E, F). The protective effect was specific for the NBD sequence since treatment with a 

mutated NBD peptide (TAT-NBDmut) which does not inhibit IKK (18), did not have any effect 

on cerebral damage (Fig. 1C, D, F).

therapeutic window

To determine the therapeutic window for the neuroprotective effect of TAT-NBD, we admin-

istered TAT-NBD i.p. as a single injection at various time points after HI. Significant neuropro-

tection was obtained with only a single i.p. administration of TAT-NBD immediately (0 h) or 3 

h after the insult (Fig. 1G). Importantly, the therapeutic window of peripheral administration 

of TAT-NBD was at least 6 h. MAP2 loss was still significantly reduced by administration of 

TAT-NBD at 6 h post-HI (p<0.05; Fig. 1G). Treatment at only 9 or 12 h after HI did not have a 

significant neuroprotective effect (Fig. 1G).
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Chapter 2 
 
Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 1: Neuroprotective effect of intraperitoneal tAt-NBd.
A. Effect of vehicle (VEH), TAT-NBD or TAT-NBDmut at 0/3 h after HI on MAP2 loss at 48 h post-HI.
B. HE staining of brains at 6 wks after HI. TAT-NBD treatment prevented tissue loss.
C. Quantification of MAP2 expression at 48 h. **p<0.01 vs vehicle-treated or TAT-NBDmut-treated 
animals (n=6-8 animals per group; vehicle: n=27).
d. HI-induced reduction in area of the ipsilateral/contralateral hemisphere at -3.30 mm from bregma 
at 6 wks. ***p<0.001 vs vehicle- or TAT-NBDmut-treated animals (SHAM: n=6, other groups: n=8-13 
animals per group).
e. White matter damage as determined by staining for MBP at 6 wks post-HI.
f. HI-induced reduction in the expression of ipsilateral/contralateral MBP at -3.30 mm from bregma. 
***p<0.001 vs vehicle- or TAT-NBDmut-treated animals.
G. Therapeutic window for TAT-NBD treatment. TAT-NBD was administered i.p. as a single injection 
immediately after HI (0 h) or at 3, 6, 9 or 12 h after HI. Data represent ipsilateral/contralateral MAP2 
expression. *p<0.05 and **p<0.01 vs vehicle- or TAT-NBDmut-treated animals (n=6-8 animals per 
group; vehicle: n=27). See Full Color section, page 237.
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Intraperitoneal tAt-NBd treatment prevented cerebral IKK/Nf-κB activation

Next we analyzed the effect of TAT-NBD on NF-κB activity in cerebral extracts by EMSA. I.p. 

administration of TAT-NBD directly after HI completely prevented the HI-induced increase in 

NF-κB activity at 3 h post-HI (p<0.001 vs vehicle). TAT-NBDmut did not inhibit NF-κB (Fig. 2A).

NBD acts as an inhibitor of the IKK complex, thereby preventing phosphorylation of IκBα 

and subsequent degradation of this molecule (18). In line with this mechanism of action, 

treatment with TAT-NBD completely prevented the HI-induced decrease in cerebral IκBα at 3 

h after HI (Fig. 2B).

The data in Figure 2C demonstrate that HI induces nuclear translocation of NF-κB in 

neurons and that nuclear translocation of NF-κB was completely blocked by i.p. treatment 

with TAT-NBD and not by treatment with TAT-NBDmut.

 
Figure 2.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 2: Intraperitoneal tAt-NBd treatment inhibits HI-induced cerebral Nf-κB activation.
A. NF-κB activity was determined by EMSA on nuclear extracts obtained at 3 h after HI. Inset: a 
representative example of n=7 animals per group. NBD: TAT-NBD-treated; VEH: vehicle-treated, mut: 
TAT-NBDmut-treated. ***p<0.001 vs ipsilateral levels of vehicle- or TAT-NBDmut–treated animals. c: 
contralateral, i: ipsilateral
B. TAT-NBD treatment prevented ipsilateral degradation of IκBα. Western blot analysis at 3 h post-HI. 
n=7 animals per group.**p< 0.01 vs vehicle- or TAT-NBDmut-treated littermates.
C. HI-induced nuclear translocation of NF-κB (p65 subunit; red) in neuronal cells (NeuN positive 
(neuronal nuclei), green) in the hippocampus at 3 h post-HI in vehicle- and TAT-NBDmut-treated animals. 
Scale bar = 10 μm. See Full Color section, page 238.
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tAt-NBd distributes to the brain after i.p. administration

To determine whether inhibition of cerebral NF-κB activity after i.p. TAT-NBD was associated 

with distribution of the peptide to the brain, we administered biotin-TAT-NBD i.p. at 0 and 

3 h after HI. At 1 h after HI, clear biotin staining throughout the brain parenchyma was 

observed (Fig. 3A, B). At 3 h after HI, more intense biotin staining was detected throughout 

the entire brain and appeared to be intracellularly located (Fig. 3C, D). At 12 h after HI, we 

no longer detected biotin-TAT-NBD in the brain (Fig. 3E, F). The staining was specific since no 

staining was detected in brains of animals that received unlabeled TAT-NBD (Fig. 3G, H).

Figure 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 3: Cerebral distribution of tAt-NBd after i.p. administration.
Biotin-labeled TAT-NBD was administered i.p. at 0/3 h after HI and sections were stained for biotin.
Biotin-TAT-NBD (small black precipitates) was detectable in the brain parenchyma at 1 h post-HI (A, 
B) and was more pronounced at 3 h post-HI (C, d). Biotin-TAT-NBD was no longer detectable at 12 
h post-HI (e, f). No staining in brains of control animals that received unlabeled TAT-NBD (G, H). 
Counterstaining with hematoxylin. Scale bar (A) = 25 μm. Same magnification for all photographs. hc: 
hippocampus; cx: parietal cortex.
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effect of tAt-NBd on cytokines

Inhibition of NF-κB activity may contribute to prevention of brain damage via inhibition of 

the cytokine response (10). A previous study in this model of HI brain damage suggested 

that increases in cytokine mRNA do not occur until 12 h after HI (23). However, we already 

observed a HI-induced increase in the mRNA encoding the pro-inflammatory cytokines TNF-α 

and IL-1β at 3 h after HI (Fig. 4A, B) and the anti-inflammatory cytokines IL-4 and IL-10 

(Fig. 4C, D). We could not detect changes in IL-1RA expression at this time point (Fig. 4E). 

Figure 2.4 
 

figure 4: HI-induced expression of pro- and anti-inflammatory cytokines.
Effect of TAT-NBD on ipsilateral expression of TNF-α (A), IL-1β (B), IL-4 (C), IL-10 (d) or IL-1RA (e) as 
determined by quantitative real time RT-PCR at 3 h post-HI.
Data are normalized for expression of β-actin and GAPDH. n=9 animals per group. HI did not induce 
cytokine expression in contralateral hemispheres.

figure 5: effects of tAt-NBd treatment on HI-induced apoptosis in the brain.
A: Confirmation of fractionation quality; predominance of β-actin in the cytoplasm (cyto), exclusive 
presence of COX IV in the mitochondria (mitoch) and histone HI in nuclear (nucl) preparations.
B-C. Kinetics of HI-induced ipsilateral cytosolic translocation of cytochrome c (B) and increase in active 
(cleaved) caspase 3 (C). *p<0.05 and **p<0.01 vs sham-controls (n=4-6 animals per group).
d-e. Expression of cytosolic cytochrome c (d) and active (cleaved) caspase 3 (e) at 24 h post-HI was 
prevented by TAT-NBD treatment. **p<0.01 vs vehicle- or TAT-NBDmut-treated animals (n=9 animals per 
group).
f: Kinetics of HI-induced mitochondrial p53 association. **p<0.01 vs sham-controls (n=4-6 animals per 
group).
G-I: Effect of TAT-NBD on HI-induced upregulation of expression of p53 in mitochondrial (G), nuclear 
(H) and cytosolic (I) fractions at 3 h post-HI. *p<0.05 and **p<0.01 vs vehicle- or TAT-NBDmut-treated 
animals (n=7 animals per group).
Insets (B-I): representative Western Blots; Ponceau S, histone HI and β-actin were used as loading 
controls. c: contralateral and i: ipsilateral.
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Interestingly, TAT-NBD treatment did not induce any changes in the HI-induced increase in 

cytokine expression, despite complete inhibition of NF-κB activity at this time point (Fig. 4A-D 

and Fig. 2A).

effect of tAt-NBd on pro-apoptotic molecules

Kinetic analysis of the HI-induced increase in cytosolic cytochrome c and cleaved (active) 

caspase 3 revealed that both were significantly increased starting at 6 h post-HI and further 

increased at 12 and 24 h post-HI (Fig. 5B, C). TAT-NBD treatment significantly prevented the 

HI-induced increase in cytosolic cytochrome c and the increase in active caspase 3 determined 

at 24 h post-HI (Fig. 5D, E; p<0.01 vs vehicle-treated).

Based on in vitro studies, it has been suggested that changes in expression and cellular 

localization of the tumor suppressor p53 contribute to initiation of apoptosis (24). Mito-

chondrial association of p53 was increased at 30 min after the insult and remained elevated 

up to 6 h post-HI (Fig. 5F). TAT-NBD treatment almost completely prevented the HI-induced 

increase in mitochondrial association of p53 at 3 h post-HI and TAT-NBDmut did not have 

any effect (Fig. 5G; p<0.01 vs vehicle-treated). In addition, TAT-NBD treatment completely 

prevented the HI-induced increase in the levels of nuclear (p<0.01 vs vehicle-treated) and 

total cytosolic (p<0.05 vs vehicle-treated) p53 as determined at 3 h after HI (Fig. 5H, I).

tAt-NBd protects neuronal cells in vitro

To determine whether inhibition of NF-κB by TAT-NBD can have direct protective effects on 

neuronal cells, we treated SK-N-MC cells with NMDA, hydrogen peroxide (H2O2), etoposide 

or staurosporine in the presence or absence of TAT-NBD or TAT-NBDmut. TAT-NBD but not 

TAT-NBDmut dose-dependently inhibited neuronal death in vitro in response to all stimuli used 

(Fig. 6A-D; p<0.01 vs stimulated cells without TAT-NBD). In control cultures, the addition of 

TAT-NBD or TAT-NBDmut alone had no effect on neuronal survival (data not shown).

dISCuSSIoN

Here we demonstrated for the first time that inhibition of cerebral activation of the IKK/ 

NF-κB pathway by i.p. administration of TAT-NBD early after the insult reduced HI-induced 

neuronal and white matter damage by more than 80%. Thus, inhibition of the formation 

of a functional IKK complex, which is a specific and critical step in NF-κB activation, might 

represent one of the most effective treatments for neonatal HI brain damage to date.

By using biotinylated TAT-NBD we demonstrated that after i.p. administration, the peptide 

was present in the brain at 1 h after HI and was no longer detectable at 12 h, indicating 
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that in vivo delivery of TAT-NBD to the brain was rapid and transient. Comparable kinetics of 

cerebral delivery of TAT-fused peptides after i.p. administration have been described by Yin et 

al. (21) and Cai et al. (25). We conclude that intraperitoneally administered TAT-NBD inhibited 

the IKK/ NF-κB pathway in the brain after HI as we did no longer observe the HI-induced 

nuclear translocation of neuronal NF-κB (p65), the activation of cerebral NF-κB as determined 

by EMSA, or the decrease in cytosolic IκB. It should be noted that by using TAT-NBD, only 

HI-induced activation of the IKK/ NF-κB pathway was inhibited without inhibiting basal NF-κB 

activity, which might play a positive role in cell survival (6) (Fig. 2A; sham vs TAT-NBD).

In our previous study using NBD (19) and not TAT-NBD, we did not observe neuroprotec-

tion by treatment with NBD at 0, 6 and 12 h after HI. The most important difference with 

the present study is that we now administered the peptide at 0 and 3 h post-HI, suggesting 

Figure 2.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 6: tAt-NBd protects neuronal cells against apoptosis in vitro.
The human neuronal cell line (SK-N-MC) was exposed to 1 mM NMDA (A), 100 μM H2O2 (B), 250 
nM etoposide (C) or 100 nM staurosporine (d) for 24 h and cell survival was determined using MTT. 
Addition of TAT-NBD for 6 h dose-dependently prevented neuronal death. **p<0.01 vs control without 
TAT-NBD. TAT-NBD or TAT-NBDmut treatment as such had no effect on neuronal survival. mut: 100 μM 
TAT-NBDmut. Data are from three independent experiments performed in quadruplicate.
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that 0, 6 and 12 h treatment may lead to adverse (aspecific) effects. In addition, we have 

preliminary evidence suggesting that prolonged (0, 6 and 12 h) treatment with TAT-NBD may 

not be protective, since it may interfere with the HI-induced upregulation of anti-apoptotic 

molecules like Bcl-2 at later time points.

Our data provide new insights into the pathophysiologic mechanisms involved in neonatal 

HI brain damage. First of all, it is commonly accepted that inhibition of pro-inflammatory 

cytokine production mediates the protective effect of inhibition of cerebral NF-κB activity 

in models of brain damage (10). Our data, however, do not support this concept as TAT-

NBD treatment did not inhibit pro- (IL-1β and TNF-α) and anti-inflammatory (IL-4, and IL-10) 

cytokine expression early after HI, although NF-κB activation was clearly inhibited (Fig. 2A). 

These data suggest that HI-induced early production of pro- and anti-inflammatory cytokines 

is not wholly dependent on cerebral NF-κB activity, and suggest that HI-induced cytokine pro-

duction in the brain can be maintained by other transcription factors, e.g. AP-1. Moreover, 

despite the HI-induced upregulation of cytokines, we observed very strong neuroprotection, 

suggesting that early cytokine production is not detrimental in the context of cerebral NF-κB 

inhibition. It should be noted however, that inhibition of cytokine production (e.g. deletion 

of IL-18) or activity (e.g. IL-1RA treatment) can at least partially protect against brain damage 

(26,27).

Second, we show here for the first time the important role of HI-induced NF-κB activity in 

expression and localization of p53 in the neonatal brain in vivo. In vitro studies have provided 

evidence that increased mitochondrial p53 association occurs in conjunction with a rapid first 

episode of cell death independently of p53 target gene activation (28,29). Here we show 

that in vivo, increased mitochondrial association of p53 occurred early after HI (0.5-6 h). 

TAT-NBD treatment almost completely prevented mitochondrial translocation of p53. At the 

mitochondria, p53 is thought to inhibit the activity of anti-apoptotic Bcl-2 members and to 

activate Bax leading to cytochrome c release and apoptosis (30,31). In line with this model, 

we also show that HI-induced cytosolic translocation of cytochrome c as well as the increase 

in active caspase 3 occur after the increase in mitochondrial p53 and are inhibited by TAT-NBD 

treatment. Finally, we demonstrated that the HI-induced increase in total p53 was prevented 

by TAT-NBD. Collectively, our data suggest that TAT-NBD treatment protects against neuronal 

death via preventing p53 upregulation and mitochondrial and nuclear localization, thereby 

inhibiting mitochondrial damage and preventing upregulation of pro-apoptotic p53 target 

genes, ultimately leading to reduced apoptosis-like cell death. Our in vitro study using a 

neuronal cell line, further confirmed the hypothesis that inhibition of neuronal NF-κB activity 

can suffice to prevent neuronal death. However, we cannot exclude the possibility that other 

NF-κB-dependent pathways are ultimately responsible for the effect of TAT-NBD treatment 

on neuronal survival.

In exploring clinical applicability of specific NF-κB inhibitors like NBD to prevent cerebral 

damage, one should keep in mind that apoptosis-like cell death is known to play a more 
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pronounced role in neonatal than in adult cerebral cell death (10, 32, 33). It might therefore 

be that the immature brain can benefit more from the protective effect of NF-κB inhibition 

than the adult brain. However, the neuroprotective effects observed by Herrmann et al. (13) 

in adult IKKβ-/- mice or after intracerebral administration of the IKK inhibitor BMS-34541 

after middle cerebral artery occlusion (MCAO) suggest that the adult brain will also profit 

from NF-κB inhibition after cerebral HI.

In conclusion, we demonstrated that inhibition of the cerebral IKK/ NF-κB pathway by 

i.p. administration of TAT-NBD has significant neuroprotective effects in a model of severe 

HI-induced neonatal brain injury. The therapeutic window for neuroprotective effects was 

at least 6 h and the neuroprotective effect was associated with inhibition of apoptosis-like 

neuronal death, but did not involve abrogation of early cytokine expression. This finding 

sheds a novel light on the role of cytokines in cerebral damage and suggests that at least 

the early NF-κB-independent production of cytokines is not detrimental. The possibility that 

early cytokine production may contribute to neuroprotection and/or repair, e.g. via TNF-R2 

signaling (34), will be focus of future research.
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ABStrACt

Background and Purpose

NF-κB is a transcription factor that regulates inflammatory and apoptotic pathways. We 

described previously that intraperitoneal administration of the NF-κB inhibitor TAT-NBD at 0 

and 3 h after neonatal hypoxia-ischemia (HI) markedly reduced brain damage. We hypoth-

esize that timing and duration of NF-κB inhibition will be a major factor in determining 

outcome.

Methods

HI was induced in P7 rats by unilateral carotid artery occlusion and hypoxia. In vivo TAT-NBD 

effects were determined on cerebral damage, NF-κB activity, cytokine expression, and pro- 

and anti-apoptotic molecules. In vitro effects of TAT-NBD were determined using primary 

neurons and cell lines.

results

HI induced two peaks of cerebral NF-κB activity at 3-6 h and 24 h post-HI. Neuroprotective 

0/3 h TAT-NBD treatment only inhibited early NF-κB activity. However, inhibition of both early 

and late NF-κB -activity by 0/6/12 h TAT-NBD or only late NF-κB activity by 18/21 h TAT-NBD 

aggravated damage. 0/6/12 h TAT-NBD did not prevent HI-induced upregulation of cytokines 

at 24 h post-HI. Protective 0/3 h TAT-NBD treatment prevented nuclear accumulation of p53 

at 24 h post-HI. Nuclear p53 was not reduced after 0/6/12 h TAT-NBD. Prolonged TAT-NBD 

increased the pro-apoptotic factor PUMA and reduced the anti-apoptotic factors Bcl-2 and 

Bcl-xL. Also in neuronal cultures prolonged TAT-NBD exposure overruled protective short-

term TAT-NBD treatment.

Conclusions

Early NF-κB activation contributes to neonatal HI brain damage. Late NF-κB provides endog-

enous neuroprotection and upregulates anti-apoptotic molecules. Inhibition of early NF-κB 

activity is neuroprotective only when late NF-κB activity is maintained. Moreover, cerebral 

cytokine production can occur independently of NF-κB.
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INtroduCtIoN

Hypoxia-ischemia (HI) during the perinatal period is a common cause of brain injury in human 

newborns leading to mortality or life-long impairments. Effective therapeutic intervention 

strategies targeting HI are still lacking at present (1).

The transcription factor Nuclear Factor kappa B (NF-κB) regulates expression of multiple 

genes involved in inflammation, apoptotic cell death and cell survival (2,3). Several studies 

have demonstrated that NF-κB is activated during development of brain injury, but the role of 

NF-κB in HI brain damage is complex and conflicting results have been obtained when explor-

ing NF-κB inhibition as a potential neuroprotective therapy. NF-κB can promote cell survival 

through upregulation of expression of anti-apoptotic factors including Bcl-xL and Bcl-2. Bcl-2 

and Bcl-xL bind to Bax and Bak thereby preventing Bax/Bak pore formation in the mitochon-

drial membrane (4,5). On the other hand, NF-κB can activate the pro-apoptotic machinery, 

e.g. via upregulation of the tumor suppressor p53 and its downstream target PUMA (6-8). 

Furthermore, NF-κB activation has been described to promote brain damage via induction of 

pro-inflammatory cytokines (9,10). Reciprocal interaction between pro- and anti-apoptotic 

signals regulated by NF-κB and its role in cytokine production therefore complicate prediction 

of the effect of NF-κB inhibition on brain damage.

In a recent study using 7-day-old (P7) rats, we showed that the selective NF-κB inhibitor 

NEMO Binding Domain peptide coupled to the protein transduction sequence of HIV-TAT 

(TAT-NBD) to facilitate cerebral uptake, was rapidly and transiently detected in the brain 

where it inhibited HI-induced cerebral NF-κB activity when administered intraperitoneally 

(i.p.) early after HI (11). The NBD peptide functions by disrupting the association of the IKK 

regulatory subunit NEMO with the catalytic subunits of the IKK complex (IKKα and IKKβ) 

required for NF-κB activation (12). Moreover, i.p. TAT-NBD treatment within 6 h post-HI had 

potent neuroprotective effects (up to 80% reduction in brain damage) (11). Prevention of 

early mitochondrial p53 translocation seemed to be key to the neuroprotective effect of 

early TAT-NBD treatment. Surprisingly, upregulation of the cytokines TNF-α, IL-1β, IL-4 and 

IL-10 at 3 h post-HI was not inhibited by NF-κB inhibition by 0/3 h TAT-NBD treatment. 

In an earlier study in P12 rats, however, we showed that prolonged treatment with NBD 

peptide not coupled to a TAT sequence (i.p. injection at 0/6/12 h after HI) did not protect, 

but rather aggravated neonatal HI brain damage (13). The marked difference between the 

strong protective effect of 0/3 h TAT-NBD treatment and the aggravating effect of 0/6/12 h 

NBD treatment prompted us to further investigate the possible contribution of coupling of 

the TAT sequence to NBD. In addition, we further investigated the kinetics of NF-κB activation 

and the mechanism of action of TAT-NBD in neonatal HI brain damage. We hypothesize that 

NF-κB may have protective and deleterious effects during HI brain damage and that timing 

of NF-κB inhibition will determine outcome.
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MAterIALS ANd MetHodS

Animals

The animal care committee of the University Medical Center Utrecht approved all experi-

ments. At postnatal day 7, Wistar rat pups of both genders underwent occlusion of the right 

common carotid artery under isoflurane anaesthesia. After recovery for 1-3 h, pups under-

went hypoxia by breathing 8% O2 in N2 for 120 min. Sham controls underwent anaesthesia 

and incision only. All analyses were performed in a blinded set-up.

TAT-NBD (ygrkkrrqrr–TALDWSWLQTE; with the TAT sequence in lower case) or mutant 

TAT-NBD (TAT-NBDmut; ygrkkrrqrr–TALDASALQTE) (W.M. Keck facility, Yale University, New 

Haven, CT) was dissolved in DMSO (40 mg/mL), diluted in PBS and administered i.p. at 20 

mg/kg (11-13).

Rats were terminated by 300 mg/kg pentobarbital and perfused with 4% paraformalde-

hyde in PBS or were decapitated.

Histology

Coronal paraffin sections (8 μm) were cut at ~ -3.30 mm from bregma and stained with 

hematoxylin-eosin (HE). Both hemispheres were outlined on full section images and the ratio 

of ipsilateral and contralateral areas was calculated (14).

Deparaffinized sections at hippocampal level were incubated with mouse-anti-microtu-

bule-associated protein (MAP2) (Sigma-Aldrich, Steinheim, Germany) or mouse-anti-CD68 

(ED-1)-FITC (Serotec, Oxford, UK) followed by peroxidase-labeled secondary antibodies and 

revealed using Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and diaminobenz-

amidine.

MAP2 loss was quantified as described above.

Proteins

Mitochondrial, nuclear and cytosolic fractions of each hemisphere were prepared as 

described (14) and quality of fractionation was confirmed (11). Proteins were separated by 

SDS-PAGE, transferred to Hybond-C membranes (Amersham Biosciences, Buckinghamshire, 

UK) and revealed using mouse-anti-cytochrome c (BD Biosciences Pharmingen, San Jose, 

CA), rabbit-anti-cleaved caspase 3, mouse-anti-p53, rabbit-anti-PUMA, rabbit-anti-Bcl-xL, 

rabbit-anti-Bcl-2 (all Cell Signaling, Danvers, MA), goat-anti-β-actin, mouse-anti-histone-HI 

(both Santa Cruz Biotechnology, Santa Cruz, CA); donkey-anti-rabbit-peroxidase (Amersham 

Biosciences), goat-anti-mouse-peroxidase (Jackson Immunoresearch, Suffolk, UK) or donkey-

anti-goat-peroxidase (Santa Cruz Biotechnology) followed by enhanced chemiluminescence 
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(Amersham Biosciences) and analyzed with a GS-700 Imaging Densitometer (Bio-Rad, 

Hercules, CA).

Electromobility shift asssays (EMSA) on nuclear extract with 32P labeled NF-κB probe 

were performed as described (13). Excess of cold DNA probe eliminated the signal, showing 

specificity of the EMSA.

Quantitative real time reverse transcriptase (rt)-PCr

Total RNA was isolated with TRIzol® (Invitrogen, Paisley, UK). cDNA was synthesized with 

SuperScript Reverse Transcriptase (Invitrogen). The PCR reaction was performed with iQ5 

Real-Time PCR Detection System (Bio-Rad) using primers for IL-1β, TNF-α, IL-10, IL-4 and IL-1 

receptor antagonist (IL-1RA); for sequences see (11). To confirm appropriate amplification, 

size of PCR products was verified on gel. Data were normalized for expression of β-actin and 

GAPDH.

Neuronal cultures

SK-N-MC or SH-SY-5Y human neuronal cells (ATCC, Manassas, VA) were plated in 96-wells 

plates in DMEM/F12 (1:1) medium supplemented with 10% fetal calf serum, 2 mM 

L-glutamine, 100U/ml penicillin, 100 μg/ml streptomycin, 0.5 μg/ml Fungizone and 0.1 mM 

non-essential amino acids and grown for 48 h before the experimental protocol.

Cortical tissue was isolated from E17 Sprague Dawley embryo’s, dissected in HBSS without 

Ca/Mg, supplemented with 10 mM Hepes and 25 mM D-glucose and dissociated using papain 

(Sigma-Aldrich). Primary cortical neurons were grown in Neurobasal medium containing B27 

supplement, antibiotics as stated above and 25 mM glutamate, and plated in poly-D-lysine 

coated 96-well plates. After 4 days in vitro (DIV), half of the medium was replaced with 

Neurobasal medium without glutamate. After 10 DIV, >95% of the cells was NeuN-positive 

and experiments were performed (all media used: Gibco, Carlsbad, CA, USA).

SK-N-MC or SH-SY-5Y neuronal cells were incubated for 24 h with 100 μM H2O2 or 100 

nM staurosporine (Sigma-Aldrich) and primary cortical neurons with 50 or 100 μM glutamate. 

Different concentrations of TAT-NBD or TAT-NBDmut peptide (10-100 μM) were added for 24 

h. 0.5 mg/ml MTT (Sigma-Aldrich) was added for 4 h. MTT crystals were dissolved in DMSO 

and absorbance was measured at 550 nm.

Statistical Analysis

Data are presented as mean and SEM and were analyzed by one-way ANOVA with Bonferroni 

post-tests. Gaussian distribution for all parameters was confirmed by using the D’Agostino 

and Pearson omnibus normality test.
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reSuLtS

Kinetics of HI-induced cerebral Nf-κB activity

Detailed analysis of the kinetics of neonatal HI-induced NF-κB activation in the brain showed 

that NF-κB activity was high at 0.5-6 h and returned to baseline levels at 12 h after HI. 

Furthermore, we observed a distinct second peak of NF-κB activation 24 h after the insult 

(Fig. 1A). Treatment with TAT-NBD at 0/3 h after HI resulted in inhibition of early NF-κB activa-

tion as determined at 3 h after HI (11). However, here we show that this early short-term 

treatment did not affect the second peak of NF-κB activity at 24 h after HI (Fig. 1B).

To inhibit both the early and the second late-phase NF-κB peak, we treated animals with 

TAT-NBD at 0, 6 and 12 h (0/6/12 h) post-HI. To inhibit only the second late-phase of NF-κB 

activity, TAT-NBD was administered at 18 and 21 h (18/21 h) after the insult. 0/6/12 h TAT-NBD 

treatment inhibited both early and late NF-κB activity, and late TAT-NBD treatment (18/21 h) 

inhibited only the second peak of NF-κB activity (Fig. 1B).

Inhibition of NF-κB activity was specific for the NBD sequence since treatment with TAT-

NBDmut, which is incapable of blocking the association of NEMO with IKKα or IKKβ (12), did 

not have any effect on NF-κB activity (Fig. 1B).

Chapter 3 
 
Figure 3.1 
 

figure 1: Kinetics of HI-induced Nf-κB activation.
A. Ipsilateral NF-κB activity was determined by EMSA on nuclear extracts obtained at different time 
points after HI. Animals n=4-6 per time point. Inset shows specifity of the EMSA (at 3 h post-HI); 
addition of unlabelled probe eliminates the signal. *p<0.05 and **p<0.01 vs level in sham-operated 
animals.
B. HI-induced ipsilateral (i) NF-κB activity at 24 h after HI was inhibited after 0/6/12 h or 18/21 h TAT-
NBD and not after 0/3 h TAT-NBD. There were no statistically significant differences between NF-κB 
activity in contralateral (c) hemispheres of all experimental groups. Inset: a representative example 
of n=5-7 animals per group. NBD: TAT-NBD-treated; VEH: vehicle-treated, mut: TAT-NBDmut-treated. 
***p<0.001 vs ipsilateral levels of vehicle-treated animals.
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timing of inhibition of Nf-κB activity: effect on HI-induced brain damage

In contrast to the marked neuroprotective effect of early NF-κB inhibition by 0/3 h TAT-NBD, 

prolonged NF-κB inhibition by 0/6/12 h TAT-NBD aggravated damage at 6 wks after the insult 

(Fig. 2A).

Prolonged inhibition of NF-κB also completely abolished the protective effect of 0/3 h 

treatment on MAP2 loss determined at 48 h after the insult (Fig. 2B, C). Inhibition of only 

late-phase NF-κB activity by 18/21 h TAT-NBD resulted in exacerbation of MAP2 loss (Fig. 

2B, C). Treatment with TAT-NBD at 0/3/6/12 h resulted in the same amount of MAP2 loss 

as treatment at 0/6/12 h (Fig. 2B), showing that prolonged treatment rather than omitting 

administration at 3 h after HI was responsible for abolishing the neuroprotective effect of 

early NF-κB inhibition. Treatment with TAT-NBDmut did not have any effect (Fig. 2). More-

over, prolonged or late treatment with TAT-NBD did not induce damage in the contralateral 

hemisphere. Collectively these data suggest that toxic or non-specific effects of the TAT-NBD 

peptide are not responsible for overruling the protective effect of early transient treatment 

and that late NF-κB activity is required for the protective effect of early treatment.Figure 3.2 
 

figure 2: effects of prolonged or late Nf-κB inhibition on HI brain damage.
A. HI-induced reduction in area of the ipsilateral/contralateral hemisphere at -3.30 mm from bregma 
at 6 wks. **p<0.01 and ***p<0.001 vs vehicle- or TAT-NBDmut-treated animals (SHAM: n=7, other 
groups: n=8-15 animals per group).
B. Quantification of MAP2 expression at 48 h post-HI, expressed as ratio ipsilateral/contralateral MAP2 
positive area after vehicle, 0/3 h, 0/3/6/12 h, 0/6/12 h or 18/21 h TAT-NBD treatment. *p<0.05 and 
***p<0.001 vs vehicle-treated or TAT-NBDmut-treated animals. SHAM: n=11, vehicle: n=17, other 
groups: n=6-8 animals per group.
C. Representative examples of the effect of vehicle, 0/3 h, 0/6/12 h or 18/21 h TAT-NBD or TAT-NBDmut 
on MAP2 loss at 48 h post-HI. See Full Color section, page 239.
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Cytokine expression and microglia activation

It has often been suggested that inhibition of NF-κB activity may contribute to prevention of 

brain damage via inhibition of the cytokine response (9). However, as shown in Figure 3A-E, 

HI-induced increase in expression of the pro-inflammatory cytokines IL-1β and TNF-α and 

the anti-inflammatory cytokines IL-4, IL-10 and IL-1-RA at 24 h post-HI was not prevented 

by 0/6/12 h TAT-NBD treatment, even though NF-κB activity was completely inhibited by 

this treatment (Fig. 1B). Conversely, neuroprotection by 0/3 h TAT-NBD treatment prevented 

upregulation of cytokines at 24 h after the insult, even though NF-κB activity at this time 

point was maintained (Fig. 3A-E and Fig. 1B).

Consistent with the cytokine data, microglia activation as determined by CD68 staining 

at 24 h after HI, was not reduced by 0/6/12 h TAT-NBD treatment. Microglia activation was 

completely prevented by 0/3 h TAT-NBD (Fig. 3F).

effect of prolonged Nf-κB inhibition on pro- and anti-apoptotic molecules

Recently we described that neuroprotection after 0/3 h TAT-NBD treatment was associated 

with a complete prevention of the HI-induced increase in cytosolic cytochrome c and in 

active caspase 3 that occurs at 24 h post-HI (11). The data in Figure 4A and 4B show that 

after 0/6/12 h or 18/21 h TAT-NBD treatment, the HI-induced increase in cleaved caspase 

3 and cytosolic cytochrome c at 24 h was no longer prevented, but was similar to that in 

vehicle-treated animals.

The data in Figure 5 show that HI induced a time-dependent increase in expression and 

nuclear localization of the pro-apoptotic factor p53 (starting at 3 h post-HI; Fig. 5A, B). In 

addition, PUMA, a down-stream pro-apoptotic target of p53, increased from 6 h after the 

insult with increasing expression at 12 and 24 h post-HI (Fig. 5C). Both 0/3 h and 0/6/12 

h TAT-NBD treatment prevented the HI-induced increase in cytosolic p53 at 24 h after the 

insult (Fig. 5D). However, only early short-term NF-κB inhibition completely prevented the HI-

induced increase in nuclear p53 at 24 h after HI (Fig. 5E). In contrast, the HI-induced increase 

in nuclear p53 was maintained after prolonged inhibition of NF-κB (Fig. 5E). Consistent with 

the effect of NF-κB inhibition on nuclear localization of p53, PUMA expression at 24 h post-HI 

was low after 0/3 h TAT-NBD (Fig. 5F). Interestingly, however, PUMA expression was signifi-

cantly higher after prolonged treatment than in vehicle-treated animals (Fig. 5F; p<0.05).

Next, we determined the kinetics of HI-induced changes in expression of the anti-apoptotic 

factors Bcl-2 and Bcl-xL. HI induced a decrease in mitochondrial levels of Bcl-2 and Bcl-xL 

starting at 12 h after the insult (Fig. 5G, H). Prolonged TAT-NBD treatment (0/6/12 h) led to a 

significant further reduction in expression of Bcl-2 and Bcl-xL (p<0.01 vs vehicle-treated). In 

contrast, 0/3 h TAT-NBD treatment markedly increased Bcl-2 and Bcl-xL at 24 h after HI (Fig. 

5I, J; p<0.001 vs vehicle-treated). TAT-NBDmut did not have any effect.
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figure 3: HI-induced expression of pro- and 
anti-inflammatory cytokines and microglia 
activation.
Effect of 0/3 h and 0/6/12 h TAT-NBD on 
ipsilateral expression of TNF-α (A), IL-1β (B), 
IL-4 (C), IL-10 (d) or IL-1RA (e) as determined 
by quantitative real time RT-PCR at 24 h 
post-HI.
Data are normalized for expression of β-actin 
and GAPDH. n=9 animals per group. HI did 
not induce cytokine expression in contralateral 
hemispheres. *p<0.05, **p<0.01, ***p<0.001 
vs expression level in vehicle-treated animals.
f: Expression of CD68 as a marker of activated 
microglia/macrophages at 24 h after HI in the 
ipsilateral hippocampus was decreased after 
0/3 h TAT-NBD, but not after 0/6/12 h TAT-NBD.
See Full Color section, page 240.
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In vitro effects of prolonged tAt-NBd treatment on neuronal cell death

In our previous study, we showed that 6 h treatment with TAT-NBD protected neuronal cells 

in culture against cytotoxicity (11). Here we examined the effect of 24 h exposure of neuronal 

cells to TAT-NBD or TAT-NBDmut in a dose range that protects against cell death when present 

in the cultures for 6 h. SK-N-MC and SH-SY-5Y human neuronal cell lines were exposed to 

100 μM hydrogen peroxide (H2O2) as a model for oxidative stress or 100 nM staurosporine as 

a general inducer of apoptotic cell death. Primary cortical neuronal cultures were exposed to 

Figure 3.4 

figure 4: effects of prolonged tAt-NBd treatment on HI-induced apoptosis.
A-B: Ipsilateral expression of cytosolic cleaved caspase 3 (A) and cytochrome c (B) at 24 h post-HI was 
not inhibited by 0/6/12 h and 18/21 h TAT-NBD treatment. **p<0.01 vs vehicle- or TAT-NBDmut-treated 
animals (n=9 animals per group).

figure 5: effect of prolonged Nf-κB inhibition on anti- and pro-apoptotic markers.
A-C: Kinetics of HI-induced cytosolic p53 expression (A), nuclear p53 association (B) and PUMA 
expression (C). *p<0.05, **p<0.01 vs sham-controls (n=4-6 animals per group).
d-e: The HI-induced increase in cytosolic p53 levels at 24 h post-HI (d) was prevented by both 0/3 
h and 0/6/12 h TAT-NBD treatment. In contrast, the increase in nuclear p53 (e) was abolished by 0/3 
h TAT-NBD but not by 0/6/12 h TAT-NBD. **p<0.01, ***p<0.001 vs vehicle- or TAT-NBDmut-treated 
animals (n= 9 animals per group).
f: 0/3 h TAT-NBD prevented upregulation of PUMA at 24 h post-HI, whereas 0/6/12 h TAT-NBD was 
associated with a further increase in the HI-induced expression of PUMAα and PUMAβ. ***p< 0.001 
vs 0/3 h TAT-NBD-treated animals and #p<0.05 vs vehicle- or TAT-NBDmut-treated animals (n=9 animals 
per group). Graph represents change in PUMAα.
G-H: Kinetics of HI-induced reduction in ipsilateral mitochondrial Bcl-2 (G) and Bcl-xL (H). *p<0.05, 
**p<0.01 vs sham-controls (n=4-6 animals per group).
I-J: Expression of Bcl-2 (I) and Bcl-xL (J) were increased by 0/3 h TAT-NBD treatment, but decreased 
after prolonged TAT-NBD treatment (0/6/12 h). ***p<0.001 vs vehicle-, 0/6/12 h TAT-NBD- or TAT-
NBDmut-treated animals; ## p<0.01 vs vehicle- or TAT-NBDmut-treated animals (n=9 animals per group).
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Figure 3.6 
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glutamate (50 and 100 μM). The presence of TAT-NBD but not TAT-NBDmut during 24 h dose-

dependently increased neuronal death in vitro in response to either H2O2 or staurosporine in 

SK-N-MC and SH-SY-5Y neuronal cells (Fig. 6A-D) and to glutamate in primary neuronal cells 

(Fig. 6E, F; p<0.001 vs stimulated cells without TAT-NBD). In control cultures, the addition of 

TAT-NBD or TAT-NBDmut alone had no effect on cell survival.

dISCuSSIoN

In this study we demonstrate for the first time that neonatal HI brain injury induced biphasic 

activation of NF-κB with an early peak of NF-κB activity (0.5-6 h) followed by a second late-

phase peak at 24 h post-HI in P7 rats. Moreover, we present novel insights into the opposite 

roles of early- and late-phase NF-κB activity in cerebral damage, expression of pro- and anti-

apoptotic molecules and the cytokine response in a model of neonatal HI brain damage.

The strong neuroprotection observed in our previous study after inhibition of only early 

NF-κB activity by 0/3 h TAT-NBD was completely lost after prolonged treatment with TAT-NBD 

which inhibits both early- and late-phase NF-κB activity. Moreover, after 18/21 h TAT-NBD 

which only prevents late-phase NF-κB activity, brain damage was aggravated. Thus, inhibition 

of early NF-κB activity was neuroprotective only when the second peak of NF-κB activity was 

intact, suggesting that early inhibition of NF-κB rescues the brain from neurodegenerative 

processes via a mechanism that relies on late NF-κB activity to promote neuronal survival.

Interestingly, Duckworth et al. described increased brain damage after middle cerebral 

artery occlusion (MCAO) in adult mice lacking the p50 subunit of NF-κB, which is in line 

with the more pronounced damage we observe with prolonged inhibition of NF-κB (15). In 

apparent contrast, it has been shown that permanent deletion of neuronal IKK2 is neuropro-

tective in an adult mouse stroke model (16,17). In these animals, there was no evidence for 

aggravation of injury as one would predict based on the aggravation of damage we observed 

after prolonged inhibition of the IKK/ NF-κB pathway by TAT-NBD. It is conceivable, however, 

that activation of IKK1 compensates for the IKK2 deficiency by inducing protective NF-κB 

activity later after the insult. Indeed, some residual NF-κB activity was shown after stimulation 

of IKK2-knockout neuronal cells in vitro with TNF-α (16). An alternative possibility would be 

that the immature brain depends more on the protective effect of late NF-κB activity than 

figure 6: Prolonged tAt-NBd dose-dependently increases neuronal cell death in vitro.
The human neuronal cell lines (SK-N-MC and SH-SY-5Y) were exposed to 100 μM H2O2 or 100 nM 
staurosporine and 10, 50 or 100 μM TAT-NBD for 24 h (SK-N-MC A, B; SH-SY-5Y C, d). Primary cortical 
neuronal cultures were exposed to 50 or 100 μM glutamate and 10, 50 or 100 μM TAT-NBD for 24 
h (e, f). Cell survival was determined using MTT. Addition of TAT-NBD for 24 h dose-dependently 
increased neuronal death. MUT: addition of 100 μM TAT-NBDmut. **p<0.01, ***p<0.001 vs stimulated 
cells without TAT-NBD. TAT-NBD or TAT-NBDmut treatment as such had no effect on neuronal survival. 
Data are from three independent experiments performed in quadruplicate.
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the adult brain, because apoptotic cell death is known to play a more pronounced role in 

neonatal than in adult cerebral cell death (9,18).

How can prolonged inhibition of the NF-κB pathway overrule the strong neuroprotective 

effect of early short-term NF-κB inhibition? NF-κB stimulates the expression of the anti-

apoptotic molecules Bcl-2 and Bcl-xL, proteins known to protect the outer mitochondrial 

membrane by counteracting pro-apoptotic members of the Bcl-2 family (4,5). We showed 

that HI decreased expression level of Bcl-2 and Bcl-xL rather late, from 12 h post-HI with a 

further decrease at 24 h. Interestingly, neuroprotective 0/3 h TAT-NBD treatment was associ-

ated with pronounced upregulation of Bcl-2 and Bcl-xL at 24 h post-HI. In contrast, prolonged 

NF-κB inhibition by 0/6/12 h TAT-NBD reduced expression of these anti-apoptotic factors even 

further. These data suggest that late-phase NF-κB activity is required for upregulation of 

these anti-apoptotic factors that are required to propagate neuroprotection initiated by early 

NF-κB inhibition.

In the present study, we show increased cytosolic p53 and nuclear p53 accumulation 

starting at 3 h and further increasing up to 24 h post-HI. Importantly, p53 is under transcrip-

tional control of NF-κB (19) and consistent with NF-κB-dependent upregulation, prolonged 

inhibition of NF-κB activity decreased cytosolic p53 expression at 24 h post-HI. Notably, 

nuclear accumulation of p53 at 24 h after HI was not reduced by prolonged TAT-NBD, despite 

a marked reduction in cytosolic p53. These data indicate that increased nuclear p53 can 

occur independently of increased cytosolic levels, and that late NF-κB activity is necessary 

for preventing nuclear accumulation of p53. Nuclear p53 transcriptionally regulates other 

pro-apoptotic target genes including PUMA (20). The observed increase in PUMA expression 

was even higher after prolonged inhibition of NF-κB compared with vehicle-treated animals, 

despite equal levels of nuclear p53. One possible explanation may be that nuclear NF-κB 

competes with p53 for co-factor p300, which enhances transcriptional activity of p53. When 

NF-κB is not activated, it is conceivable that more p300 is available for interaction with 

p53 and thus reduced NF-κB activation may favour transcriptional activity of p53 leading to 

higher expression of PUMA (20).

Pro- and anti-inflammatory cytokines are expressed in the neonatal brain after HI and can 

contribute to damage (21,22). It is commonly accepted that inhibition of NF-κB will prevent 

pro-inflammatory cytokine production thereby contributing to neuroprotection (9,21,23). In 

contrast, however, we observed that prolonged inhibition of NF-κB activity did not inhibit 

cytokine production nor microglia activation at 24 h after HI, although at this time point 

expression of p53, another NF-κB target, was clearly inhibited. On the other hand, after 0/3 

h TAT-NBD, cytokine production and microglial activation were not observed at 24 h. The 

fact that late cytokine production and microglia activation did not occur after early (protec-

tive) TAT-NBD treatment, suggests that late cytokine production and microglia activation are 

secondary to neuronal damage, i.e. are part of a reactive process induced by the initial brain 

damage.
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In our previous study, we already described that early cytokine production at 3 h post-HI 

was not prevented after inhibition of early NF-κB activity by 0/3 h TAT-NBD (11). From our 

most recent data, we have indications that early cytokine production is not detrimental in 

our neonatal HI model and may even contribute to neuroprotection. Collectively, our data 

show that in the neonatal brain, HI-induced pro- and anti-inflammatory cytokine production 

and microglia activation are not completely dependent on NF-κB activity and may involve 

additional transcription factors. We propose that in the developing brain other transcrip-

tion factors than NF-κB may contribute to HI-induced cytokine production and/or that the 

developing brain can switch to the use of other transcription factors such as AP-1, when 

NF-κB is inhibited.

This study provides novel insights in the dual role of NF-κB during HI brain damage and 

sheds a new light on the complex controversial results obtained in the past when studying 

inhibition of NF-κB as a potential therapeutic intervention in models of cerebral damage. 

Interestingly, Zhang et al. showed that selective inhibition of NF-κB in neurons but not in 

glia reduced infarct size at 48 h after MCAO, indicating that NF-κB activation in neurons 

contributes to the ischemic damage (24). In line with this observation, our in vitro studies 

show that the protective effects of transient TAT-NBD treatment and the detrimental effects 

of prolonged TAT-NBD treatment can be mimicked by using neuronal cells in vitro, indicating 

that inhibition of neuronal NF-κB can be sufficient to explain the observed effects in vivo. 

Nevertheless, it remains to be determined whether the effects of early or late NF-κB inhibition 

involve different cell populations.

The results presented here demonstrate that there are two distinct phases of NF-κB activity 

after neonatal cerebral HI. The ultimate effect of NF-κB inhibition on HI-induced brain dam-

age will be determined by a balance between prevention of early pro-apoptotic processes on 

the one hand and maintenance of late upregulation of anti-apoptotic factors on the other 

hand. We propose that the final decision to live or die is made relatively late after HI; crucial 

protective NF-κB-dependent processes that occur relatively late after HI will determine the 

ultimate fate of cells.

We have shown previously that peripheral administration of the TAT-NBD peptide early 

and transiently after HI has a marked neuroprotective effect with a therapeutic window of 

at least 6 h in P7 rats. However, here we show that initiation of treatment at 18 h after HI 

aggravated brain damage. Thus, TAT-NBD treatment should be confined to an early admin-

istration after a hypoxic-ischemic insult to preserve protective NF-κB-dependent mechanisms 

that occur in a later phase. Clinical applications of TAT-NBD should be restricted to cases 

of well-documented acute perinatal asphyxia in which detailed records on timing of the 

insult are available. The incidence of acute complications with detailed records, e.g. uterine 

rupture, placental abruption or umbilical cord compression, is more than 50% of the cases of 

neonatal encephalopathy (25). Our animal studies suggest that when timed properly, TAT-NBD 

treatment may represent a very effective strategy to combat neonatal HI brain damage.
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ABStrACt

Background

NF-κB is an important regulator of inflammatory and apoptotic gene transcription. We 

have recently shown that NF-κB inhibition by intraperitoneal administration of the NF-κB 

inhibitor TAT-NBD strongly reduced neonatal hypoxic-ischemic brain damage. Surprisingly, 

NF-κB inhibition and neuroprotection were not associated with inhibition of cerebral cytokine 

production. Here we address the question how early hypoxia-ischemia (HI)-induced cytokine 

production is maintained in the context of NF-κB inhibition.

Methods

Brain damage was induced in P7 rats by unilateral carotid artery occlusion and hypoxia. Rat 

pups were treated with the NF-κB inhibitor TAT-NBD, the JNK inhibitor TAT-JBD or both at 0 

and 3 h post-HI. We determined NF-κB and AP-1 activity, XIAP expression, TNF-α, IL-10 and 

TNF receptor mRNA expression and cerebral damage.

results

When NF-κB was inhibited after neonatal HI by TAT-NBD treatment, cerebral damage was 

reduced, but TNF-α production was not inhibited. After TAT-NBD treatment, the HI-induced 

reduction in XIAP expression was significantly more pronounced. Moreover, cerebral AP-1 

activation was increased when NF-κB was inhibited by TAT-NBD treatment. After inhibition 

of both NF-κB and JNK/ AP-1 by combined treatment with TAT-NBD and TAT-JBD, HI-induced 

early TNF-α production was completely abrogated. Inhibiting JNK/ AP-1 by TAT-JBD treatment 

after HI provided significant neuroprotection but to a smaller extent than NF-κB inhibition. 

However, combined inhibition of NF-κB and JNK/ AP-1 significantly reduced the neuroprotec-

tive effect observed after inhibiton of NF-κB alone. When NF-κB activity was inhibited by 

TAT-NBD, the HI-induced upregulation of expression of TNF-R1 was decreased whereas the 

expression of TNF-R2 was increased compared with vehicle-treated animals. Inhibition of 

both NF-κB and JNK/ AP-1 abolished the effects on TNF-R1 and TNF-R2.

Conclusions

Switching to use of the JNK/ AP-1 pathway, possibly via XIAP, is responsible for preserving early 

cytokine expression after neonatal HI when NF-κB is inhibited. We have no indications that 

early cytokine production aggravates HI brain injury and suggest that early TNF-α expression 

might contribute to neuroprotective effects of TAT-NBD possibly by signaling via TNF-R2.
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INtroduCtIoN

In the human newborn, hypoxia-ischemia (HI) remains a major cause of mortality and mor-

bidity. Insights into the complicated interplay between excitotoxicity, inflammation, free radi-

cal production and apoptotic cell death will lead to a better understanding of mechanisms 

involved in the development of HI brain damage (reviewed in 1).

Several transcription factors are activated in the brain during and after HI. These transcrip-

tion factors are capable of modulating expression of key molecules involved in the complex 

cerebral response to injury (2). One important transcription factor is nuclear factor kappa B 

(NF-κB), which is well-known for regulating many inflammatory target genes and is nowadays 

also acknowledged for its prominent role in regulating cell death and survival (3-5).

In our recent studies, we investigated the role of NF-κB inhibition in the development of 

HI brain injury in neonatal 7-day-old (P7) rat pups by i.p. administration of TAT-NBD peptide, 

an established NF-κB inhibitor (6). We observed a large reduction in brain injury (up to 80%) 

after early transient NF-κB inhibition by TAT-NBD in our model. The neuroprotective effects 

of TAT-NBD treatment were associated with inhibition of pro-apoptotic events but NF-κB 

inhibition and neuroprotection were not associated with inhibition of early cerebral pro- and 

anti-inflammatory cytokine production (6).

In the present study, we further addressed the question how cytokine transcription can 

be induced under conditions when NF-κB is inhibited. Recent in vitro studies have revealed 

that the NF-κB target gene XIAP (X-chromosome linked inhibitor of apoptosis) can negatively 

regulate the activity of the c-Jun terminal kinase (JNK) and the downstream transcription 

factor AP-1 (reviewed in 7). To examine whether, in our model of neonatal HI brain dam-

age, the JNK/ AP-1 pathway might be responsible for cytokine production when NF-κB is 

inhibited, rat pups were treated with a combination of TAT-NBD and the JNK binding domain 

(JBD) peptide, coupled to TAT (TAT-JBD). JBD is the JNK binding domain of JNK-interacting 

protein-1 (JIP-1), a scaffold protein and specific inhibitor of JNK (8,9).

MAterIALS ANd MetHodS

Animals

The animal committee approved all experiments. At postnatal day 7, Wistar rat pups under-

went occlusion of the right common carotid artery under isoflurane anaesthesia. After recov-

ery for 1-3 h, pups underwent hypoxia by 120 min 8% O2 in N2. Sham controls underwent 

anaesthesia and incision only. All analyses were performed in a blinded set-up.

TAT-NBD, TAT-JBD or mutant peptide (W.M. Keck facility, Yale University, New Haven, CT) 

was dissolved in DMSO (40 mg/mL), diluted in PBS and administered i.p. at 20 mg/kg (TAT-
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NBD) or 10 mg/kg (TAT-JBD) (6,10) immediately after HI. To determine the effect of treatment 

on brain damage, the inhibitors were administered at 0 and 3 h after HI as described before 

(6). For TAT-NBD peptide and mutant peptide sequences see (6); TAT-JBD: (ygrkkrrqrrr-pp-

RPKRPTTLNLFPQVPRSQDT) (9).

Rats were terminated by 300 mg/kg pentobarbital and perfused with 4% paraformalde-

hyde in PBS or were decapitated.

Histology

Coronal paraffin sections (8 μm) were cut at hippocampal level. Deparaffinized sections 

were incubated with mouse-anti-microtubule-associated protein (MAP2) (Sigma-Aldrich, 

Steinheim, Germany) followed by peroxidase-labeled secondary antibody and revealed using 

Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and diaminobenzamidine. MAP2 

staining in both hemispheres was outlined on full section images and the ratio of ipsilateral 

and contralateral areas was calculated (11).

western blotting and eMSA

Nuclear and cytosolic fractions of each hemisphere were prepared as described (11) and 

quality of fractionation was confirmed (6). Proteins were separated by SDS-PAGE, transferred 

to Hybond-C membranes (Amersham Biosciences, Buckinghamshire, UK) and revealed using 

rabbit-ant-XIAP (Cell Signaling, Danvers, MA), goat-anti-β-actin, donkey-anti-goat-peroxidase 

(both Santa Cruz Biotechnology, Santa Cruz, CA) or donkey-anti-rabbit-peroxidase (Amer-

sham Biosciences) followed by enhanced chemiluminescence (Amersham Biosciences) and 

analyzed with a GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA).

Electromobility shift asssays (EMSA) on nuclear brain extracts with 32P labeled NF-κB probe 

(sequence see 10) or AP-1 probe (Promega, Madison, WI; sequence 5’-CGCTTGATGAGT-

CAGCCGGAA-3’) were performed as described (10). Excess of cold DNA probe eliminated 

the signal, showing specificity of the EMSA.

Quantitative real time reverse transcriptase (rt)-PCr

Total RNA was isolated with TRIzol® (Invitrogen, Paisley, UK). cDNA was synthesized with 

SuperScript Reverse Transcriptase (Invitrogen). The PCR reaction was performed with iQ5 

Real-Time PCR Detection System (Bio-Rad) using primers for TNF-α and IL-10 (for sequences 

see 6), TNF-R1: forward: GTTGCCTCTGGTTATCTTC; reverse: GCTTAGTAACAATTCCTTCAC; 

TNF-R2: forward TCAGCCAGAGCCCACAAG; reverse: CATCAGCAGACCCAGAGTTG. 

To confirm appropriate amplification, size of PCR products was verified on gel. Data were 

normalized for expression of β-actin and GAPDH.
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Statistical Analysis

Data are presented as mean and SEM and were analyzed by one-way ANOVA with Bonfer-

roni post-tests.

reSuLtS

effect of Nf-κB inhibition on cerebral XIAP expression and AP-1 activity

Intraperitoneal treatment with the TAT-NBD peptide directly after HI completely blocked 

HI-induced NF-κB activation as determined at 3 h after the insult (Fig. 1A). Treatment with 

Chapter 4 
 
Figure 4.1 
 

figure 1: effects of Nf-κB inhibition on XIAP expression and AP-1 activation after neonatal HI.
A: Intraperitoneal administration of TAT-NBD directly after HI inhibits HI-induced NF-κB activity in the 
ipsilateral hemisphere at 3 h post-HI, determined by EMSA on nuclear brain extracts. VEH: vehicle-
treated, NBD: TAT-NBD-treated, MUT: treated with mutant peptide, c: contralateral and i: ipsilateral. 
Representative example of n=5-7 animals per group.
B: Ipsilateral XIAP expression levels are significantly further reduced at 3 h post-HI when NF-κB is 
inhibited by TAT-NBD; **p<0.01 compared to vehicle- or mutant peptide-treated animals. n=7 animals 
per group. SHAM: sham-operated animals. Insets show representative Western Blots probed for XIAP 
and β-actin as a loading control.
C: HI-induced activation of ipsilateral AP-1 activity is significantly enhanced after TAT-NBD treatment, 
shown by EMSA on nuclear brain extracts at 3 h post-HI (**p<0.01 vs vehicle- or mutant-peptide-
treated animals). n=7 animals per group.
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the inactive NBDmut peptide as a control had no effect (Fig. 1A). Exposure to HI reduced 

the level of XIAP by ~25% at 3 h post-HI in vehicle- and TAT-NBDmut-treated animals (Fig. 

1B). Importantly, inhibition of NF-κB resulted in a further reduction of XIAP (Fig. 1B; 63% 

reduction; p<0.01 vs vehicle- and TAT-NBDmut-treated rats).

As is shown in Figure 1C, HI induced an increase in ipsilateral AP-1 activity at 3 h after the 

insult (p<0.05 vs sham). Notably, in animals treated with TAT-NBD, ipsilateral AP-1 activity 

was significantly increased compared with vehicle-treated littermates (Fig. 1C; p<0.01). TAT-

NBDmut treatment had no effect.

effect of combined inhibition of Nf-κB and JNK on HI-induced cytokine 

production

Next we focused on the possible role of AP-1 activity in regulation of cytokine production 

after HI. Directly after the insult, pups were treated with either the TAT-NBD peptide to inhibit 

the NF-κB pathway, or the TAT-JBD peptide to inhibit the JNK/ AP-1 pathway or with both 

peptides.

Figure 2 shows that TAT-JBD treatment or TAT-NBD + TAT-JBD treatment resulted in signifi-

cant inhibition of ipsilateral AP-1 activation at 3 h post-HI.
Figure 4.2 
 
 

figure 2: Intraperitoneal treatment with tAt-JBd inhibits cerebral AP-1 activation.
EMSA showing HI-induced activation of AP-1, determined at 3 h post-HI on nuclear brain extracts of 
both hemispheres. TAT-JBD treatment (either alone or in combination with TAT-NBD) directly after HI 
significantly inhibits AP-1 activation (**p<0.01 vs ipsilateral AP-1 levels in vehicle-treated animals). 
Inset shows representative example of 5-9 animals per group. JBD: TAT-JBD-treated.
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HI-induced TNF-α expression at 3 h post-HI was not inhibited after NF-κB inhibition by TAT-

NBD treatment as shown before (Fig. 3A and reference 6). Treatment with TAT-JBD after HI 

resulted in a slight, but not statistically significant decrease in TNF-α expression. Importantly 

however, inhibition of both the NF-κB and the JNK pathway by combined treatment with TAT-

NBD and TAT-JBD, completely prevented the HI-induced increase in TNF-α (Fig. 3A). Similar 

results were obtained for the anti-inflammatory cytokine IL-10 (Fig. 3B).

the effect of combined inhibition of Nf-κB and JNK on cerebral damage

Here we confirm that NF-κB inhibition by TAT-NBD treatment early after HI had a very potent 

neuroprotective effect as we described previously (6); ipsilateral MAP2 loss was 8.0 ± 5.4% 

after TAT-NBD treatment vs 79.4 ± 4.1% in vehicle-treated pups (Fig. 4A, B; p<0.001). Inhibi-

tion of the JNK/ AP-1 pathway by TAT-JBD also significantly reduced ipsilateral MAP2 loss 

although to a lesser extent than TAT-NBD; ipsilateral MAP2 loss was 59.0 ± 5.8% after 

TAT-JBD treatment (Fig. 4A, B; p<0.05 vs vehicle-treatment). Combined treatment with TAT-

NBD and TAT-JBD to inhibit both pathways also protected against ipsilateral MAP2 loss (37.4 

± 5.7%; p<0.001 vs vehicle-treatment). Importantly however, this effect was significantly 

smaller than the neuroprotective effect of TAT-NBD treatment alone (Fig. 4A, B; p<0.05 

combined treatment vs TAT-NBD treatment).

Figure 4.3 

figure 3: effects of Nf-κB inhibition, JNK inhibition or both on expression of tNf-α and IL-10.
Effect of vehicle, 0/3 h TAT-NBD, 0/3 h TAT-JBD or combined treatment on TNF-α (A) and IL-10 (B) 
expression as determined by quantitative real time RT-PCR at 3 h post-HI.
Combined treatment completely abrogated cytokine production; **p<0.01, ***p<0.001 vs the 
expression level in the other treatment groups. Data are normalized for expression of β-actin and 
GAPDH. n=5-9 animals per group. HI did not induce cytokine expression in contralateral hemispheres.
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HI-induced tNf-receptor 1 and 2 expression after inhibition of Nf-κB, JNK or 

both

TNF-α signaling via the death-receptor TNF-R1 promotes apoptotic cell death, whereas 

signaling via TNF-R2 is associated with protective mechanisms.

Expression of both TNF-receptors was significantly upregulated at 3 h after the insult 

in the ipsilateral hemisphere (Fig. 5A, B). Notably, TAT-NBD treatment reduced TNF-R1 

expression (Fig. 5A; p<0.01), whereas it increased TNF-R2 (Fig. 5B; p<0.001) compared with 

vehicle-treated littermates. TAT-JBD treatment did not influence HI-induced changes in the 

expression of both TNF receptors. In line with the observed effects on cytokine expression, 

combined treatment with TAT-NBD and TAT-JBD completely abolished the effect of TAT-NBD 

on TNF-R1 and TNF-R2 expression. HI-induced expression of both TNF receptors after treat-

ment with mutant peptide was similar to vehicle-treatment.

dISCuSSIoN

Our recent studies in a neonatal rat model of HI brain damage showed that strong neuropro-

tection after NF-κB inhibition with the TAT-NBD peptide was not associated with inhibition 

Figure 4.4 

figure 4: effects of Nf-κB inhibition, JNK inhibition or both on HI brain damage.
A. Quantification of MAP2 expression at 48 h post-HI, expressed as ratio ipsilateral/contralateral MAP2 
positive area after vehicle, 0/3 h TAT-NBD (NBD), 0/3 h TAT-JBD (JBD) or combined treatment (NBD+JBD) 
treatment. *p<0.05 and ***p<0.001 vs vehicle-treated animals. #p<0.05 vs 0/3 h TAT-NBD-treated 
animals. SHAM: n=6, other groups: n=6-9 animals per group. Mutant peptide-treated animals showed 
similar amount of MAP2 loss as vehicle-treated animals. No loss of MAP2 in contralateral hemispheres.
B. Representative examples of the effect of vehicle, 0/3 h TAT-NBD, 0/3 h TAT-JBD or combined 
treatment on MAP2 loss at 48 h post-HI. See Full Color section, page 241.
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of pro- or anti-inflammatory cytokine production (6,12). This is in contrast with the general 

view that NF-κB inhibition contributes to neuroprotection by preventing pro-inflammatory 

cytokine production (2,4,13).

Here we focused on the possibility that in our model inhibition of NF-κB activity could 

induce a switch to the use of other transcription factors in order to maintain HI-induced 

cytokine expression despite NF-κB inhibition. Our data demonstrate that inhibition of NF-κB 

by TAT-NBD results in increased activation of the JNK/ AP-1 pathway and that combined JNK/ 

AP-1 and NF-κB inhibition prevents HI-induced cytokine production.

Prior in vitro studies using murine embryonic fibroblasts (MEF) or Ewing sarcoma cells have 

shown that inhibition of NF-κB activation by IKKβ- or p65-deficiency or by expressing a domi-

nant negative IκB-α mutant, results in prolonged JNK activation (14-16). Moreover, Maeda et 

al. (17) and Chang et al. (18) showed that in vivo, suppressing NF-κB activation in mouse liver 

by knocking out IKKβ, leads to increased activation of the JNK pathway. The NF-κB target 

gene XIAP, a member of the IAP family of caspase inhibitors (19) has been shown to inhibit 

activation of the JNK/ AP-1 pathway by promoting the proteasomal degradation of TAK1, an 

upstream JNK-activating kinase (14,20). Moreover, silencing of the XIAP gene in mouse liver 

cells in vitro resulted in persistent JNK activation (20).

We show for the first time that the proposed XIAP-dependent mechanism for the cross-

talk between the NF-κB and AP-1 pathway may also be operative in vivo; XIAP was reduced 

and concomitantly activation of cerebral JNK/ AP-1 was increased by NF-κB inhibition after 

neonatal cerebral HI. It should be noted, however, that there are other candidates than XIAP 

Figure 4.5 
 
 

figure 5: effect of Nf-κB inhibition, JNK inhibition or both on tNf-r1 and tNf-r2 expression.
HI induced upregulation of TNF-R1 (A) and TNF-R2 (B) expression in the ipsilateral hemisphere of 
vehicle-treated animals at 3 h post-HI as determined by quantitative real time RT-PCR (# p<0.05 and 
### p< 0.001 vs sham-controls). TAT-NBD treatment directly after HI reduced TNF-R1 expression and 
increased TNF-R2 expression compared to vehicle-treatment (** p<0.01 and ***p< 0.001 vs vehicle-
treatment). This effect was abolished after combined treatment with TAT-NBD and TAT-JBD. Treatment 
with TAT-JBD or mutant peptide had the same effect as vehicle-treatment. Data are normalized for 
expression of β-actin and GAPDH. n=5-9 animals per group. HI did not induce upregulation of TNF-R1 
and TNF-R2 expression in contralateral hemispheres.
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that may contribute to the negative crosslink between NF-κB and JNK including Gadd45β 

and reactive oxygen species (ROS), which are both increased after HI in the neonatal brain 

(21-24).

Cytokine expression at 3 h after HI was neither inhibited by NF-κB inhibition by TAT-

NBD nor by JNK/ AP-1 inhibition by TAT-JBD. However, when we blocked both pathways by 

administering TAT-NBD in combination with TAT-JBD, cytokine production was completely 

abrogated. These data imply that under conditions when NF-κB is inhibited, the JNK/ AP-1 

pathway is responsible for cytokine production and vice versa. Moreover, we showed that 

maintenance of early cytokine production after NF-κB inhibition is associated with strong 

neuroprotection. On the basis of these data we would like to propose that early cytokine pro-

duction may serve a protective purpose, since the organism tries to maintain early cytokine 

production in a situation of danger.

To get more insight in the possible protective role of early cytokines, we focused on TNF-α 

as this cytokine was most explicitly expressed in our brain HI model. TNF-α is acknowledged 

to signal via different receptors, of which TNF receptor 1 (TNF-R1), an important death-

receptor, is the most well-studied (25). However, TNF-α can also signal via TNF receptor 

2 (TNF-R2), a receptor which has been described to promote survival. Fontaine et al. (26) 

describe the opposite role of these receptors using a model of neuronal death after retinal 

ischemia in TNF-R1-/- or TNF-R2-/- mice and concluded that TNF-R1 is involved in augmenting 

neuronal death, whereas TNF-R2 promotes neuroprotection. An essential role of TNF-R2 in 

neuronal survival was also shown in an in vitro model of glutamate-induced excitotoxicity in 

TNF-R1-/- or TNF-R2-/- primary cortical neurons (27). We have studied the kinetics of cerebral 

TNF-R1 and TNF-R2 expression after neonatal HI. Interestingly, the HI-induced kinetics of both 

receptors was apparently different; TNF-R1 expression was increasing from 3-6 h up to 48 h 

post-HI, whereas TNF-R2 expression was upregulated only very early after the insult (up to 6 

h) with decreasing expression at later time points (unpublished data). After NF-κB inhibition 

by TAT-NBD, HI-induced TNF-R1 expression at 3 h was decreased whereas TNF-R2 expression 

was increased. We therefore suggest that after NF-κB inhibition, early TNF-α might contribute 

to neuroprotection via enhanced signaling through TNF-R2. Interestingly, TNF-R2 expression 

was not increased after combined TAT-NBD and TAT-JBD treatment which might contribute 

to the loss of part of the neuroprotective effect of NF-κB inhibition alone. Our future research 

will focus on further elucidating the putative protective role of TNF-α via TNF-R2, e.g by 

studying the effects of early TNF-α inhibition in vivo or by studying the effects of HI brain 

damage and NF-κB inhibition in TNF-R2-/- mice.

What are in fact the consequences of NF-κB and JNK/ AP-1 activity for cerebral damage 

or protection in our neonatal HI model? In adult models of HI brain damage, JNK/ AP-1 

inhibition by pharmacological inhibitors (SP600125, D-JNKI-1 or TAT-JBD) has recently been 

described to be neuroprotective (28-33). Furthermore, genetic deletion of the JNK3 isoform is 

neuroprotective in a neonatal HI mouse model (34). We show here for the first time that JNK 
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inhibition by i.p. TAT-JBD administration inhibits cerebral AP-1 activity and provides significant 

neuroprotection after HI in neonatal rats. However, the neuroprotective effect of TAT-JBD 

was smaller than the neuroprotection provided by NF-κB inhibition by TAT-NBD treatment 

(~25.8% vs 89.9% neuroprotection compared with vehicle-treatment). When TAT-NBD and 

TAT-JBD treatment were combined, part of the neuroprotective effect of TAT-NBD was lost. 

These findings suggests that the protective effect of NF-κB inhibition by TAT-NBD depends 

partly on JNK/ AP-1 activity and possibly on early cytokine production as discussed above.

In conclusion, the present study shows that switching to the use of the JNK/ AP-1 pathway 

after NF-κB inhibition preserves cytokine production after neonatal HI in vivo. We propose 

that the reduction in XIAP levels after NF-κB inhibition may regulate switching from the NF-κB 

to the JNK/ AP-1 pathway. This study also provides novel insights in the role of cytokines 

during HI brain injury; production of early cytokines seems not to be detrimental to neonatal 

HI cerebral damage. When NF-κB is inhibited, early TNF-α might even contribute to neu-

roprotection through signaling via TNF-R2, of which the expression is selectively increased 

after NF-κB inhibition. For a better understanding of the contribution of inflammation to 

cerebral injury and for definition of anti-inflammatory therapeutical strategies, it will become 

important to elucidate at which time points cytokine production is beneficial or harmful to 

the damaged brain.
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ABStrACt

Background and purpose

Production of nitric oxide (NO) is thought to play an important role in neuroinflammation. 

Previously, we have shown that combined inhibition of neuronal nitric oxide synthase (nNOS) 

and inducible NOS (iNOS) can reduce hypoxia-ischemia (HI)-induced brain injury in 12-day-

old rats. The aim of this study was to analyze changes in expression of nNOS, iNOS and 

endothelial NOS (eNOS), and nitrotyrosine (NT) formation in proteins in neonatal rats up to 

48 h after cerebral HI.

Methods

P12 rats were subjected to unilateral carotid artery occlusion and hypoxia, resulting in uni-

lateral cerebral damage. NOS and NT expression were determined by immunohistochemistry 

and Western blot analysis at 30 min - 48 h after HI.

results

nNOS was increased in both hemispheres from 30 min to 3 h after HI. In the contralateral 

hemisphere, eNOS was decreased 1 - 3 h after HI. In the ipsilateral hemisphere, eNOS was 

decreased at 0.5 h after HI, normalized at 1 - 3 h and was increased 6 -12 h after HI. At 

24 and 48 h after HI, eNOS levels normalized. Surprisingly, iNOS expression did not change 

from 30 min up to 48 h after HI in the ipsilateral or contralateral hemisphere. In addition, 

the regional expression of iNOS in the brain as determined by immunohistochemistry did not 

change after HI. Expression of NT was slightly increased in both hemispheres only at 30 min 

after HI.

Conclusion

In 12-day-old rat pups, cerebral HI induced a transient increase in nNOS, eNOS, and NT in 

proteins, but no change in iNOS expression up to 48 h after the insult.
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INtroduCtIoN

Perinatal hypoxia-ischemia (HI) followed by reperfusion is an important cause of neonatal 

brain injury (1-4). The underlying mechanisms leading to neuronal cell death are numerous 

and complex (for review see 5). Free radicals and reactive oxygen species are excessively 

formed during and after HI and this process can exceed the antioxidant capacity of the brain 

and hence lead to brain injury (2,6,7). In addition, HI induces neuroinflammation, a process 

that involves production of inflammatory cytokines, activation of nitric oxide synthase (NOS) 

and infiltrating leukocytes. One of the pathways that received a lot of attention in our studies 

on the mechanisms involved in hypoxic-ischemic brain injury is nitric oxide (NO) (8-10). Three 

enzymes can catalyze the formation of NO: neuronal NOS (nNOS), inducible NOS (iNOS) 

and endothelial NOS (eNOS) (11-13). NO can react with superoxide to form peroxynitrite, 

a compound that in the presence of hydroxyl radicals can cause nitration of proteins, pre-

dominantly on tyrosine residues (14). Nitrotyrosine (NT) formation in proteins will result in 

malfunction of these proteins (15-17).

Evidence for a role of NO in neonatal hypoxic-ischemic brain damage comes from studies 

in mice lacking nNOS or iNOS. It has been shown that nNOS-/- animals are protected from 

neonatal HI-induced brain damage. Similarly, the extent of neonatal HI-induced brain dam-

age in iNOS-/- animals is significantly reduced (18,19). In contrast, animals lacking the eNOS 

gene have enlarged cerebral infarcts after HI (20).

Pharmacological inhibition of nNOS and iNOS activity, but not of eNOS, has also been 

shown to be capable of preventing neonatal HI-induced brain damage. We have previously 

shown that combined, selective inhibition of nNOS and iNOS activity during the first 24 h 

after HI significantly reduces brain damage in neonatal piglets and rats (9,10,21). In contrast, 

cerebral energy metabolism after HI is disturbed by simultaneous non-specific inhibition of 

all three NOS isoforms, including eNOS (22,23). Collectively, these data strongly suggest 

that NO production in the brain after HI is an important but multi-faceted factor in brain 

damage.

The kinetics of the changes in expression of the different NOS isoforms and NT levels in 

the brain after neonatal HI have not yet been fully established, but may provide relevant 

information for fine-tuning neuroprotective interventions. Therefore, we studied changes in 

nNOS, eNOS, iNOS, and NT in cerebral tissue at various time points after HI in 12-day-old rats 

(P12) using the Vannucci-Rice model (24). This model implicates unilateral common carotid 

artery ligation followed by hypoxia. The cerebral damage occurring in this model is restricted 

to the hemisphere ipsilateral to the occluded artery.
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MAterIAL ANd MetHodS

Animal protocol

The experimental animal committee of the University Medical Center Utrecht approved 

all experimental protocols. We used P12 rats as a model of the human fullterm neonate 

because of the similarities in brain development (25,26). Pups of both sexes were anaesthe-

tized with halothane (5.0% induction, 2.0% maintenance) in N2O/O2. The right common 

carotid artery was ligated. After 60 min, pups were exposed to 8%O2 / 92% N2 (90 min, 

37°C). Pups were returned to their dams and sacrificed at various time points after HI. 

Sham-operated controls underwent surgery and neck incision without artery occlusion. 

After decapitation, brains were removed, divided into two hemispheres and stored at 

-80°C. For immunohistochemistry, rats received an overdose of pentobarbital, were intrac-

ardially perfused with 4% paraformaldehyde and brains were post-fixed and embedded in 

paraffin.

western blotting

Both hemispheres were homogenized in a buffer containing 50 mM Tris, 5 mM EDTA, 150 

mM NaCl and protease inhibitors. Proteins were separated by 10% SDS-PAGE and trans-

ferred to nitrocellulose membranes (Hybond-C, Amersham Biosciences, Roosendaal, the 

Netherlands) by electroblotting. Blots were stained with anti-nitrotyrosine (Biomol, Plymouth, 

PA), anti-nNOS, anti-iNOS, or anti-eNOS (Santa Cruz Biotechnology, Santa Cruz, CA) and 

developed by enhanced chemiluminescence (ECL, Amersham Biosciences). Band density was 

determined with a GS-700 densitometer (Bio-Rad, Hercules, CA).

Histology

Coronal sections of 8 μm were cut approximately –3.30 mm from bregma, and stained 

with hematoxylin and eosin (HE). Full section images were captured with a Nikon D1 digital 

camera, processed in Adobe Photoshop and the ipsilateral and contralateral hemisphere area 

was measured.

Immunohistochemistry

Immunohistochemistry was performed 6, 12, 24 and 48 h after HI. 8 μm coronal sections 

were stained with rabbit-anti-nitrotyrosine (Upstate, Charlottesville, VA) or rabbit-anti-iNOS 

(Santa Cruz Biotechnology) followed by goat-anti-rabbit-biotin (Vector laboratories, Burl-

ingame, CA). Visualization was performed using vectastain ABC (Vector Laboratories) and 
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diaminobenzidine. Sections were counterstained with hematoxylin and scored for positivity 

in the CA1, CA2, CA3, CA4 and DG of the hippocampus and in the cortex.

Statistics

Data are presented as mean ± SD. Kruskal Wallis test was used for analyzing the differences 

over time. Mann-Whitney U test was used for further analysis of sham-treated rats vs HI rats. 

Wilcoxon Signed Ranks test was used to compare contralateral vs ipsilateral hemispheres. 

p<0.05 was considered statistically significant.

reSuLtS

Brain damage

The data in Figure 1 confirm that exposure of P12 rats to 90 min of hypoxia after ligation of 

the right common carotid artery results in cerebral damage after 6 wks. Analysis of the area 

of the ipsilateral and contralateral hemisphere demonstrates a significant (p< 0.01) reduction 

in size of the ipsilateral hemisphere vs the contralateral hemisphere.

Nitrotyrosine formation in proteins

We analyzed NT in proteins of the ipsilateral and contralateral hemisphere after HI by West-

ern blot analysis. A large number of proteins staining positively for NT were detectable; we 

Chapter 5 
 
Figure 5.1 

figure 1: Brain damage at 6 wks after HI.
The area of the ipsilateral and contralateral hemispheres of brain sections were measured 
approximately –3.30 mm from bregma. The area of the ipsilateral hemisphere, as a percentage of the 
contralateral hemisphere, was calculated as an indicator of brain damage. n=12 animals. Values are 
given as mean ± SD; *p<0.01.
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analyzed bands migrating at 30, 37, 45 and 70 kD. Only at 30 min after HI we observed 

a significant (p<0.001) increase in NT-positive proteins migrating at 30, 37 and 45 kD (Fig. 

2 and data not shown). The increase in NT in the 70 kD band at 30 min after HI was not 

statistically significant. At all other time points, we did not observe an increase in NT in any 

of the proteins (Fig. 2 and data not shown). Moreover, there was no significant difference in 

expression level of NT-positive proteins between the ipsilateral and contralateral hemisphere 

at any time point after HI.

The finding that the level of NT-positive proteins as determined by Western blot analysis 

was not influenced by HI at later time points than 30 min was unexpected. Therefore, to 

determine the possible regional differences in NT levels in the brain, we analyzed expression 

of NT at 6-48 h after HI by immunohistochemistry. In sham-treated rats NT-positive neurons 

were observed in the cortex and scattered NT-positive neurons were observed in the hip-

pocampus. We did not observe any increase in the ipsilateral or contralateral hemisphere 

in NT staining from 6-48 h after HI. In contrast, at 24 h and 48 h after HI we observed a 

decrease in NT expression in regions with severe neuronal damage, probably because of loss 

of NT-positive neurons (Fig. 3).

expression of nNoS

Levels of nNOS were analyzed using Western blot in homogenates of the ipsilateral and 

contralateral hemisphere obtained at 30 min, 1 h, 3 h, 6 h, 12 h, 24 h and 48 h after HI (Fig. 

4A). We did observe a significant change in nNOS expression over time (p<0.001). As early 

as 30 min after HI, nNOS expression was increased and the increase was maintained until 3 

h after HI. Subsequently, nNOS protein expression returned to baseline levels. However, there 

was no significant difference in nNOS expression between the ipsilateral and contralateral 

hemisphere.

Figure 5.2 

figure 2: Kinetics of nitrotyrosine staining in brain proteins.
NT in brain homogenates from sham rats and rats 0.5, 1, 3, 6, 12, 24 and 48 h after HI (n=7 per time 
point). Data represent level of NT staining for the band migrating at 45 kD and are expressed as mean 
± SD; * p<0.001 vs sham-controls.
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figure 3: Immunohistochemistry for nitrotyrosine.
Representative microphotographs of negative control (A, B), sham-operated animals (C, d), 
contralateral hemisphere (e, f) and ipsilateral hemisphere (G, H) at 48 h after HI.  See Full Color 
section, page 242.
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expression of eNoS

Western blot analysis of brain homogenates for expression of eNOS revealed that neonatal 

HI also induces a significant change in the expression of eNOS over time (Fig. 4B; p<0.001). 

The kinetics of the change in eNOS was different from those observed for nNOS expression. 

Figure 5.4 
 

figure 4: Kinetics of cerebral nNoS, eNoS and iNoS expression.
Western blot analysis was performed for nNOS (A), eNOS (B) and iNOS (C) in brain homogenates from 
sham-operated rats and rats 0.5, 1, 3, 6, 12, 24 and 48 h after HI (n= 7 animals per time point). Data 
represent mean ± SD; A: * p<0.001; B: + p<0.05, # p<0.01 vs sham and * p<0.05 vs contralateral.
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Expression of eNOS differed significantly (p<0.05) between ipsilateral and contralateral 

hemispheres at 0.5 h, 1 h, 3 h and 12 h after HI. Ipsilaterally, there was a decrease 0.5 h after 

HI (p<0.05), followed by an increase 6 -12 h after HI (p<0.01). Subsequently, eNOS returned 

to the levels observed in sham-operated animals. In the contralateral hemisphere, eNOS 

expression was decreased only 1 h and 3 h after HI (p<0.01) and returned to levels observed 

in sham-operated animals after 6 h.

expression of iNoS

When we analyzed expression of iNOS in brain homogenates obtained at the various time 

points after HI by Western blotting, we did not observe any change in iNOS expression over 

time (Fig. 4C). Moreover, there was no difference in iNOS expression between ipsilateral and 

contralateral hemisphere.

In search for regional changes in the expression of iNOS, we also analyzed expression of 

iNOS at 6 - 48 h after HI by immunohistochemistry. In line with earlier reports we observed 

neuronal expression of iNOS in the cortex and hippocampus of neonatal rats (11). Again, 

we did not observe any increase in iNOS expression after HI. We did, however, observe a 

decrease in iNOS expression in regions with a lot of neuronal damage, probably because of 

loss of cells that had contained iNOS (Fig. 5). In the damaged cortex of rats 48 h after HI, 

the endothelial cells of the blood vessels stained positively for iNOS. In these animals we 

observed iNOS positive cells near the blood vessels (data not shown).

dISCuSSIoN

In our study in P12 rats we determined the expression of nNOS, eNOS, and iNOS following 

cerebral HI. Interestingly, only an increase in nNOS was observed 30 min to 3 h after HI in 

both hemispheres. It is very likely that nNOS is activated during the period of reperfusion 

following HI. Cellular influx of calcium activates nNOS, with ensuing elevated NO production 

(2). The increased nNOS levels may therefore contribute to the short-lasting increase in NT 30 

min after HI. In contrast with the early-elevated levels of nNOS, eNOS levels were decreased 

early after HI. In the contralateral hemisphere eNOS levels returned to baseline after 6 h. 

In the ipsilateral hemisphere, eNOS levels rapidly returned to baseline levels and did even 

increase from 6-12 h after HI. Others have described elevated levels of eNOS in the ipsilateral 

cerebrum of P7 rats at 24 h after HI as well (27). Mice lacking the gene for eNOS have larger 

brain infarcts after HI (20), suggesting that elevated levels of eNOS may reduce the severity 

of brain injury after HI.

Interestingly, we did not detect any change in iNOS levels between 30 min and 48 h 

after HI, despite the known influx of inflammatory cells into the brain and the increase in 
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Figure 5.5 
 

figure 5: Immunohistochemistry for iNoS.
Representative microphotographs of negative control (A, B), sham-operated animals (C, d), 
contralateral hemisphere (e, f) and ipsilateral hemisphere (G, H) at 48 h after HI.  See Full Color 
section, page 243.
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CD68 expression that occurs within 24 h after hypoxia in the model (data not shown). In 

rat pups, an increase in iNOS mRNA and protein has been described 1 day after HI in P0 

rats and 6 to 48 h after HI in P7 rats (11,28). Reports about iNOS levels after HI in adult 

animals are conflicting. Iadecola et al. described that in adult rats increased iNOS mRNA was 

observed following middle cerebral artery occlusion (MCAO) from 12 h up to 48 h after HI 

(29). However, Iadecola et al. also described that in adult mice following MCAO increased 

iNOS mRNA was observed not earlier than 48 h after HI, and increased further 96 h after HI 

(19). In line with our present observations, however, Yoshida et al. described that in adult 

rats following MCAO, iNOS activity was undetectable until 2 days after the occlusion (30). 

It has been described that basal levels of iNOS are relatively high on day 0 and decline after 

P6-P7 to adult levels (31). An observation that we have partly confirmed comparing basal 

expression of iNOS in brains of P7 and P12 rats (data not shown). A potential explanation for 

the difference between our present data and earlier data obtained in P7 rats, is that after HI 

iNOS production is differently affected when basal expression levels are different. It should 

also been noted, however, that we cannot exclude that iNOS levels increased above baseline 

levels at later time points than 48 h post-HI.

Reports about NT formation in cerebral tissue after HI are also conflicting. In P0 rats no 

changes in NT have been reported after hypoxia, whereas in P7 Wistar rats increased NT 

levels only in the ipsilateral hemisphere peaking at 48 h or 3 h after HI have been described 

(11,28,32). Similarly, in a stroke model in adult rats, elevated levels of NT have been shown 

within the first 48 h after the insult, whereas other studies report no overall changes in NT 

after stroke in adult rats (33,34). In some studies, changes in the distribution of NT from 

nucleus to cytoplasm after HI as detected by immunohistochemistry have been described 

(11,31). In our study in P12 rats, however, we did not observe any change in the cellular 

localization of NT staining at 6-48 h post-HI. In addition, confirming the data from Western 

blot analysis, we did not observe localized increases in NT 6-48 h after HI, but rather a 

localized decrease in NT staining in the cortex in areas with neuronal loss. Thus, in our 

study, we only observed a modest increase in NT at one time point (30 min post-HI) in both 

hemispheres. This leads to the hypothesis that nitrotyrosilation is not the major mechanism 

via which NO induces damage.

Recently it has been published that NO can have direct effects on neuronal mitochondria 

(i.e. without production of NT), resulting in release of cytochrome c, activation of caspases 

and apoptosis (35-37). Previously, we have shown that cytochrome c leakage is increased 

24 h after HI in our model of P12 rats (21). We also showed that treatment of P12 rats with 

2-iminobiotin, a combined iNOS and nNOS inhibitor, resulted in reduced neuronal damage 

and prevented the increase in cytochrome c, while nitrotyrosilation as determined at 24 h 

after the insult was not affected. Also, we showed that exposure of piglets to cerebral HI 

does not induce an increase in NT levels in the brain, although treatment with 2-iminobiotin 

reduced NT levels after HI in this model (9). Collectively, these data suggest that increased 
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nitrotyrosilation of proteins does not play a major role in neuronal damage after exposure of 

the neonatal rat brain to HI, although we can not exclude the possibility that nitrotyrosilation 

is a late event.

Emerging from our present data, showing that iNOS is not increased in the first 48 h 

after HI, is the question how iNOS inhibition or combined iNOS and nNOS inhibition during 

the first 24 h after HI can be neuroprotective (21,38). We hypothesize that the inhibition 

of basal iNOS, that we show to be present in neurons of sham-control animals and which 

remains expressed at the same level after HI, may contribute to the neuroprotective effect of 

inhibition of iNOS activity.
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ABStrACt

We have shown earlier that 2-iminobiotin (2-IB) reduces hypoxia-ischemia (HI)-induced brain 

damage in neonatal rats, and presumed that inhibition of nitric oxide synthases (NOS) was 

the underlying mechanism. We now investigated the effect of 2-IB treatment in P7 rat pups 

to determine the role of gender and the neuroprotective mechanism.

Pups were subjected to HI (occlusion of right carotid artery and 120 min FiO2 0.08) and 

received s.c. 10 mg/kg 2-IB at 0, 12 and 24 h after hypoxia. After 6 wks, neuronal damage 

was assessed histologically. We determined cerebral nitrite and nitrate (NOx) and nitrotyrosine, 

heat-shock protein 70, cytosolic cytochrome c, cleaved caspase 3, nuclear translocation of 

apoptosis-inducing factor (AIF) and the effect of 2-IB on NOS activity in cultured cells.

2-IB treatment reduced long-term brain damage in female but not male rats. Unexpect-

edly, 2-IB treatment did not reduce cerebral NOx or nitrotyrosine levels, and did not inhibit 

NOS activity in vitro. The gender-dependent neuroprotective effect of 2-IB was reflected 

in inhibition of the HI-induced increase in cytosolic cytochrome c and cleaved caspase 3 in 

females only. HI-induced activation of AIF was observed in males only and was not affected 

by 2-IB.

Post-HI treatment with 2-IB provides gender-specific long-term and short-term neuropro-

tection in female P7 rats via inhibition of the cytochrome c/ caspase 3 neuronal death path-

way. 2-IB did not alter cerebral NOx nor inhibited NOS in intact cells. Therefore, we conclude 

that it is highly unlikely that the neuroprotective effect of 2-IB involves NOS inhibition.
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INtroduCtIoN

Hypoxia-ischemia (HI) during the perinatal period is a common cause of mortality and morbid-

ity in the human neonate (1). We have described previously that post-HI treatment with the 

compound 2-iminobiotin (2-IB) is neuroprotective; treatment with 2-IB resulted in improved 

outcome at short-term in a piglet model of cerebral HI (2). More recently, we showed both 

short- and long-term neuroprotection by post-HI treatment with 2-IB in 12-day-old (P12) rat 

pups, which were used as a model for the fullterm human neonate (3).

We and others (2-4) have suggested that the neuroprotective effect of 2-IB is mediated via 

inhibition of both the neuronal (n) and inducible (i) isoforms of nitric oxide synthase (NOS), 

since in vitro studies using purified iNOS and nNOS have shown that 2-IB can inhibit the 

activity of these enzymes (5). However, until now, it has not been proven directly that 2-IB 

treatment indeed leads to decreased NOS activity in vivo.

In neonatal animals, the extent of brain injury after HI depends on the duration and sever-

ity of the insult and also on the maturation of the brain (6-8). It is known that the contribution 

of various pathways involved in HI brain damage varies with developmental stage of the brain 

(9,10). Moreover, it is becoming increasingly clear from recent human and animal adult stud-

ies that gender can be a modulator of cerebral ischemic cell death: there is evidence that both 

the vulnerability for HI brain damage and the cell death mechanisms after HI differ between 

males and females (11,12). For example, it has been shown in in vitro systems that proclivity 

to either caspase-dependent or caspase-independent apoptotic pathways differs between 

neurons of female and male origin (13). Most recently, it was shown in a neonatal mouse 

model of HI that a more pronounced translocation of apoptosis-inducing factor (AIF) occurred 

in males whereas caspase 3 was slightly more activated in females (14). As a consequence, 

gender might influence the outcome of neuroprotective intervention strategies.

The aim of the present study was to investigate short- and long-term effects of treat-

ment with 2-IB after HI in P7 pups, a widely used model for the moderately preterm human 

neonate (15,16). We examined whether gender interacts with the neuroprotective effects 

of 2-IB treatment after HI. Gender-specific dimorphism in the use of caspase-dependent or 

caspase-independent apoptotic mechanisms in neonatal cerebral damage was determined by 

analyzing the activation of several key players: cytochrome c release from the mitochondria 

and subsequent caspase 3 activation for caspase-dependent apoptosis and nuclear translo-

cation of apoptosis-inducing factor (AIF) for the caspase-independent apoptotic pathway. 

The effect of treatment with 2-IB on these apoptotic pathways in vivo was assessed. Finally, 

we investigated the mechanism of action of 2-IB in more detail. To get more insight in 

the contribution of inhibition of iNOS and nNOS to the neuroprotective effect of 2-IB, we 

determined the effect of 2-IB on the in vivo HI-induced nitrite and nitrate (NOx) production 

in the brain. In addition, we examined the effect of 2-IB on the activity of iNOS and nNOS in 

intact cells in vitro.
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MAterIAL ANd MetHodS

Animals

Experiments were performed in accordance with international guide lines and approved 

by the University Medical Center Utrecht experimental animal committee. Timed-pregnant 

Wistar rats (Charles River, Sulzfeld, Germany) delivered at the Central Laboratory Animal 

Institute (Utrecht, the Netherlands); the day of birth was considered day 0. Animals were 

kept on a 12:12 h light: dark cycle and were weaned at 3 wks of age.

We used a modification of the original Vannucci and Rice model (17). Pups were anaes-

thetized (5-10 min) with isoflurane (5.0% induction, 1.5% maintenance) in O2:N2O (1:1). 

Blood flow in the right common carotid artery was permanently interrupted by thermo-cau-

terization, xylocaine spray (100 mg/ml) (AstraZeneca, Zoetermeer, Netherlands) was applied 

and wounds were closed. Animals were kept warm on a heated water mattress (37°C) at any 

time during surgery. After at least 1 and maximal 3 h of recovery, pups were exposed to 8% 

O2 in N2 for 120 min. The gasmixture was humidified and preheated. During hypoxia the ani-

mals were kept on a heated water mattress in a child incubator with a temperature of 37°C. 

Air temperature in the incubator was monitored and was approximately 37°C throughout 

the experiment. After hypoxia, the animals returned to their dams and were kept at room 

temperature (RT). Sham-treated controls underwent anaesthesia and incision without further 

surgical procedures and without hypoxia. Brains from completely untreated pups did not 

differ from sham-operated pups in any of the parameters tested (data not shown).

2-IB (Sigma-Aldrich, St. Louis, MO) was dissolved at 1 mg/ml in 0.01 M HCl and pH was 

adjusted to 4.2 with 0.1 M NaOH. Pups received 2-IB (10 mg/kg) or vehicle (10 ml/kg) s.c. at 

0, 12 and 24 h after hypoxia. The dose and treatment schedule are identical to the optimal 

dose used in our earlier study using P12 rats (3) that was designated 30 mg/kg/day. In the 

present study we choose to describe the dose as three gifts of 10 mg/kg.

Histology

Six wks after HI, rats received an overdose pentobarbital (300 mg/kg) and were perfused 

with 4% paraformaldehyde in PBS. Brains were embedded in paraffin. Coronal sections (6 

μm) were cut at approximately –3.30 mm from bregma and stained with hematoxylin-eosin 

(HE) (Klinipath, Duiven, the Netherlands). Sections were scored in a blinded way in 6 regions 

of the parietal cortex and in 5 regions of the hippocampus (3). Scores ranged from 0-3: 

3=normal, <10% of neurons damaged; 2= 10-50% of neurons damaged; 1= 50-90% of 

neurons damaged; 0= almost all neurons damaged (90-100%), gliosis and/or cystic infarc-

tion; the maximal total score being 33.
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Full section images were captured with a Nikon D1 digital camera (Nikon, Tokyo, Japan). 

Measurements were performed by using image processing tools in Adobe Photoshop 6.0 

(Adobe Systems Inc., San Jose, CA). Contralateral and ipsilateral hemisphere or hippocampus 

was outlined manually, and the ratio of ipsilateral to contralateral areas was calculated. All 

measurements were performed by one investigator (CN) and the intra-observer variance was 

less than 5%.

Preparation of samples for western blot analysis

Pups were decapitated at 24 or 48 h post-HI, cerebellum was removed and left and right 

hemispheres were frozen in liquid nitrogen. Hemispheres were pulverized using a liquid 

nitrogen-cooled mortar and pestle, divided in 3 fractions and stored at –80ºC, allowing us to 

use the brain of one animal for multiple analyses.

Pulverized hemisphere fractions were processed by homogenization in buffer containing 

70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EDTA and protease inhibitors (3) 

using a Potter homogenizer (Heidolph, Schwabach, Germany). Homogenates were incubated 

on ice for 30 min, followed by 10 min centrifugation at 800 x g at 4ºC, leading to a nuclear 

pellet (P1). Supernatants (S1) were collected and centrifuged at 10.000 x g for 10 min at 4ºC 

to obtain mitochondrion-free supernatant (S2) and a mitochondrial pellet (P2).

Nuclear proteins were obtained by homogenizing nuclear pellets (P1) in buffer containing 

10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM EGTA and 1 mM 

DTT supplemented with protease inhibitors using a Potter-homogenizer. After 15 min incu-

bation on ice, NP-40 was added (final concentration of 3.125%), the mixture was vortexed 

and centrifuged for 1 min at 10.000 g at 4°C. The nuclear pellet was resuspended in ice-cold 

hypertonic nuclear extraction buffer containing 20 mM HEPES (pH 7.9), 420 mM NaCl, 1.5 

mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and protease inhibitors, incubated on ice 

for 30 min and centrifuged for 5 min at 10.000 g at 4°C. The supernatant containing the 

nuclear proteins was collected and kept at –80 °C until use.

Mitochondrial protein fraction was obtained by sonicating mitochondrial pellets (P2) in 

ice-cold buffer containing 50 mM Tris, 5 mM EDTA, 150 mM NaCl and protease inhibitors. 

Homogenates were incubated on ice for 30 min, centrifuged at 10.000 g for 15 min at 4ºC 

and supernatants containing mitochondrial proteins were collected.

western Blotting

Protein concentration was determined using a protein assay (Bio-Rad, Hercules, CA) with 

BSA as standard. Proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membranes (Hybond-C, Amersham Biosciences, Roosendaal, the Netherlands). Equal protein 

loading was verified by Ponceau-S staining. Membranes were stained with mouse-anti-
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nitrotyrosine (Biomol, Plymouth, PA), mouse-anti-HSP70 (Stressgen Biotech, Victoria, Can-

ada), mouse-anti-cytochrome c (Pharmingen, San Diego, CA), rabbit-anti-cleaved caspase 3 

(Cell Signaling, Danvers, MA) or rabbit-anti-AIF (Sigma-Aldrich) followed by incubation with 

goat-α-mouse-HRP (Jackson Immunoresearch, Cambridgeshire, UK) or donkey-α-rabbit-HRP 

(Amersham Biosciences). Specific bands were visualized by chemiluminescence detection 

(ECL, Amersham Biosciences) with X-ray film exposure. Films were scanned with a GS-700 

Imaging Densitometer and analyzed with Quantity One Software (both Bio-Rad).

Nitrite and Nitrate (Nox) measurements

NOx in brain homogenates (S2 fraction) and neuronal cell culture supernatants were measured 

with fluorescent method using 2,3-diaminonaphthalene (DAN) (Sigma-Aldrich) adapted from 

Misko et al. (18). Since presence of proteins interferes with fluorescence, samples were depro-

teinized by adding 30% ZnSO4 (1:20). Protein-free supernatants were incubated at RT with 

0.2 mM reduced NADH and 100 mU/ml Nitrate Reductase (Sigma-Aldrich) for 2 h. Next, 10 μl 

of DAN (50 μg/ml in 0.62 N HCl) was added to 100 μl sample and incubated at RT for 30 min. 

The reaction was stopped and fluorescence was maximalized by adding 20 μl 2.8 N NaOH. 

Formation of fluorescent product was measured in 96 wells FluoroNunc plates (Nunc, VWR 

International, Amsterdam, the Netherlands) using a spectrofluori-plate reader with excitation 

at 355 nm and emission at 460 nm. Samples of sodium nitrite standard in corresponding 

buffer were measured to obtain a reference curve with a detection limit of 125 nM nitrite.

Nitrite formation in macrophage culture supernatants was measured using Griess reagent 

(Promega, Madison, WI) according to manufacturer’s instructions. Samples of sodium nitrite 

standard in RPMI 1640 medium were measured to obtain a reference curve.

In vitro effect of 2-IB on NoS activity

SK-N-SH neuroblastoma cells (ATCC, Manassas, VA) were cultured in 12-wells plates in a 

humidified (5% CO2) incubator at 37°C in Dulbecco’s modified Eagle’s minimum essential 

medium (DMEM)/Ham-F10 (1:1) supplemented with 10% fetal calf serum (FCS), 2 mM L-Glu-

tamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (all culture media were from Gibco, 

Carlsbad, CA). When confluency was reached, cells were washed twice with Gey’s balanced 

salt solution (GBSS) supplemented with 25 mM HEPES, 30 mM glucose, 240 mg/L L-arginine 

and antibiotics. Cells were preincubated with different concentrations of 2-IB or L-NMMA 

in supplemented GBSS for 30 min followed by depolarization with 50 mM KCl for 30 min. 

Hereafter, supernatants were taken for analysis of NOx with DAN fluorescent method.

Adult female rats were terminated by CO2 inhalation. Peritoneal lavage was performed 

by injecting 20 ml ice-cold RPMI 1640 medium (Gibco) into the peritoneal cavity, followed 

by gentle massage of the abdomen and drainage. Peritoneal cells (mainly macrophages) 
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were washed twice in ice-cold RPMI 1640 supplemented with 5% FCS, antibiotics (100 

mg/ml streptomycin, 100 U/ml penicillin), 2 mM glutamine and 0.1% β-mercaptoethanol. 

Cells were cultured (0.5 x 106 cells/ml) for 24 h at 37ºC (humidified, 5% CO2) in 24-wells 

plates in presence of 10 ng/ml LPS (Sigma-Aldrich) and different concentrations of 2-IB or 

aminoguanidine (Sigma-Aldrich). After 24 h, supernatants were collected and used for nitrite 

analysis with Griess reagent.

Statistical Analysis

Mortality rates were analyzed with Fisher’s exact test. Hemisphere area-, Western Blot- and 

nitrite or NOx-data are presented as mean and SEM. Paired t-tests were used to analyze 

differences between contralateral and ipsilateral hemispheres. Two-way ANOVA with Bonfer-

roni post-tests was used to analyze treatment and gender effects. Histological scores are 

presented as individual data with median and were analyzed using Kruskal Wallis tests. 

Mann-Whitney U tests were used for further analysis of 2-IB treatment and gender effects.

reSuLtS

Mortality

Total mortality in our experiments was 25.2% (29/115). Mortality rates differed significantly 

between genders; 37.3% (22/59) in male pups and 12.5% (7/56) in female pups (p<0.01). 

The timing of mortality did not differ between males and females (male 18/22 during hypoxia, 

4/22 during follow-up; female 5/7 during hypoxia, 2/7 during follow-up). There was no effect 

of treatment (vehicle or 2-IB) on mortality during follow-up. Mortality during follow-up 

occurred within the first wk after HI, except for one rat (female) that died at day 24.

Preliminary evidence suggests that the animals that died during hypoxia did not have 

major brain damage. Moreover, in the surviving animals the development of neuronal dam-

age is a relatively slow process, that takes hours to days (19). Therefore, we propose that 

cardiac or respiratory failure rather than brain damage is the primary cause of death in these 

animals.

Long-term effects of 2-IB treatment in vivo

Area measurements of whole hemisphere and hippocampus were performed as depicted in 

Figure 1A. HI induced a reduction in the area of the ipsilateral hemisphere or hippocampus, 

which was significantly attenuated in female but not male rats receiving 2-IB treatment 

compared to vehicle-treated rats (Fig. 1B, 1C; p<0.01). The reduction in the area of the 
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Chapter 6 
 
Figure 6.1 
 

figure 1: Long-term effects of 2-IB treatment on brain area loss in P7 rats.
A: The areas of ipsilateral and contralateral hemisphere and hippocampus were measured at 6 wks 
after HI.
B: ratio of area of ipsilateral/contralateral whole hemisphere.
C: ratio of area of ipsilateral/contralateral hippocampus.
Data are from: sham-operated animals (n=6; light gray bars), HI animals (dark gray bars): males 
treated with vehicle (n=5) or 2-IB (n=6) and females treated with vehicle (n=8) or 2-IB (n=7). Data are 
presented as mean ± SEM; veh=vehicle, ns=not significant
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ipsilateral hemisphere or hippocampus after HI was not different between vehicle-treated 

males and females. Additionally, histological examinations were performed in 6 regions of 

parietal cortex and 5 regions of hippocampus as depicted in Figure 2A. The neuroprotective 

treatment effect of 2-IB treatment was observed in female rat pups only (Fig. 2B; p<0.01), 

and treatment was not effective in male littermates. The neuroprotective effect of 2-IB was 

observed in both cortex (p<0.01 vs vehicle) and hippocampus (p<0.05 vs vehicle) of female 

rat pups (Fig. 2C, 2D). In vehicle-treated animals, no difference in severity of brain injury after 

HI between male and female rat pups was observed.

Involvement of inhibition of No production in the effect of 2-IB

In vivo: Nitrite plus nitrate (NOx) and Nitrotyrosine

Based on the described inhibitory effect of 2-IB on purified iNOS and nNOS in vitro, we have 

previously suggested that the neuroprotective effect of 2-IB was dependent on inhibition of 

Figure 6.2 
 

figure 2: Long-term effects of 2-IB treatment on histological scores in P7 rats.
Brain sections were stained with HE.
A: Brain damage was scored in 6 areas of the cortex and 5 areas of the hippocampus using a 4-point 
scale (0-3) at 6 wks after HI in ipsilateral hemispheres.
B: Total histological score.
C: Histological score of cortex.
d: Histological score of hippocampus.
For animal numbers see figure 1. Data are presented as individual data with median.
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nNOS and iNOS activity. To determine whether the neuroprotective effects of 2-IB indeed 

involve NOS inhibition, we now determined NOx level in brain homogenates of P7 rat pups 

at 24 h after the HI insult as an indicator of NO production. NOx levels were significantly 

increased after HI in the ipsilateral hemispheres in both female and male animals and no gen-

der differences were observed. More importantly, 2-IB treatment did not have a significant 

effect on total NOx level in either gender (Fig. 3A).

As an additional measure of the effect of 2-IB on NOS activity in the brain, we deter-

mined cerebral nitrotyrosine (NT) levels. In line with our earlier observations in the P12 rat 

(3,20), we did not observe a HI-induced change in nitration of tyrosine residues in cerebral 

proteins after analyzing several nitrotyrosine bands at different molecular weights (Fig. 3B, 

C). Moreover, no effect of 2-IB on brain NT levels or any effects of gender were observed 

(Fig. 3B, C).

In vitro: Inhibition of nNOS and iNOS

In contrast to our expectations, the data from the in vivo studies mentioned above suggest 

that 2-IB does not protect females from neuronal injury via inhibition of NO production. To 

further address this issue, we also determined the capacity of 2-IB to inhibit nNOS activity in 

intact cells in vitro. As a model we used a neuronal cell line of female origin (SK-N-SH cells). 

Cells were preincubated with increasing amounts of 2-IB or the well-described NOS inhibitor 

L-NMMA. NO production with NOx formation as a read-out was determined after depolariza-

tion with KCl. Figure 4A shows that 2-IB has a small inhibitory effect on NOx formation, that 

did not reach statistical significance even at the highest concentration used (maximal 33.8% 

inhibition with 1 mM; p>0.05). Equal volumes of vehicle solution (0.01 M HCl) were tested 

and did not affect NOx formation (data not shown). In contrast, inhibition with L-NMMA 

showed already significant (77.7%) inhibition of NOx formation with the lowest concentra-

tion tested (50 μM; p<0.001) and complete inhibition with L-NMMA concentration between 

250 and 500 μM (Fig. 4A).

Next, we compared the capacity of 2-IB to inhibit iNOS activity in LPS-stimulated mac-

rophages with the iNOS-inhibitor aminoguanidine (AG). Incubation with 50-1000 μM of 2-IB 

did not lead to a significant inhibition of nitrite formation (Fig. 4B). In contrast, inhibition 

of NO production with AG was already statistically significant at 250 μM (50.7%, p<0.05) 

and NO production was prevented completely using 1 mM AG (Fig. 4B; p<0.01). The same 

experiments were repeated in IMDM medium which contains 3 times less arginine (NOS 

substrate) than RPMI medium. As expected, inhibition of nitrite formation was facilitated for 

all concentrations AG used (data not shown). In contrast, the lower concentration of arginine 

did not influence the effect of 2-IB on nitrite formation (data not shown).
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figure 3: effect of 2-IB on Nox and nitrotyrosine levels in the brain 24 h post-HI in P7 rats.
Animals were exposed to HI followed by 2-IB treatment.
A: Cytosolic brain samples of ipsilateral (gray bars) and contralateral (white bars) hemispheres were 
processed to measure nitrite and nitrate (NOx) levels with DAN fluorescent method. Detection limit was 
125 nM nitrite.
B: Cytosolic preparations of ipsilateral and contralateral hemispheres were subjected to Western blot 
analysis using an antibody against nitrotyrosine (NT). A typical example shows NT-positive bands in 
both hemispheres of (here female) HI pups treated with vehicle or 2-IB and a sham-operated pup. 
We analyzed several NT-containing bands migrating at different molecular weights. Specificity of the 
antibody was confirmed with analysis of normal BSA and nitrated BSA (NT-BSA) as shown in the inset.
C: Example of analysis of the NT band migrating at 28 kD in contralateral (white bars) and ipsilateral 
(gray bars) hemispheres.
Number of animals per group: males treated with vehicle (n=6) or 2-IB (n=6) and females treated with 
vehicle (n= 6) or 2-IB (n=8); sham-operated animals in Figure C: n=6. Data are represented as mean ± 
SEM, A.U.: arbitrary units, SH: sham-operated, c: contralateral, i: ipsilateral.
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Figure 6.4 

figure 4: effect of 2-IB, L-NMMA and aminoguanidine on No production by cultured cells.
A: Female neuronal cells (SK-N-SH) were preincubated with increasing amount of 2-IB (gray bars) or 
L-NMMA (black bars) for 30 min followed by depolarization with KCl. The amount of NOx in culture 
medium was determined using DAN fluorescent method. The detection limit was 125 nM. The highest 
level of NOx measured in untreated, depolarized SK-N-SH cells was approximately 1.0 μM. *: p< 0.001 
vs untreated, depolarized cells.
B: Peritoneal macrophages were stimulated with LPS and cultured for 24 h in RPMI in presence of 
different amounts of 2-IB (gray bars) or aminoguanidine (black bars). The amount of nitrite was 
measured using Griess reagent. The highest level of nitrite produced by untreated, LPS-stimulated 
macrophages was 49.1 μM. #: p< 0.05; *: p< 0.01, ^: p<0.001 vs untreated, LPS-stimulated cells.Figure 6.5 

figure 5: effect of 2-IB on HSP70 expression at 48 h after HI in P7 rats.
Animals were subjected to HI and ipsilateral (gray bars) and contralateral (white bars) hemispheres 
were processed for Western blot analysis. Sham-operated (n=5); males treated with vehicle (n=7) or 
2-IB (n=7) and females treated with vehicle (n= 10) or 2-IB (n=10). Inset shows representative blot. 
Data are represented as mean ± SEM.
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Short-term effects of 2-IB treatment in vivo: HSP70 as a cell stress marker

The results from the analysis of the effect of 2-IB on NOx formation in vivo and in vitro suggest 

that the neuroprotective effect of 2-IB is not mediated via inhibition of NOS activity. To get 

more insight in the mechanism involved in the neuroprotective effect of 2-IB in female rats, 

we evaluated the HI-induced increase in HSP70 levels after the HI-insult as an early marker 

of brain damage. In preliminary experiments, we analyzed HSP70 expression at 24, 48 and 

72 h after HI and observed a maximal increase at 48 h after HI (data not shown). Therefore, 

we examined HSP70 expression at 48 h. HI induced a similar increase in HSP70 in female and 

male pups. However, 2-IB treatment only reduced HSP70 expression in female pups (Fig. 5; 

p<0.01). In both hemispheres of sham-operated pups and in the contralateral hemisphere of 

HI male and female rat pups only a very low expression of HSP70 was detected.

Short-term effects of 2-IB treatment in vivo: caspase-dependent and caspase-

independent cell death pathways

2-IB treatment is neuroprotective in females and not in males and the protective effect 

can already be detected early after HI. Moreover, it has been shown in vitro and in vivo 

that female neurons predominantly use the cytochrome c/ caspase 3 pathway of apoptosis 

whereas male neurons preferentially use the caspase-independent AIF pathway. Therefore, 

we next examined whether the gender-specific neuroprotective effect of 2-IB is associated 

with specific effects on the cytochrome c/ caspase 3 pathway.

First, cytochrome c release from the mitochondria to the cytosol was determined at 24 

h after HI in male and female P7 pups. The HI-induced increases in ipsilateral cytosolic cyto-

chrome c levels were similar in vehicle-treated males and females. However, only in female 

pups, the increase in cytosolic cytochrome c level in the ipsilateral hemisphere after HI was 

significantly reduced after 2-IB treatment (Fig. 6A; p<0.001).

Cleavage of inactive caspase 3 to form active (cleaved) caspase 3 is a downstream event of 

cytochrome c release and a crucial step in apoptotic cell death. To confirm the cytochrome c/ 

caspase 3 pathway we measured the expression of active (cleaved) caspase 3 at 24 h after HI. 

Levels of cleaved caspase 3 were not significantly different in the ipsilateral hemispheres of 

vehicle-treated males and females at 24 h after HI. 2-IB treatment decreased cleaved caspase 

3 levels in females only (Fig. 6B; p< 0.001). Cleaved caspase 3 levels in both hemispheres of 

sham-operated animals or contralateral hemispheres of HI animals were undetectable.

The caspase-independent pathway of apoptosis is associated with mitochondrial to 

nuclear translocation of AIF. The level of AIF in mitochondrial, cytosolic and nuclear fractions 

of the ipsilateral and contralateral hemisphere was determined at 24 h post-HI. We detected 

a single band of AIF at 57 kD, indicating that the AIF we detect is of mitochondrial origin 

as newly synthesized AIF has a molecular weight of 67 kD (21). We observed significant 
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HI-induced translocation of AIF from the mitochondria to the nucleus in the ipsilateral 

hemisphere in males but not in females: HI significantly reduced ipsilateral mitochondrial AIF 

(Fig. 7A; p<0.05 vs contralateral) and increased ipsilateral nuclear AIF (Fig. 7B; p<0.001 vs 

contralateral) in males but not in females. 2-IB treatment after HI had no effect on HI-induced 

AIF translocation in males. Moreover, the minor translocation of AIF in females was not 

prevented by 2-IB treatment (Fig. 7A, B). AIF expression in cytosolic fractions was observed 

in males only (Fig. 7C).

dISCuSSIoN

Recently, we have described short- and long-term neuroprotection by post-HI treatment with 

2-IB in P12 rat pups as a model for the fullterm human neonate (3). Here, we used P7 rat 

pups as a model for the human neonate born preterm with brain development comparable 

to human gestational age of 30-34 wks of pregnancy (15,16). Aim of the present study was 

twofold: to address the role of gender in determining the neuroprotective effect of 2-IB after 

HI in the neonatal rat and to further analyze the mechanism involved in the neuroprotec-

tive effect of 2-IB. We show here for the first time that 2-IB treatment provides long-term 

neuroprotection in P7 female rat pups after HI and not in male rat pups.

Figure 6.6 
 

figure 6: effect of 2-IB on cytosolic cytochrome c and active (cleaved) caspase 3 at 24 h 
after HI in P7 rats. Animals were exposed to HI followed by 2-IB treatment and mitochondria-free 
cytosolic preparations were subjected to Western blot analysis. White bars show levels in contralateral 
hemispheres and gray bars in ipsilateral hemispheres. Levels of cytosolic cytochrome c (A) and levels 
of cleaved caspase 3 (B). Number of animals per group: males treated with vehicle (n=6) or 2-IB (n=6) 
and females treated with vehicle (n= 6) or 2-IB (n=8); sham-operated animals in A: n=6 (3 male; 3 
female). Insets show representative blots. Data are represented as mean ± SEM.
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figure 7: effect of 2-IB on 
translocation of AIf at 24 h post-HI in 
P7 rats.
Animals were exposed to HI followed 
by 2-IB treatment and mitochondrial 
(A), nuclear (B) and cytosolic (C) brain 
preparations of contralateral (white bars) 
and ipsilateral (gray bars) hemispheres 
were examined using Western blot 
analysis. Number of animals per group: 
sham-operated animals: n=6 (3 male; 3 
female), HI animals: males treated with 
vehicle (n=6) or 2-IB (n=6) and females 
treated with vehicle (n= 6) or 2-IB (n=8). 
Insets show representative Western blots 
of all fractions. Data are represented as 
mean ± SEM.

Figure 6.7 
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The finding that the neuroprotective effect of 2-IB treatment after HI is gender-dependent, 

prompted us to further investigate the mechanisms of action of 2-IB. It has been suggested 

that increased NO production by the inducible and neuronal form of NOS is an important 

mechanism in neonatal HI-induced brain damage. We have explored the neuroprotective 

capacity of 2-IB in neonatal rats and in piglets based on a study by Sup et al., who described 

that 2-IB is capable of inhibiting the enzymatic activity of purified nNOS and iNOS in vitro (5). 

Therefore, we and others have previously suggested that the in vivo neuroprotective effect 

of 2-IB is mediated by inhibition of the activity of cerebral nNOS and iNOS (2-4). However, 

the data presented here urged us to revise our hypothesis on the mechanism underlying the 

neuroprotective effect of 2-IB.

First of all, we demonstrate that HI induces an increase in NOx in the ipsilateral hemisphere 

in both males and females, implying that increased NO production does occur in neonatal 

HI-induced brain damage. However, we also show that 2-IB does not inhibit this HI-induced 

increase in NOx in female or male rats. In line with these observations, 2-IB did not alter the 

level of NT in the brain. Second, 2-IB is at best a poor inhibitor of NOS activity in intact (female) 

neurons or macrophages in vitro. Only at the maximum dose tested (1 mM), we observed a 

small, but not statistically significant inhibitory effect of 2-IB on NO production in neuronal 

cells and in macrophages. In contrast, the specific iNOS inhibitor aminoguanidine results in 

a significant inhibition of NO production in macrophages at a much lower dose (0.25 mM). 

In this respect it is important to note that the neuroprotective dose of 2-IB which is given in 

vivo, is very low in comparison to the dose of aminoguanidine that inhibits iNOS activity in 

vivo (2-IB: 0.12 mmol/kg versus AG: 3.25 mmol/kg). The results may seem contradictory to 

the recent finding that 2-IB inhibited nitration of proteins after HI (4). However, protein nitra-

tion depends on peroxynitrite formation which results from both production of superoxide 

radicals and NO and may therefore not accurately reflect production of nitric oxide.

In addition, it should also be emphasized that the neuroprotective effect of the well-

described nNOS and iNOS inhibitors 7-nitroindazole and aminoguanidine that we have 

described previously in P12 rats was not gender-specific (22), showing that inhibition of NOS 

in the neonatal rat can be neuroprotective but is not gender-specific. The gender-dependent 

neuroprotective effect of 2-IB was not restricted to the P7 rat. Re-analysis of our data in 

the P12 pups also shows that the neuroprotective effect of 2-IB occurred in the females 

only (data not shown). Similarly, we observed gender-dependent neuroprotection by 2-IB 

treatment after HI in P3 rats (Nijboer et al., Chapter 7 of this thesis). Previous studies in 

adult models of ischemic brain injury have shown that treatment with the iNOS inhibitor 

aminoguanidine reduced infarct size in male, but not in female animals (23). Similarly, it has 

been shown that nNOS-/- males or males treated with the nNOS inhibitor 7-nitroindazole 

are protected from ischemia-induced brain damage whereas female animals are not (24). 

Conversely, those studies showed that inhibition of nNOS or nNOS deficiency increases 

infarction in females and iNOS deficiency did not alter damage in females. Thus, in adult 
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animals, it appears that inhibition of iNOS or nNOS will protect males rather than females. 

The gender-specific effects of NOS inhibition in adult models of stroke has been attributed to 

estrogen-dependent effects (24).

The question that should be addressed in the present study is: what is the mechanism of 

action of 2-IB that leads to neuroprotection in female but not male neonatal rats? Gender 

dimorphism in the effect of 2-IB was already observed when examining the early marker 

of brain damage HSP70 at 48 h after the insult. It is important to note that the gender-

dependent effects of treatment were not associated with gender differences in the severity 

of cerebral injury after HI. In human adults, male sex is a risk factor for clinical stroke and this 

is linked to the protective effects of female reproductive hormones (12,25). Similarly in ani-

mal stroke models, adult females are relatively protected against cerebral ischemia compared 

to males (11), and female reproductive hormones are responsible for the protective effects 

(26,27). Although in our experiments male pups had a significantly higher mortality rate 

during hypoxia, the surviving untreated males and females did not differ in NOx production, 

HSP70 expression or long-term damage (the latter in agreement with 14,28). In the neonatal 

rat it is not likely that female sex hormones play a major role at P7 as endogenous estrogen 

production is not initiated before P12 and effects of endogenous estrogens will not emerge 

until 21 days of life (29). The influence of maternal estrogens in both females and males and 

endogenous estrogens in females will be low because of the presence of alpha-fetoprotein 

(AFP) in the neonatal circulation, which prevents circulating estradiol from entering (neuronal) 

cells (30,31). Finally, the level of estrogen is most likely to be higher in the male brain, where 

the enzyme aromatase (CYP19) catalyzes the local synthesis of estrogens from androgens, a 

process that is involved in brain masculinization (30,32). Interestingly, evidence from studies 

in adult animals suggests that estrogens (via binding to estrogen receptors) can modulate 

the activity of the anti-apoptotic molecules Bcl-2 and Bcl-XL (33). Unfortunately, we are 

not aware of any data in the literature describing gender differences in the activity of these 

anti-apoptotic pathways. It could be possible however, that 2-IB via an unknown mechanism 

mimics the effects of estrogens that are not present in sufficient levels in the female brain 

at this age. If this is the case, one explanation for the lack of effect of 2-IB in the neonatal 

male brain could be that the presence of locally synthesized estrogens prevents an additional 

effect of 2-IB via this pathway.

Interestingly, using in vitro cultures of neuronal cells, innate gender differences in cell 

death pathways have been described (13). In the in vitro situation, female (XX) neurons pre-

dominantly use the cytochrome c/ caspase 3-dependent pathway of apoptosis after exposure 

to a number of cell death inducing agents. In contrast, male (XY) neurons show a proclivity 

for the use of the caspase-independent pathway of apoptosis that is characterized by PARP-1 

(poly (ADP-Ribose) polymerase-1) activation and AIF translocation from mitochondria to the 

nucleus. Our present data show that also in vivo there is a gender difference in the use of the 

AIF pathway in the neonatal rat: in males, exposure to HI induced AIF translocation from the 
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mitochondria to the nucleus, whereas in females we did not observe significant changes in 

the localization of AIF after HI. These data suggest that the PARP-1/ AIF pathway associated 

with caspase-independent apoptosis is much more important in males than in females. This 

conclusion is supported by a study of Hagberg et al. (28) showing that PARP-1 deletion 

protects neonatal male, but not female mice from HI-induced cerebral injury.

Importantly, our data show that 2-IB treatment did not have any effect on AIF translocation 

in males and that the minor change in AIF translocation observed in females was not affected 

by 2-IB treatment. In accordance with our data, Zhu et al. (4) described that treatment with 

2-IB did not alter the extent of AIF activation after HI, although the authors did not mention 

any gender specificity.

After HI, we observed an increase in cytosolic cytochrome c and cleaved caspase 3 in the 

ipsilateral hemisphere of both male and female rat pups. Moreover, the increase in cytosolic 

cytochrome c and activation of caspase 3 was similar in males and females. Nevertheless, 

2-IB treatment only reduces cytochrome c release to the cytosol and subsequent activa-

tion of caspase 3 in females and not in males. Correspondingly Zhu et al. (4) described a 

decrease in activation of caspase 3 after post-HI treatment with 2-IB, however gender was 

not considered. The intriguing question is now why the increase in cytosolic cytochrome c 

is affected by 2-IB in females, but not in males. One possibility is that in both the male and 

female brain, exposure to HI induces translocation of cytochrome c and activation of caspase 

3. 2-IB inhibits a pathway upstream of cytochrome c translocation to the cytosol in females 

that is not inhibited in males for unknown reasons, e.g. because the upstream pathways 

differ between males and females, and therefore the cytochrome c release and caspase 3 

activity in males are not affected by 2-IB.

A second explanation for the gender difference in the effect of 2-IB on cytosolic cytochrome 

c and caspase 3 activation therefore could be that in females, exposure to HI results in translo-

cation of cytochrome c to the cytosol through the Bax/Bak pore and this process is inhibited by 

2-IB. In males, HI primarily results in activation of the PARP-1/ AIF pathway, which could induce 

further damage to the mitochondria, e.g. mitochondrial outer membrane permeabilization 

(MOMP), resulting in secondary leakage of cytochrome c to the cytosol and subsequent activa-

tion of caspase 3 (34,35). If the AIF pathway is not inhibited by 2-IB, the MOMP model would 

explain why in the males 2-IB cannot prevent cytochrome c translocation to the cytosol.

In summary, 2-IB is a potent neuroprotective drug in female rats only. The neuroprotective 

activity of 2-IB does not involve inhibition of NO formation. Neonatal HI induces AIF trans-

location in males, whereas both males and females show increased cytosolic cytochrome c 

and cleaved caspase 3 levels. However, only in female rats, 2-IB does prevent the increase in 

cytosolic cytochrome c and activation of caspase 3.

Although the exact target of 2-IB in females remains to be determined, we propose that 

2-IB is neuroprotective in female rats via inhibition of initiation of cell death pathways at a 

level upstream of the activation of cytochrome c/ caspase 3-dependent apoptosis.
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ABStrACt

Previously, we demonstrated neuroprotection with 2-iminobiotin (2-IB) after cerebral hypoxia-

ischemia (HI) in female, but not in male P7 rats. Given the different patterns of brain injury in 

more immature rats, we examined whether these gender differences could also be observed 

in P3 rats. HI was induced by unilateral carotid ligation and FiO2 reduction, followed by 2-IB 

administration. HSP70 protein expression and cytochrome c release from the mitochondria, 

markers of short-term outcome, were induced by HI to the same extent in male and female 

animals. However, reduction of HSP70 production and cytochrome c release by 2-IB was seen 

in female rats only. Long-term cerebral injury after HI, assessed with histology, was similar 

in male and female P3 rats, but long-term neuroprotection by 2-IB was observed in female 

rats only. In conclusion, 2-IB provides neuroprotection after cerebral HI in female, but not in 

male immature P3 rats.
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INtroduCtIoN

Perinatal hypoxia-ischemia (HI) can lead to serious and permanent brain injury in the human 

neonate (1). The pattern of injury appears to be dependent on the gestational age at the 

time of the insult: human neonates born prematurely suffer mainly from injuries to the 

periventricular white matter, whereas in fullterm neonates more often the gray matter of 

the cerebral cortex or basal ganglia is affected (2-4). These differences could also be demon-

strated in animal models of brain HI (5). Furthermore gender also seems to play a key role; 

female preterm neonates show a better survival and less handicaps compared to males, 

which suggests gender-dependent differences in brain injury in the human neonate (6). Gen-

der differences in pathways leading to cerebral injury after HI have been examined recently in 

the neonatal animal. We and others have demonstrated that apoptotic mechanisms involved 

in neuronal injury differ between male and female neonatal rodents and between neuronal 

cells from female and male animals in culture (7-10). Caspase-independent apoptosis, associ-

ated with mitochondrial to nuclear translocation of apoptosis inducing factor (AIF) is mainly 

observed in males. Caspase-dependent apoptosis, initiated by translocation of cytochrome 

c from the mitochondria to the cytosol with consequent caspase 3 activation was seen in 

both male and female animals in our in vivo study in 7-day-old (P7) rats, although neurons 

from female animals have been described to use this pathway with higher proclivity in vitro 

and in vivo (7-9).

Previously, we have demonstrated neuroprotection after HI in the P12 rat, and in neonatal 

piglets after treatment with 2-iminobiotin (2-IB) (11,12). 2-IB was described to be an inhibitor 

of neuronal and inducible Nitric Oxide Synthase (nNOS and iNOS), enzymes catalyzing the 

production of nitric oxide (NO). However, in vitro and in vivo data from our recent study 

strongly indicate that at the dose used in vivo, the protective effect of 2-IB is not mediated 

via NOS inhibition (10).

Moreover, gender differences in the effects of 2-IB after HI have been reported by us: 

neuroprotection was obtained only in female but not in male P7 rats (10). Gender differences 

have also been demonstrated for other neuroprotective strategies such as brain cooling 

(13).

It has been reported recently that pathways leading to cell death after HI are dependent 

on the developmental stage of the brain in the mouse: AIF translocation, cytochrome c 

release and caspase 3 activation were far more pronounced in immature as opposed to 

juvenile or adult brains (14). It is unknown, if the previously observed gender differences 

in the neuroprotective properties of 2-IB at P7 exist also at earlier developmental stages. In 

the present study, we therefore examined whether gender differences in neuroprotection by 

2-IB were present in the P3 rat pup, which can be regarded as a model of the very preterm 

born human neonate (15). The so-called Vannucci-Rice model of HI and reperfusion is an 

established newborn rodent model to mimic human birth asphyxia which has been used 
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widely during the last decade. Long-term neuroprotection can be assessed using this model 

(16). Knowledge of potential gender differences is relevant for planning of neuroprotective 

strategies and trials in human fullterm as well as preterm neonates with perinatal HI.

MAterIALS ANd MetHodS

Animals

Experiments were performed in accordance with international guide lines and approved 

by the University Medical Center Utrecht experimental animal committee. Timed-pregnant 

Wistar rats (Charles River, Sulzfeld, Germany) delivered their pups at the Central Laboratory 

Animal Institute (Utrecht, the Netherlands); the day of birth was considered day 0. Animals 

were kept on a 12:12 h light: dark cycle and were weaned at 3 wks of age.

To induce HI, we used a modification of the original Vannucci and Rice model (17). At 

postnatal day 3, pups were anaesthetized (5-10 min) with isoflurane (5.0% induction, 1.5% 

maintenance) in O2:N2O (1:1). Blood flow in the right common carotid artery was permanently 

interrupted by thermo-cauterization, xylocaine spray (100 mg/ml) (AstraZeneca, Zoetermeer, 

Netherlands) was applied and wounds were closed. Animals were kept warm on a heated 

water mattress (37°C) during surgery. After at least 1 and maximal 3 h of recovery, pups 

were exposed to 8% O2 in N2 for 60 min. The gas mixture was humidified and preheated. 

During hypoxia the animals were kept on a heated water mattress in a child incubator with a 

temperature of 37°C. After hypoxia, the animals were returned to their dams and were kept 

at room temperature. Sham-treated controls underwent anaesthesia and incision without 

further surgical procedures and without hypoxia.

2-IB (Sigma-Aldrich, St. Louis, MO) was dissolved at 1 mg/ml in 0.01 M HCl and pH was 

adjusted to 4.2 with 0.1 M NaOH. Pups received 2-IB (10 mg/kg) or vehicle (10 ml/kg) s.c. at 

0, 12 and 24 h after hypoxia. The dose and treatment schedule are identical to the dose used 

in our earlier study using P7 and P12 rat pups (10).

Histology

Six wks after HI, rats received an overdose pentobarbital (300 mg/kg) and were perfused with 

4% paraformaldehyde in PBS. Brains were paraffin-embedded and coronal sections (8 μm) 

were cut at approximately –3.30 mm from bregma and stained with hematoxylin-eosin (HE). 

Sections were scored in a blinded way in 6 regions of the parietal cortex and in 5 regions of 

the hippocampus (10,12). Scores ranged from 0-3: 3=normal, <10% of neurons damaged; 

2= 10-50% of neurons damaged; 1= 50-90% of neurons damaged; 0= almost all neurons 
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damaged (90-100%), gliosis and/or cystic infarction; the maximal total score being 33. All 

measurements were performed by one investigator (CN).

Deparaffinized sections were incubated with mouse-anti-myelin basic protein (MBP) anti-

body (Sternberger Monoclonals Incorporated, Lutherville, MD), followed by incubation with 

biotinylated horse-anti-mouse antibody (Vector laboratories, Burlingame, CA). Visualization 

was performed using Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine. 

MBP-staining was quantified using image processing tools in ImageJ software (Rasband 

WS, ImageJ, U.S. National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/, 

1997-2006).

western Blot analysis

Pups were decapitated at 24 or 48 h post-HI, cerebellum was removed and left and right 

hemispheres were frozen in liquid nitrogen. Hemispheres were pulverized using a liquid 

nitrogen-cooled mortar and pestle, divided in fractions and stored at –80ºC.

Pulverized hemisphere fractions were processed by homogenization in buffer containing 

70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EDTA and protease inhibitors using 

a Potter homogenizer (Heidolph, Schwabach, Germany). Homogenates were incubated on 

ice for 30 min, followed by 10 min centrifugation at 800 x g at 4ºC, leading to a nuclear 

pellet (P1). Supernatants (S1) were collected and centrifuged at 10.000 x g for 10 min at 

4ºC to obtain mitochondrion-free supernatant (S2) and a mitochondrial pellet (P2). Protein 

concentration was determined using a protein assay (Bio-Rad, Hercules, CA) with BSA as 

standard. Proteins from fraction S2 were separated by SDS-PAGE and transferred to nitrocel-

lulose membranes (Hybond-C, Amersham Biosciences, Roosendaal, the Netherlands). Equal 

protein loading was verified by Ponceau-S staining. Membranes were stained with mouse-

anti-HSP70 (Stressgen Biotech, Victoria, Canada), mouse-anti-cytochrome c (Pharmingen, 

San Diego, CA), mouse-anti-nitrotyrosine (Biomol, Plymouth, PA) or rabbit-anti-iNOS (Santa 

Cruz Biotechnology, Santa Cruz, CA) followed by incubation with goat-α-mouse-HRP (Jack-

son Immunoresearch, Cambridgeshire, UK) or donkey-α-rabbit-HRP (Amersham Biosciences). 

Specific bands were visualized by chemiluminescence detection (ECL, Amersham Biosciences) 

with X-ray film exposure. Films were scanned with a GS-700 Imaging Densitometer and 

analyzed with Quantity One Software (both Bio-Rad).

Statistical Analysis

Power analysis was performed to enable adequate analysis of gender and treatment effects. 

Western Blot- and MBP-data are presented as mean and SEM. Paired t-tests were used to 

analyze differences between contralateral and ipsilateral hemispheres. Two-way ANOVA with 

Bonferroni post-tests was used to analyze treatment and gender effects. Histological scores 
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are presented as individual data with median and were analyzed using Kruskal Wallis tests. 

Mann-Whitney U tests were used for further analysis of 2-IB treatment and gender effects.

reSuLtS

Short-term outcome

Heat‑Shock protein 70 (HSP70) and cytochrome c

HSP70, a cell stress marker, is known to be upregulated in the ipsilateral hemisphere after 

HI and was used as an early indicator of brain damage. Results of the HSP70 analysis are 

presented in Figure 1A. HSP70 was elevated to a similar extend after HI in the ipsilateral 

hemispheres of male and female animals at 48 h after HI. Administration of 2-IB significantly 

prevented the increase of HSP70 in female (p<0.001 vs vehicle-treated females), but not in 

male P3 rats. A very low level of HSP70 was detected in contralateral hemispheres of HI rat 

pups of both genders and in both hemispheres of sham-operated rat pups.

Translocation of cytochrome c from the mitochondria to the cytosol is known to be one 

of the key events during (caspase-dependent) apoptotic cell death. HI induced ipsilateral 

Chapter 7 
 
Figure 7.1 

figure 1: the effect of 2-IB treatment on HSP70 expression (A) and cytosolic cytochrome c (B) 
level at 48 and 24 h after HI in P3 rats.
After HI, mitochondria-free cytosolic preparations (S2) of contralateral (white bars) and ipsilateral 
(black bars) hemispheres were processed for Western blot analysis. Data are presented for all groups 
as mean ± SEM in arbitrary units (A.U.). Post-HI treatment with 2-IB only reduced HSP70 (A) and 
cytosolic cytochrome c (B) significantly in females (***p<0.001; **p<0.01 vs vehicle-treated controls). 
c: contralateral, i: ipsilateral, veh: vehicle, 2-IB: 2-iminobiotin, ns: not significant. Animal numbers: 
sham-operated (n=6), males treated with vehicle (n=5-6) or 2-IB (n=7-9), females treated with vehicle 
(n=6-9) or 2-IB (n=6-7).
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cytochrome c release to the cytosol at 24 h post-HI at similar levels in both genders. 2-IB 

significantly prevented mitochondrial cytochrome c translocation in female rats only (Fig. 1B; 

p<0.01 vs vehicle-treated females). Cytosolic cytochrome c levels in contralateral hemispheres 

of all HI rat pups were comparable to levels in sham-operated littermates.

Long-term outcome: cerebral damage

18 male and 15 female P3 rats were exposed to HI and 6 wks later, cerebral damage was 

analyzed histologically. The data in Figure 2A show that HI induced a similar reduction in 
Figure 7.2 

figure 2: Long-term effect of 2-IB treatment on histological scores and white matter damage 
in P3 rats
A: Brain sections were stained with HE. Brain damage was scored at 6 wks after HI in 6 areas of the 
parietal cortex and 5 regions of the hippocampus using a 4-point scale (0-3). The total histological 
score is presented for all individual P3 animals, including the median for each group (horizontal bars). 
The maximum total histological score for normal animals is 33. Post-HI treatment with 2-IB had long-
term neuroprotective effects in female rat pups only (**p<0.01 vs vehicle-treated animals).
B: Examples of neuronal damage in parietal cortex.
C: MBP immunohistochemistry was performed on brain sections at 6 wks after HI. MBP staining in 
ipsilateral and contralateral hemispheres was measured and the ratio is shown. Post-HI treatment with 
2-IB reduced MBP loss in female rats only (**p<0.01 vs vehicle-treated animals). Animal numbers: 
sham-operated (n=11), males treated with vehicle (n=10) or 2-IB (n=8), females treated with vehicle 
(n=8) or 2-IB (n=7).  See Full Color section, page 244.
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ipsilateral histological scores in both male and female P3 rats (p<0.001 vs sham-operated 

animals). Importantly, long-term neuroprotective effects in ipsilateral histological scores after 

treatment with 2-IB were observed in female rats only (p<0.01). The histological score of 

2-IB treated P3 females did not differ from sham-operated animals. The conditions used 

to induce HI in our P3 model resulted in relatively mild brain damage in parietal cortex and 

hippocampus which is illustrated in Figure 2B.

As the P3 rat is a model for the preterm born human neonate, we also determined white 

matter damage by analyzing loss of MBP staining at 6 wks after the insult. White matter 

damage after HI was similar in both genders; 8.3 ± 1.2% in males and 10.3 ± 1.9% in 

females in vehicle-treated animals (Fig. 2C). 2-IB treatment did not prevent loss of MBP 

staining in male rats (9.8 ± 2.5% ), whereas treatment did completely prevent loss of MBP 

staining in female rats (p<0.01).

iNoS and Nt levels

Although we showed before that it is unlikely that in vivo 2-IB has its protective effects via 

inhibition of NOS activity (10), we did analyze expression of iNOS after HI in male and female 

animals of different postnatal age. Figure 3A shows that iNOS levels are high in P3 rats and 

decline with age in P7 and P12 rat pups (p<0.001 P3 vs P7; p<0.05 P7 vs P12). In line with 

earlier observations in the P12 rat (18), we did not observe a HI-induced change in iNOS level 

in the ipsilateral hemisphere in P3 or P7 pups at 24 h post-HI nor was there an effect of 2-IB 

treatment (Fig. 3A). No gender differences on the levels of iNOS expression were observed at 

the different gestational ages (data not shown).

In addition, cerebral nitrotyrosine (NT) protein levels were determined at 24 h after HI. 

We did not observe any effect of HI on nitration of tyrosine residues in brain proteins nor 

any effect of 2-IB treatment or gender as was described earlier (10) (Fig. 3B). Interestingly, 

however, we did observe differences in the intensity and pattern of NT positive proteins 

between different gestational ages; NT staining was more intense at P7 compared to P3 and 

band-patterns were different (e.g. ~45 kD and 37 kD) (Fig. 3B).

dISCuSSIoN

In the present study we observed gender differences in short-term and long-term neuropro-

tection after 2-IB treatment between the immature male and female P3 rat: female animals 

could be protected by 2-IB, whereas male animals could not. These differences are strikingly 

similar to our recent observations in the P7 rat (10) and our studies in the P12 rat (van den 

Tweel et al., unpublished data).
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In human neonates, patterns of brain injury after HI are very much dependent on the 

developmental stage at the time of the insult (2-4). Whereas in preterm human neonates the 

white matter appears to be particularly vulnerable, leading to periventricular leukomalacia, 

in fullterm neonates the basal ganglia, hippocampus and cortex appear to be most affected 

by HI. Recently, it has been shown that patterns of brain injury in P3 rats demonstrating 

white matter injury and columnar injury to the cerebral cortex were different from those in 

P7 rats demonstrating laminar cortical necrosis and hippocampal injury (15,19,20). Although 

in our present model slightly different conditions of HI were used, mild cerebral cortical injury 

was comparable to that observed by Sizonenko et al. who also used P3 rats (15). Subtle 

white matter injury as determined by loss of MBP staining was also observed in our P3 rats 

in the internal and external capsule as well as in the cingulum. Interestingly, 2-IB treatment 

completely prevented the loss of MBP staining in females. This observation suggests that 2-IB 

has gender-dependent protective effects via the same pathway in both neurons as well as 

oligodendroglial cells.

Figure 7.3 
 

figure 3. the effect of 2-IB treatment on iNoS (A) and Nt (B) expression at 24 h after HI at 
different developmental ages.
A: After HI, contralateral (white bars) and ipsilateral (black bars) hemispheres were processed for 
Western blot analysis. No effect of HI or 2-IB treatment was observed on iNOS levels in P3, P7 and 
P12 female rat pups. The levels of iNOS expression were high in P3 pups and declined with age 
(***p<0.001 P3 vs P7; *p<0.05 P7 vs P12). No difference in expression between females and males 
was observed (data not shown). Animals numbers: 5 animals per group. Data are presented for all 
groups as mean ± SEM in A.U.
B: HI nor post-HI treatment with 2-IB did effect NT levels in P3 or P7 female animals. A marked 
difference in NT intensity and pattern is observed between P3 and P7 animals. No difference in 
expression between females and males was observed (data not shown). Inset shows specificity of the 
NT antibody. Representative example from 5 animals per group.
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Not only patterns of brain injury, but also pathways leading to HI-induced cell death may 

be dependent on the developmental stage (14). For example, it has been described that 

cerebral HI-induced increases in translocation of AIF and cytochrome c release, as well as 

caspase 3 activation were far more pronounced in immature animals (P5 and P9 mice) than 

in juvenile animals (P21 and P60 mice) (14). Sex differences in AIF translocation (male) and 

caspase 3 activation (female) were examined by this group in P9 mice only (9).

When comparing P3 and P7 male and female animals, we found striking similarities in 

gender effects on neuroprotection by 2-IB after HI. 2-IB reduced cytochrome c release in 

female, but not in male P3 and P7 rats. Pathways leading to cell death after HI differ between 

male and female animals at P7. AIF translocation from the mitochondria to the nucleus 

after HI was observed in males, but not in females (9,10). This suggests that the PARP-1/ AIF 

pathway associated with caspase-independent apoptosis is more activated in males than in 

females. The observation that AIF plays a more prominent role in males, is supported by a 

recent study showing that PARP-1 deletion protects neonatal male, but not female mice from 

HI-induced cerebral injury (8,21). Not only in intact animals but also in cell culture, differences 

in apoptotic pathways between male and female cell lines were reported recently. Neurons 

from female animals predominantly use the cytochrome c/ caspase 3-dependent pathway 

of apoptosis after exposure to a number of cell death inducing agents. In contrast, neurons 

from male animals show a proclivity for the use of the caspase-independent pathway of 

apoptosis that is characterized by PARP-1 activation and AIF translocation from mitochondria 

to the nucleus (7). Other differences between males and females in brain damage after HI 

have been reported. In animal stroke models, adult females are relatively protected against 

cerebral ischemia compared to males. Female reproductive hormones are responsible for 

the protective effects (22-24). It is unlikely that female sex hormones have played a role in 

the P3 rat, since endogenous estrogen production does not start earlier than at P21 (25). In 

addition, maternally acquired estrogens are bound to alpha-fetoprotein in the circulation and 

are unlikely to enter the P3 brain (26).

Previously, gender differences in other neuroprotective strategies have been described. 

Bona et al. mentioned better effects of post-HI hypothermia treatment in female than in 

male P7 rats (13), which emphasizes the need for gender-specific analysis in trials aiming at 

neuroprotection.

The precise mechanism of action of 2-IB is currently under our investigation. Previously, 

it has been suggested to be an inhibitor of nNOS and iNOS. Our recent work indicated that 

NOS inhibition is unlikely to occur in vivo after administration of 2-IB in the dose used in this 

study (10). In accordance with those earlier data, we show here that there was no effect of 

2-IB- treatment on iNOS expression after HI in P3 rats, which express high levels of iNOS. 

Furthermore, there was no effect of 2-IB treatment on NT levels after HI. Expression of both 

iNOS and NT did not differ between female or male rat pups. Together these data further 
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strengthen the notion that the gender-dependent protective effects of 2-IB do not involve 

NOS inhibition.

As described before, 2-IB can prevent the release of cytochrome c from the mitochondria 

in females but not males. Moreover, the translocation of AIF from the mitochondria to the 

nucleus that occurs selectively in males is not affected by 2-IB (10). From these two obser-

vations, we must conclude that 2-IB works upstream of cytochrome c release induced by 

mitochondrial outer membrane permeablization (MOMP). However, it is not likely that 2-IB 

has a general effect on mitochondrial protein release, since AIF translocation is not affected 

by 2-IB treatment, as we described in our previous study (10). Interestingly, cytochrome c 

release was observed in both genders, whereas 2-IB only prevents cytochrome c in female 

animals. These data suggest that the mechanisms leading to cytochrome c release differ 

between genders. One possibility is that cytochrome c release in males is secondary to AIF 

translocation and mitochondrial damage (27,28). In addition, it has been suggested that AIF 

and cytochrome c are released from the mitochondria via different pores, e.g the Bax/Bak 

pore or the VDAC pore and it is possible that 2-IB only affects one of these pores.

Furthermore, it can be speculated that more upstream events that lead to MOMP are 

gender-dimorphic. There are a number of potential targets for 2-IB that are upstream of 

the HI-induced release of cytochrome c and caspase-dependent apoptosis, but independent 

of the PARP-1/ AIF-pathway. Recently, Renolleau et al. described that only females were 

protected from neonatal HI brain damage by a broad-spectrum caspase inhibitor (29). The 

gender-dependent working mechanism of 2-IB might also involve caspase inhibition, e.g. 

inhibition of death-receptor-associated initiator caspases like 8 and 10 or the less investigated 

caspase 2. Caspase 2 is thought to be a nuclear initiator caspase, activated by genotoxic 

stress or DNA damage, which is likely to occur during HI. Caspase 2 has been described to be 

responsible for cytochrome c release and permeabilization of the mitochondria, possibly via 

effects on the formation of the Bax pore (30,31).

Finally, we cannot exclude that more upstream external pro-apoptotic signals like Fas 

ligand and Fas death receptors (32) or effects on cerebral leukocyte infiltration are responsible 

for the gender-dependent effect of 2-IB.

We conclude that the influence of gender on neuroprotection was strikingly similar in 

both P3 and P7 rats. Short-term and long-term neuroprotection with 2-IB could be obtained 

in female P3 rats only, but not in male P3 rats. These gender differences were also observed in 

older rats, and may be relevant for neuroprotective strategies in preterm human neonates.
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ABStrACt

Hypoxic-ischemic brain injury is regulated in part by neurotransmitter and chemokine signal-

ing via G protein-coupled receptors (GPCR). GPCR kinase 2 (GRK2) protects these receptors 

against overstimulation by inducing desensitization. Neonatal hypoxic-ischemic brain dam-

age is preceded by a reduction in cerebral GRK2 expression. We determined the functional 

importance of GRK2 in hypoxic-ischemic brain damage.

9-Day-old wildtype and GRK2+/- mice with a ~50% reduction in GRK2 protein were exposed 

to unilateral carotid artery occlusion and hypoxia. In GRK2+/- animals, gray and white matter 

damage was aggravated at 3 wks post-hypoxia-ischemia (HI). 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 irrespective of neutrophil depletion. 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 HI 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 granule 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.



Low GRK2 exacerbates neonatal HI brain damage 145

INtroduCtIoN

Perinatal hypoxia-ischemia (HI) is a major cause of morbidity and mortality in the human 

newborn (1,2). 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 excitotoxicity through overstimulation of both metabotropic glutamate receptors 

and NMDA receptors initiates cerebral damage (3,4). Moreover, HI induces an inflamma-

tory reaction characterized by increased numbers of cerebral neutrophils and microglial/

macrophage activation. Prevention of cerebral neutrophil infiltration markedly reduced brain 

damage (5,6). Inhibition of microglial/macrophage activation can also attenuate brain dam-

age (7).

Both neurotransmitters that initiate neuronal loss and chemokines that regulate cerebral 

infiltration/activation of inflammatory cells, signal through G protein-coupled receptors 

(GPCR). Agonist-induced desensitization and internalization of GPCR comprise an important 

regulatory process to ensure adequate signaling and to prevent damage by overstimulation 

of GCPR. 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 (reviewed in 8). GRK2 is the most widely studied member of the GRK family. It is 

known that the level of intracellular GRK2 controls chemokine-induced migration of inflam-

matory cells and signaling through receptors involved in activation of microglia/macrophages 

(9). Moreover, changes in intracellular levels of GRK2 can affect inflammatory cell infiltration 

in vivo as well (10-12). For example, we have 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 inflammatory cells (12). In addition 

to an important role in 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 (13,14). Moreover, GRK2 does not 

only regulate the responsiveness of cells via GPCR desensitization, but can also interfere 

with cellular function by directly interacting with intracellular signaling molecules (15). Taken 

together, GRK2 can function as a pivotal molecule in the regulation of many receptors 

and downstream signaling molecules involved in cerebral 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 (16-22). Interestingly, neonatal HI-induced brain 

damage is associated with a decrease in cerebral GRK2 protein expression before damage 

becomes apparent (23). These data suggest that decreased GRK2 may contribute to the 

pathophysiological 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 WT and GRK2+/- animals, which express 
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a 50% reduction in GRK2 levels and determined the contribution of neutrophils. Finally, 

we analyzed sensitivity of GRK2+/- hippocampal slices and cerebellar granule neurons for 

glutamate-induced cell death in vitro.

MAterIAL & MetHodS

Animals

Experiments were performed in accordance with international guidelines and approved by 

the University Medical Center Utrecht experimental animal committee.

At postnatal day 9 (P9), heterozygous GRK2+/- (homozygous GRK2 deletion is embry-

onically lethal (24)) and wildtype (WT) C57/bl6 littermates were anaesthetized (5 min) with 

isoflurane (3.0% induction, 1.0% maintenance) in O2:N2O (1:1). The right common carotid 

artery was occluded by thermo-cauterization, xylocaine (100 mg/ml, AstraZeneca, Zoeter-

meer, 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 anaesthesia and 

incision only.

For depletion of neutrophils, 28 μl/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 i.p. 20 h before and directly after HI. Depletion of circulating 

neutrophils was determined by a differential count.

Histological preparations

Mice received an overdose pentobarbital and were perfused with 4% paraformaldehyde in 

PBS. Brains were embedded in paraffin. Coronal sections (8 μm) cut at approximately –1.8 

mm (at hippocampal level) and +0.7 mm (at striatal level) from bregma were stained with 

hematoxylin-eosin (HE) (Klinipath, Duiven, the Netherlands) and scored in a blinded way on 

a scale from 0-3 in 6 regions of the parietal cortex and in 5 regions of the hippocampus (25). 

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 (Chemicon, Hampshire, UK) 

in 0.1% acetic acid.
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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 Incorporated, 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, Richmond, VA) or rabbit-anti-PMN (Accurate Antibodies) 

antibodies followed by biotinylated horse-anti-mouse (Vector Laboratories, Burlingame, CA), 

mouse-anti-rat (Jackson Immunoresearch, Cambridgeshire, UK) or goat-anti-rabbit (Vector 

Laboratories) antibodies. Visualization was performed using Vectastain ABC kit (Vector 

Laboratories) and diaminobenzamidine.

Analysis of damage

Full section images at –1.8 mm (at hippocampal level) and +0.7 mm (at striatal level) from 

bregma were captured with a Nikon D1 digital camera (Nikon, Tokyo, Japan). The various 

brain areas were outlined manually using image processing tools in Adobe Photoshop 6.0 

(Adobe Systems Inc., San Jose, CA) or ImageJ software (Rasband WS, ImageJ, U.S. National 

Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/, 1997-2006) and the ratio 

of ipsilateral to contralateral areas was calculated (26).

Preparation of brain homogenates

Pups were decapitated at 3-48 h post-HI, cerebellum was removed and left and right hemi-

spheres were frozen in liquid nitrogen, pulverized using a liquid nitrogen-cooled mortar and 

pestle, divided into 2 fractions, and stored at –80ºC.

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, Schwa-

bach, Germany). Mitochondrion-free cytosolic and mitochondrion-enriched fractions were 

prepared as described (26). 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 transferred to nitrocellulose membranes (Hybond-

C; Amersham Biosciences, Roosendaal, the Netherlands). Equal protein loading was verified 

by Ponceau S staining.
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Membranes were stained with rabbit-anti-GRK2 (Santa Cruz Biotechnology), mouse-anti-

cytochrome c (BD Biosciences Pharmingen, San Jose, CA), rabbit-anti-cleaved caspase 3, 

rabbit-anti-Bcl-2 or rabbit-anti-Bcl-xL (all Cell Signaling, Danvers, MA), followed by incubation 

with donkey-α-rabbit-HRP (Amersham Biosciences) or goat-anti-mouse-HRP (Jackson Immu-

noresearch). To control for equal loading, membranes were stripped and reprobed for β-actin 

in cytosolic fraction. Ponceau S staining was used to verify equal loading in mitochondrial 

fractions as cytochrome c oxidase complex IV (COX IV) expression was affected by HI.

Specific bands were visualised by chemiluminescence detection (ECL; Amersham Biosci-

ences) with X-ray film exposure. Films were scanned with a GS-700 Imaging Densitometer 

and analyzed with Quantity One Software (both Bio-Rad).

Neutrophil infiltration

MPO activity was determined as described (27). In short, pulverized brains were homogenized 

in 50 mM HEPES buffer (pH 8.0), centrifuged and pellets were rehomogenized in H2O/ 0.5% 

cetyltrimethylammonium chloride (CTAC) (Merck, Darmstadt, Germany). After centrifuga-

tion, 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 μM 

resorcinol (Merck) and 2.2 mM H2O2 in distilled water) was added. These reaction mixtures 

were incubated for 30 min at 37 ºC 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 Biotechnology, Rockford, IL) using BSA as standard.

Cerebral blood flow

The reduction in ipsilateral blood flow was measured (28). A dose of 8 μCi of iodo-[14C]-

antipyrine (1600 μCi/kg) in 0.1 mL of saline was injected subcutaneously in the neck at 

the end of the hypoxic period and the pups were decapitated 60 seconds after injection. 

The brain was removed in less than 35 seconds to minimize postmortem diffusion (29) and 

ipsilateral and contralateral hemispheres were frozen in liquid nitrogen. Hemispheres were 

homogenized and radioactivity was counted in a liquid scintillation counter. Relative ipsilat-

eral blood flow was expressed as (cpm ipsilateral/ cpm contralateral) x 100%.

Hippocampal slices

Organotypic hippocampal slices were prepared using the method of Stoppini et al. (30) 

from P7 GRK2+/- (n=17) and WT (n=13) pups. Using a McIlwain tissue chopper (The Mickle 

Laboratories, Watford, UK), 400 μm thick hippocampal transverse slices were cut. Slices with 
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complete dentate gyrus, CA3 and CA1 areas were selected and placed (three per membrane) 

onto 0.4 μM semiporous membranes (Millicell-CM membrane insert; Millipore, Watford, UK). 

Membranes were placed in 35 mm diameter petridishes containing 1 mL of growth medium 

consisting of 50% minimal essential medium, 25 mM HEPES, 25% heat-inactivated horse 

serum, 3.5% sodium bicarbonate, 20% Hank’s balanced salt solution, 2 mM l-glutamine, 100 

U/ml penicillin, 100 μg/ml streptomycin and 6 mg/mL D-glucose. Cultures were maintained 

in 95% air – 5% CO2 at 37 °C. Medium was changed every 3–4 days, and experiments were 

performed after 14 days 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 μg/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 

(Leica) and used as index of neuronal death. To calculate % 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)x100.

Cerebellar Granule Neurons

Cerebellar granule cells (CGN) were prepared from P7 WT and GRK2+/- pups. Neurons were 

seeded on poly-D-lysine (15 ug/ml) coated 96-wells plates at a density of 0.3 x 106 cells/ml 

and were cultured in MEM supplemented with 30 mM D-glucose, 25 mM KCl, 10% fetal calf 

serum (FCS), 2 mM L-glutamine, 100U/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml 

Fungizone. To prevent growth of dividing (glial) cells, fluorodeoxyuridine and uridinecytosine 

(50 and 150 μM respectively) were added to the cultures 24 h following plating. CGN were 

cultured 7 DIV before addition of different concentrations of glutamate for 24 h. 0.5 mg/ml 

MTT (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 obtained from P1 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 μg/ml streptomycin and 30 mM D-glucose. Cells were dissociated and cultured in poly-
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L-ornithine (15 μg/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 ºC to detach microglia from the astrocyte layer. Microglia were cultured for 

48 h in poly-L-ornithine coated 24-wells plates at a density of 0.5 x106 cells/ml and total cell 

lysates were prepared by incubation in ice-cold RIPA buffer (20 mM HEPES pH 7.5, 1% Triton 

X-100, 150 mM NaCl, 10 mM EDTA and protease inhibitors) for 30 min at 4ºC followed by 

15 min centrifugation at 13.000 rpm.

Statistical Analysis

Mortality rates were analyzed with Fisher’s exact test. Histological scores are presented as indi-

vidual data with median and were analyzed using Kruskal Wallis tests. Mann-Whitney U tests 

were used for further analysis. All other data are presented as mean and SEM. One-way or 

two-way ANOVA with Bonferroni post-tests was used to analyze differences between geno-

type or differences between genotype (WT and GRK2+/-) and different time points post-HI.

reSuLtS

GrK2 expression

We have previously shown that expression of GRK2 protein was reduced by approximately 

50% in total homogenates of GRK2+/- cerebellum (11) as well as in primary cultures of 

astrocytes (31). Here we show that GRK2 expression is also reduced by approximately 50% 

in total homogenates of the brain after removal of cerebellum (Fig. 1A) and by ~ 42% in 

primary cultures 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 earlier 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 genotypes (WT animals: 13.2% 

and GRK2+/- animals 17.0%; Fisher Exact test p=0.46).
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At 3 wks post-HI, brain sections were scored for neuronal integrity in 6 regions of the 

parietal cortex and in 5 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 contralateral 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 observed after 60 min 

of hypoxia (data not shown).

Chapter 8 
 
Figure 8.1 

figure 1: HI-induced brain damage
A: GRK2 expression in total brain homogenates was ~50% lower in GRK2+/- brains compared to 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 vs contralateral levels. n=6-10 
animals 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 to WT animals.
C: Brains were collected at 3 wks after the insult. Neuronal integrity was scored in 6 regions of parietal 
cortex and 5 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 2 coronal levels: –1.8 mm (‘hippocampal level’) or +0.7 mm (‘striatal level’) 
from bregma.
e: HI induced significant more hemispheric and hippocampal area loss in the ipsilateral hemisphere 
of GRK2+/- vs WT mice at 3 wks 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 vs GRK2+/-.
f: GRK2+/- mice show significant more white matter damage than WT littermates at 3 wks 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 vs GRK2+/-. Animal numbers for C, e, f: WT 
(n=11), GRK2+/- (n=10) and sham-controls (n=6).  See Full Color section, page 245.
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Figure 8.2 
 

figure 2: HI-induced expression of pro- 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 β-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 significant more reduction of mitochondrial cytochrome 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 vs WT. B-e: Insets show representative Western blots; Ponceau S (ponc) or β-actin 
were used to control for equal loading in the different subcellular fractions. n=6-10 animals per group.
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To determine the effect of GRK2 on the extent of white matter damage, we determined 

loss of ipsilateral MBP staining at 3 wks 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 to WT mice 

(Fig. 1D, F; p<0.05 at -1.8 mm and p<0.01 at +0.7 mm from bregma).

early damage and apoptotic cell death

To determine whether the observed increase in brain injury in GRK2+/- animals at 3 wks post-

HI was associated with increased 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 apoptosis executioner at 24 h post-HI. GRK2+/- pups showed a 

significantly larger reduction of ipsilateral mitochondrial cytochrome c levels (p<0.01) and 

a significantly higher level of ipsilateral activated caspase 3 than WT littermates (Fig. 2B, C; 

p<0.05). In addition, ipsilateral levels of the anti-apoptotic molecules Bcl-2 and Bcl-xL, which 

are important guardians of the mitochondrial membrane, were significantly reduced after HI 

in GRK2+/- mice but not in WT mice (Fig. 2D, E; p<0.05). We did not detect any cytochrome 

c leakage, caspase 3 activation or changes in Bcl-2 and Bcl-xL in the contralateral hemisphere 

of WT and GRK2+/- animals compared to 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 staining at 24 h after the insult, indicating that increased dam-

age was already present at this time point (Fig. 3A, B). Moreover, white matter damage, 

determined by examining the ratio of ipsilateral over contralateral MBP staining at 24 h after 

HI, was more pronounced in GRK2+/- animals (Fig. 3C).

Figure 8.3 
 

figure 3: early neuronal and white matter damage at 24 h post-HI
A. GRK2+/- animals show significant 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 significant 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.  See Full Color section, page 246.
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Cerebral blood flow

It is known that GRK2 plays an important role in the regulation of blood flow and arterial 

blood pressure (32). Therefore, we analyzed whether increased brain damage in GRK2+/- 

animals was associated with a more pronounced reduction in blood flow in the ipsilateral 

hemisphere. We did not observe differences in the HI-induced reduction in cerebral blood 

flow in the ipsilateral hemisphere between WT (54.8 ± 7.7% reduction) and GRK2+/- animals 

(49.3 ± 8.0% reduction).

Neutrophil infiltration

Neutrophils are known to contribute significantly to HI-induced brain damage (5,6). In addi-

tion, there is evidence that GRK2 can regulate chemotactic activity (9). 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 h and 48 h after the insult, the HI-

induced neutrophil infiltration, determined as cerebral 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 activity 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 to 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 development 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 damage 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 (Fig. 5; p<0.01). In both genotypes, MAP2 

loss at 3 wks 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, indicating that at this early time point neuronal damage 

developed independently of neutrophil infiltration (Fig. 5).
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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 wks after HI) (Fig. 

6A). 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. 6A; p<0.05). Significant MBP loss was first detectable in WT 

animals at 6 h post-HI (Fig. 6A; p<0.05). GRK2+/- mice showed significantly more MBP loss 

(~45%) than WT littermates (~25%) at 6-48 h post-HI (Fig. 6A, B; p<0.01). Interestingly, 

however, the relative reduction in ipsilateral MBP staining did not increase between 6 h and 

3 wks after HI in both genotypes. These data indicate that the maximal relative reduction in 

Figure 8.4 

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 significant 
higher in GRK2+/- mice vs WT mice at 24-48 h post-HI. ** p<0.01, ***p<0.001. Animal numbers: 6-10 
animals per group.
B-d: GRK2+/- and WT animals were treated with anti-neutrophil serum (depl) or control (contr) serum 
at 20 h prior to and immediately after HI. Depletion with anti-neutrophil serum significantly reduced 
the percentage of peripheral neutrophils (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 pre-treatment 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.  See Full Color section, 
page 246.
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MBP was reached already very early (6 h) after HI in both genotypes (Fig. 6B; non-depleted 

bars).

We discovered that, in contrast to what had been observed for neuronal damage, deple-

tion 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 hippocampus and cortex (data not shown). 

These data suggest that increased microglial activation as observed in GRK2+/- animals occurs 

Figure 8.5 
 

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 4B-D. Animals were exposed to HI and sacrificed at the time points indicated. Total 
ipsilateral 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 wks 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 4E. Animal numbers: 6-13 animals per group.
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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 wks (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 wks post-HI in 
both genotypes (solid gray (WT) and black (GRK2+/-) bars). Neutrophil depletion (see Fig. 4B-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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as a reactive process induced by increased brain damage. Therefore increased microglial 

activation is not the primary cause of increased damage in GRK2+/- animals. As is 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. (33) have shown that overexpression of GRK2 can protect against mGluR1 medi-

ated cell death in HEK293 cells. In this study, we analyzed whether a reduction in endogenous 

GRK2 has consequences for glutamate-induced cytotoxicity in ex vivo cultures of hippocam-

pal slices. Indeed, we observed a small, but statistically significant (p= 0.02) 22% decrease in 

cellular survival after exposure to glutamate in GRK2+/- (45.1 ± 4.3% survival) as compared 

with WT (57.9 ± 2.8% survival) hippocampal slices. Finally, we also compared 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 as compared with WT CGN.

dISCuSSIoN

GPCR comprise the largest known family of cell surface receptors. Malfunction or dysregula-

tion of GPCR is a major contributor to the pathophysiology of disease and more than 50% 

of all therapeutics target GPCR-mediated pathways (34). Here, we present the novel concept 

Figure 8.7 
 

figure 7: HI-induced increase in Cd68 expression
A: CD68-positive cells were counted in 6 visual fields of hippocampus and 24 visual fields of parietal 
cortex. At 24-48 h post-HI, GRK2+/- mice show significant higher numbers of CD68-positive cells in the 
brain than WT littermates; **p<0.01, ***p<0.001. Animal numbers: 7 animals 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.  See Full Color section, 
page 247.
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that GRK2, a ubiquitous member of the GRK family that plays a central role in GPCR regula-

tion, represents an important endogenous factor in the protection against HI brain damage. 

We demonstrate that the 50% reduction in GRK2 protein expression in GRK2+/- mouse pups 

markedly 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, con-

firming earlier observations that neutrophils are important contributors to the extent of 

neuronal loss in this model (5,6). Since GRK2 is involved in chemotaxis (9), we investigated 

the contribution of neutrophil infiltration to the increase in gray and white matter dam-

age 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 6-48 

h post-HI. In intact GRK2+/- animals, the first signs of neutrophil infiltration in the brain were 

detectable at 6 h after HI, and were associated with a sharp increase in the amount of MAP2 

loss between 6 and 24 h after the insult. Collectively, our data suggest that the increased 

distribution 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 exist-

ing neuronal damage, but are not the primary cause of the more pronounced neuronal loss 

in GRK2+/- mice.

Figure 8.8 
 

figure 8: Increased sensitivity to glutamate in vitro
Primary CGN were cultured for 7 DIV before inducing cell death by different concentrations of 
glutamate for 24 h. Cell death was determined using MTT assay. GRK2+/- CGN are significant 
more vulnerable to glutamate than WT CGN; ***p<0.001. Animals: WT (n=6); GRK2+/- (n=5); all 
experiments were performed in 6-fold.
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We show here for the first time that neutrophil depletion did not change the level of MBP 

staining during the observation period of 3-48 h after HI, suggesting that neutrophils do 

not contribute to HI-induced early white matter loss. In line with this observation, the more 

pronounced HI-induced decrease in ipsilateral MBP in GRK2+/- vs WT animals appeared to be 

independent of neutrophils as well.

Our present data confirm earlier suggestions that cerebral microglial/macrophage acti-

vation after HI is part of a reactive process, as appearance of activated microglia in the 

brain clearly followed the onset of neuronal loss (35). 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, analysis of the kinetics of development of brain dam-

age 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 different for 

gray and white matter. GRK2 regulates the activity of multiple GPCR in the brain, including 

metabotropic glutamate receptor 1 and 5 (4,13,14,33) and chemokine receptors. Excessive 

glutamate release and glutamate excitotoxicity are thought to be key to the initiation of the 

process leading to neuronal loss after cerebral HI. In addition, immature oligodendroglial cells 

are highly susceptible to glutamate excitotoxicity (36). Interestingly, it has been shown that 

overexpression 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 oli-

godendroglial cells express metabotropic glutamate receptors and there is also evidence that 

mGluR1 antagonists can reduce NMDA receptor-mediated neuronal death (37). Thus, 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 glutamate receptors but also other 

GRK2 substrate receptors may contribute 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 cellular signaling and activity at a more down-stream level. For 

example, GRK2 can directly interact with MEK, p38, and Akt and these interactions inhibit 

phosphorylation of downstream substrates of these kinases (31,38-41). Moreover, there is 

evidence that the PI3kinase-Akt pathway as well as the MEK-ERK pathway is important for 

the regulation of neuronal apoptosis and survival, indicating that direct interactions of GRK2 

with these molecules may affect cell survival (42). GRK2 also binds to cytoskeletal proteins, 
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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 (43,44). In 

addition, we have recently shown that treatment of human T cells with the microtubule 

stabilizer taxol rescues GRK2+/- cells from deficient agonist-induced internalization of the 

beta-adrenergic receptor (45). Interestingly, there is evidence that microtubule dissociation 

precedes MAP2 loss and that the microtubule stabilizer taxol can reduce neuronal damage in 

a hippocampal slice model of excitotoxic neuronal injury (46). 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 cytoskeletal 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 following cerebral HI. Interestingly, 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 (47). Moreover, cerebral GRK2 is relatively low in neonatal 

rats and increases to adult levels at 3 wks after birth (48).

In conclusion, we show that endogenous GRK2 protects against HI brain damage as 

reduced levels of GRK2 accelerate onset and aggravate the extent of HI-induced brain 

pathology. 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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ABStrACt

Previously we have demonstrated that neonatal mice with a partial deletion for the kinase 

GRK2 have an advanced onset and increased intensity of cerebral damage after hypoxia-

ischemia (HI). We now show that advanced and increased HI brain damage in animals with 

a partial deletion of the gene for GRK2 is associated with increased activation of the MAP 

kinase p38 in the brain. Moreover, after HI, brains of GRK2+/- animals express an increased 

amount of the prototypic pro-inflammatory cytokine TNF-α as compared to wildtype animals. 

In vitro, primary microglia from GRK2+/- animals produce more TNF-α than wildtype animals. 

Increased cytokine production by GRK2+/- cells appeared to be p38-dependent as the effect 

of genotype disappeared in the presence of p38 inhibitors. Using Cre-Lox technology we 

specifically reduced expression of GRK2 in microglia/monocytes and demonstrate that a 

decrease in GRK2 in these cells is sufficient to increase cerebral p38 activation, to enhance 

TNF-α expression and to advance neonatal HI brain damage. In conclusion, our data suggest a 

central role for microglia activity in determination of kinetics of the onset of brain damage.



Low GRK2 in microglia determines onset of HI brain damage 169

INtroduCtIoN

In the process leading to brain injury, activation of microglia and production of pro-

inflammatory cytokines are thought to play an important role (1-5). In models of neonatal 

hypoxic-ischemic brain injury, activation of microglia occurs relatively late after the insult, 

with maximal increases in upregulation of the microglial activation marker CD68 observed 

at 24-48 h after the insult (6-8). Therefore, the prevailing view is that microglial activation is 

induced by neuronal injury and that this reactive microglia activity can aggravate brain injury 

(3). More recent data, however, suggest that there is an early surge of inflammatory activity 

in the neonatal brain after hypoxia-ischemia (HI) and that microglia are at least partially 

responsible for early cytokine expression (9-11). The precise contribution of early microglia 

activity to brain injury remains to be determined.

One of the key kinases involved in microglial activation and in cytokine production in 

the central nervous system is the MAP kinase p38 (12). The activity of this kinase can be 

upregulated by numerous factors that are known to be involved in cerebral injury, including 

reactive oxygen species and cytokines (reviewed in 13). Recent evidence suggests that a 

kinase of the family of G protein-coupled receptor kinases, GRK2, is capable of binding to 

and phosphorylating p38, preventing activation of the p38 kinase by the upstream activator 

MKK6 (14). GRK2 can thus function as an endogenous inhibitor of p38. It has also been 

shown that a decrease in the expression of GRK2 increases LPS-induced cytokine produc-

tion, a process that is thought to be dependent on p38 activity (14). However, the in vivo 

functional consequences of changes in GRK2 for p38-dependent processes are unknown.

We have recently described that animals heterozygous for ablation of GRK2, develop 

earlier and more pronounced brain injury after exposure to HI in the neonatal period (8). 

The aim of this study was to delineate the possible role of GRK2-dependent regulation of 

p38 kinase activity, cytokine production and microglial activation in the earlier and more 

pronounced brain damage in GRK2+/- animals. To specifically reduce the expression of GRK2 

in microglia only, we used Cre-lox technology.

MAterIALS ANd MetHodS

Animals

Experiments were performed in accordance with international guidelines and approved by 

the University Medical Center Utrecht experimental animal committee.

We used heterozygous GRK2+/- (homozygous GRK2 deletion is embryonically lethal (15) 

and wildtype (WT) C57/bl6 littermates. Animals with reduced expression of GRK2 only 

in microglia/monocytes were obtained by using Cre-Lox technology; LysM-Cre+/+ males 
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(B6.129P2-Lyzstm1(cre)Ifo/J, The Jackson Laboratory, Bar Harbor, ME) were crossed with 

GRK2f/+ females (generous gift of Dr. G.W. Dorn, see reference 16) both in a mixed 129/ 

C57/bl6 background. Pups were either GRK2+/+/LysM-Cre+/- (normal GRK2) or GRK2f/+/LysM-

Cre+/- (reduction in GRK2 in microglia/monocytes). These abbreviations are used throughout 

the manuscript.

Pups underwent HI at postnatal day 9 by right common carotid artery occlusion under 

isoflurane anaesthesia (5 min; 3.0% induction, 1.0% maintenance in O2:N2O (1:1)). 

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 anaesthesia and incision only.

For depletion of neutrophils, 28 μl/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 i.p. 20 h before and directly after HI. Depletion of circulating 

neutrophils was confirmed by a differential count.

Histological preparations and immunohistochemistry

At 3 or 24 h after HI, mice received an overdose pentobarbital and were perfused with 4% 

paraformaldehyde in PBS. Brains were embedded in paraffin. Coronal sections (8 μm) were 

cut at hippocampal level.

Deparaffinized sections were incubated with mouse-anti-microtubule-associated protein 

(MAP2) (clone HM-2; Sigma-Aldrich, Steinheim, Germany) or mouse-anti-myelin basic pro-

tein (MBP) (Sternberger Monoclonals Incorporated, Lutherville, MD) antibodies followed by 

biotinylated horse-anti-mouse antibody (Vector laboratories, Burlingame, CA). Visualization 

was performed using Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine.

Analysis of damage

Full section images were captured with a Nikon D1 digital camera (Nikon, Tokyo, Japan). The 

various brain areas were outlined manually using image processing tools in Adobe Photoshop 

6.0 (Adobe Systems Inc., San Jose, CA, USA) or ImageJ software (Rasband WS, ImageJ, U.S. 

National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/, 1997-2006) and 

the ratio of ipsilateral to contralateral areas was calculated (17).

Preparation of brain homogenates

Pups were decapitated at 1 or 3 h post-HI, cerebellum was removed and left and right 

hemispheres were frozen in liquid nitrogen, pulverized using a liquid nitrogen-cooled mortar 

and pestle, divided into 2 fractions, and stored at –80ºC.
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Pulverized hemispheres were homogenized in 70 mM sucrose, 210 mM mannitol, 5 mM 

HEPES, 1 mM EDTA and protease and phosphatase inhibitors using a Potter homogenizer 

(Heidolph, Schwabach, Germany). Cytosolic fractions were prepared as described (17). Pro-

tein concentration was determined using a protein assay (Bio-Rad, Hercules, CA).

western Blotting

Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes (Hybond-

C; Amersham Biosciences, Roosendaal, the Netherlands). Membranes were stained with 

rabbit-anti-P-p38 (#4631), rabbit-anti-p38 (#9212; both Cell Signaling Biotechnology, 

Danvers MA), rabbit-anti-GRK2 or goat-anti-β-actin (both Santa Cruz Biotechnology, Santa 

Cruz, CA), followed by incubation with donkey-α-rabbit-HRP (Amersham Biosciences) or 

goat-anti-mouse-HRP (Jackson Immunoresearch, Cambridgeshire, UK). To control for equal 

loading, membranes were stripped and reprobed for total p38 or β-actin. Specific bands 

were visualised by chemiluminescence detection (ECL; Amersham Biosciences) with X-ray 

film exposure. Films were scanned with a GS-700 Imaging Densitometer and analyzed with 

Quantity One Software (both Bio-Rad).

Quantitative real time reverse transcriptase (rt)-PCr

Total RNA was isolated from pulverized brain with TRIzol® (Invitrogen, Paisley, UK). cDNA 

was synthesized with SuperScript Reverse Transcriptase (Invitrogen). The PCR reaction was 

performed with iQ5 Real-Time PCR Detection System (Bio-Rad) using primers for TNF-α, 

TNF-R1 and TNF-R2. Sequences: TNF-α: forward: GCGGTGCCTATGTCTCAG, reverse: 

GCCATTTGGGAACTTCTCATC; TNF-R1: forward: TGAGGAGTGTATGAAGTTGTG, reverse: 

CTGATGAAGATAAAGGATAGAAGG; TNF-R2: forward: TCAGCCAGAGCCCACAAG, reverse: 

TTCACCAGTCCTAACATCAGC. To confirm appropriate amplification, size of PCR products 

was verified on gel. Data were normalized for expression of β-actin and GAPDH.

Primary microglia

Primary cultures of cortical astrocytes and microglia were obtained from 1-day-old WT and 

GRK2+/- mice and from GRK2+/+/LysM-Cre+/- and GRK2f/+/LysM-Cre+/- 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 μg/ml streptomycin and 30 mM D(+)-glucose. Cells were dissociated 

and cultured in poly-L-ornithine (15 μg/ml) coated culture flasks in DMEM/Ham’s F10 (1:1) 

supplemented with 10% fetal calf serum, 2mM glutamine and antibiotics as stated above.
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After 10-12 days in vitro, flasks were shaken overnight at 37ºC to detach microglia from 

the astrocyte layer. Microglia were cultured for 48 h in poly-L-ornithine coated 24-wells 

plates at a density of 0.5 x106 cells/ml before the experimental procedures. Plated microglia 

were pre-incubated for 1 h with p38 inhibitors SB203580 (20 μM) or SB239063 (5 μM) (both 

inhibitors Sigma-Aldrich) or with 10 μM or 100 μM of the JNK inhibitor TAT-JBD peptide 

(sequence ygrkkrrqrrr-pp-RPKRPTTLNLFPQVPRSQDT; synthesized at W.M. Keck facility, Yale 

University, New Haven, CT) before stimulation with 10 ng/ml LPS (Sigma-Aldrich). 3 h after 

stimulation with LPS, supernatant was collected to determine TNF-α by ELISA (see below).

Total cell lysates of GRK2+/+/LysM-Cre+/- and GRK2f/+/LysM-Cre+/- microglia or astrocytes 

were prepared by incubating plated cells in ice-cold RIPA buffer (20 mM HEPES pH 7.5, 

1% Triton X-100, 150 mM NaCl, 10 mM EDTA and protease inhibitors) for 30 min at 4ºC 

followed by 15 min centrifugation at 13.000 rpm.

eLISA

TNF-α levels in supernatant of cultured microglia were analyzed by ELISA performed accord-

ing to manufacturer’s protocol (mouse TNF-α ELISA; Ucytech, Utrecht, the Netherlands).

Statistical Analysis

All data are presented as mean and SEM. One-way or two-way ANOVA with Bonferroni post-

tests was used to analyze differences between genotype or differences between genotype 

and different time points post-HI.

reSuLtS

HI-induced p38 activation and cytokine production in GrK2+/- animals in vivo

Recently it has been shown that GRK2 can directly interact with p38 MAP kinase preventing 

activation of p38 and that peritoneal macrophages of GRK2+/- animals produce more TNF-α 

after stimulation with LPS (14). These data suggest that increased activation of p38 in GRK2+/- 

cells may ultimately lead to increased cytokine expression and thereby could contribute to 

increased brain damage in GRK2+/- animals.

The data in Figure 1A demonstrate that exposure of the neonatal brain to HI induced 

rapid activation of p38. Moreover, the HI-induced increase in P-p38 at 1 and 3 h after the 

insult was more pronounced in GRK2+/- animals than in WT animals.

Examination of HI-induced TNF-α expression revealed that TNF-α started to be increased at 

1 h after HI and was further increased at 3 h after HI in both WT and GRK2+/- animals (Fig. 1B). 
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Notably, the HI-induced increase in TNF-α was significantly more pronounced in GRK2+/- than 

in WT animals at both time points. In view of TNF-α function, we also determined TNF 

Chapter 9 
 
Figure 9.1 

figure 1: HI-induced p38 activation and tNf-α expression is increased in GrK2+/- mice
A: HI-induced p38 activation (phosphorylation at Thr180/Tyr182) at 1 h post-HI in ipsilateral 
hemispheres is significantly increased in GRK2+/- mice compared to WT littermates (left part of the 
figure). At 3 h post-HI, P-p38 levels in WT animals are almost reduced to baseline, whereas p38 is still 
significantly activated in GRK2+/- animals (right part of the figure). Note the difference in scale of the 
two Y-axes. *p<0.05, ***p<0.001 WT vs GRK2+/-. Insets show representative Western Blots. Total 
p38 levels were used as loading control. c: contralateral and i: ipsilateral; A.U.: arbitrary density units; 
n=5-12 animals per group.
B: GRK2+/- mice show enhanced ipsilateral expression of TNF-α compared to WT animals as determined 
by quantitative real time RT-PCR at 1 h and 3 h post-HI. Data are normalized for expression of β-actin 
and GAPDH. n=5-12 animals per group. HI did not induce cytokine expression in contralateral 
hemispheres (comparable to levels in sham-operated animals). *p<0.05, ***p<0.001 WT vs GRK2+/-.
C: HI induced ipsilateral expression of both TNF-R1 (left) and TNF-R2 (right) at 3 h after the insult as 
determined by quantitative real time RT-PCR. No differences in expression between WT vs GRK2+/-. 
Data are normalized for expression of β-actin and GAPDH. n=5-12 animals per group.
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receptor expression. Both TNF receptor 1 and 2 were significantly increased at 3 h after HI, 

but we did not observe any genotype-dependent difference in the HI-induced change in 

expression of TNF receptor 1 and 2 (Fig. 1C).

role of p38 in increased cytokine production by GrK2+/- microglia in vitro

To determine the role of p38 in increased TNF-α production by GRK2+/- microglia, we used 

an in vitro system. After stimulation with LPS, GRK2+/- microglia produced more TNF-α than 

WT cells (Fig. 2). Addition of the p38 MAP kinase inhibitors SB203580 or SB239063 to 

the cultures dose-dependently inhibited TNF-α production and abolished the difference 

between WT and GRK2+/- cells (Fig. 2). In contrast, the JNK inhibitor TAT-JBD reduced TNF-α 

production in both genotypes, but the difference in TNF-α production between GRK2+/- and 

WT microglia was maintained. Collectively these data suggest that both p38 and JNK MAP 

kinases are involved in cytokine production by microglia but that increased p38 activity in 

GRK2+/- microglia was responsible for increased TNF-α production (Fig. 2).

Figure 9.2 

figure 2: Increased tNf-α production by GrK2+/- microglia is p38-dependent
Primary GRK2+/- microglia produce significantly more TNF-α in vitro after stimulation with LPS (10 ng/
ml) than WT microglia as determined by ELISA. Addition of p38- or JNK-inhibitors reduced TNF-α 
production in primary microglia of both genotypes. Importantly, addition of the p38 inhibitors 
SB203580 (20μM) or SB239063 (5μM) abrogated the difference in TNF-α production between GRK2+/- 
and WT microglia. In contrast, genotype differences in TNF-α production were preserved after addition 
of the JNK inhibitor TAT-JBD (10 or 100 μM). p38 and JNK inhibitors were added 1 h before stimulation 
with LPS. *p<0.05, ***p<0.001 WT vs GRK2+/-. Microglia cultures were pooled from 8 WT animals 
and 9 GRK2+/- animals. Data are from four independent experiments performed in duplicate.
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role of microglial GrK2 in HI brain damage

To determine the possible contribution of increased reactivity of microglia/macrophages with 

reduced GRK2 to increased brain damage in GRK2+/- animals in vivo, we used mice in which 

the GRK2 gene can be specifically ablated using the Cre-lox system. To reduce GRK2 expres-

sion in microglia, we used lysozyme M-driven Cre expression which resulted in a significant 

reduction in the expression of GRK2 in microglia, but not in astrocytes (Fig. 3A). First we 

determined whether a reduction of GRK2 in microglia was sufficient for more pronounced 

HI-induced TNF-α production. As is shown in Figure 3B, HI-induced TNF-α production was 

indeed significantly higher in GRK2f/+/LysM-Cre+/- animals than in GRK2+/+/LysM-Cre+/- litter-

mates at 3 h after HI. In addition, HI-induced activation of p38 was significantly increased in 

GRK2f/+/LysM-Cre+/- animals compared to GRK2+/+/LysM-Cre+/- littermates at 1 h post-HI (Fig. 

3C), suggesting that the reduction of GRK2 in microglia was sufficient to induce increased 

p38 activation and increased TNF-α production after HI. A causal relation between p38 acti-

vation and increased TNF-α production was confirmed in an in vitro culture system. Cultured 

GRK2f/+/LysM-Cre+/- microglia produced significantly more TNF-α after LPS stimulation than 

GRK2+/+/LysM-Cre+/- microglia (Fig. 3D). In addition, the data in Figure 3D demonstrate that 

p38 inhibition by two different p38 inhibitors (SB203580 or SB239063) abrogated the differ-

ence in TNF-α production between the microglia of both genotypes (Fig. 3D).

In the next set of experiments, we determined the effect of reduced GRK2 levels in 

microglia on HI-induced early neuronal damage by analysis of MAP2 loss. Since lysozyme M 

is also expressed in neutrophils and neutrophils can contribute to brain damage, we depleted 

animals from neutrophils using anti-neutrophil antibodies prior to exposure to HI (8). At 3 

h after HI, MAP2 loss was significantly more pronounced in neutrophil-depleted GRK2f/+/

LysM-Cre+/- animals than in GRK2+/+/LysM-Cre+/- littermates (Fig. 4A, B). However, at 24 h 

after HI, neuronal damage was similar in GRK2f/+/LysM-Cre+/- animals and in GRK2+/+/LysM-

Cre+/- littermates (Fig. 4A, B). At 3 h after HI, we could only detect very little MBP staining 

and therefore could not reliably determine the effect of microglial GRK2 reduction on early 

white matter loss. At 24 h after HI, we did not observe any effect of genotype on ipsilateral 

MBP loss (Fig. 4C). These data strongly suggest that reduced GRK2 in microglia is sufficient 

to advance the onset of HI-induced cerebral damage and provide evidence for a central role 

of microglia in determining the onset but not extent of cerebral damage.

dISCuSSIoN

We show here that increased TNF-α production by microglia with a ~50% reduction in 

GRK2 expression is dependent on p38 activity. Moreover, using Cre-Lox technology we 

demonstrated that a reduced level of GRK2 in microglia is sufficient for increased and earlier 
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Figure 9.3 

figure 3: Microglial GrK2 reduction is sufficient to increase p38 activation and tNf-α 
production after HI.
A: GRK2 expression in total lysates of primary cultured microglia (left panel) and astrocytes (right 
panel) of GRK2+/+/LysM-Cre+/- and GRK2f/+/LysM-Cre+/- was analyzed by Western blotting. GRK2 
expression was ~50% lower in GRK2f/+/LysM-Cre+/- microglia, whereas GRK2 expression in astrocytes 
was similar in both genotypes showing specificity of the Cre-Lox system. ***p<0.001 GRK2+/+/LysM-
Cre+/- vs GRK2f/+/LysM-Cre+/-. Insets show representative Western blot examples; β-actin is used as 
loading control. n=4-5 animals per group
B: GRK2f/+/LysM-Cre+/- mice show enhanced ipsilateral TNF-α expression compared to GRK2+/+/LysM-
Cre+/- (**p<0.01). TNF-α expression was determined by quantitative real time RT-PCR at 3 h post-HI. 
Data are normalized for expression of β-actin and GAPDH. n=7 animals per group. HI did not induce 
cytokine expression in contralateral hemispheres (comparable to levels in sham-operated animals).
C: Ipsilateral HI-induced p38 activation at 1 h post-HI is significantly increased in GRK2f/+/LysM-Cre+/- 
mice compared to GRK2+/+/LysM-Cre+/- (**p<0.01). Insets show representative Western Blots. Total 
p38 was used as loading control. n=3-5 animals per genotype.
d: Primary GRK2f/+/LysM-Cre+/- microglia produce significantly more TNF-α in vitro after stimulation 
with LPS (10 ng/ml) than GRK2+/+/LysM-Cre+/- microglia as determined by ELISA. Addition of the p38 
inhibitor SB203580 (20μM) eliminated the difference in TNF-α production between the two genotypes. 
SB203580 was added 1 h before stimulation with LPS. **p<0.01 GRK2+/+/LysM-Cre+/- vs GRK2f/+/LysM-
Cre+/-. Data are from two independent experiments performed in duplicate.
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neonatal HI-induced brain injury, p38 activation and TNF-α production. These data strongly 

suggest that early activation of microglia is an important denominator of the development 

of neonatal HI brain injury.

In our previous study in GRK2+/- animals that express a decreased level of GRK2 in all cell 

types examined, we showed that neonatal HI-induced gray and white matter injury was 

significantly advanced and more pronounced (8). Depletion of animals from neutrophils 

significantly reduced damage, but did not abolish the effect of genotype on onset and extent 

of damage. Here we again demonstrate that the earlier onset of damage in animals with 

cell-specific partial ablation of GRK2 was maintained in animals depleted from neutrophils. 

These data led us to the conclusion that endogenous processes in the brain are responsible 

for the observed earlier onset of brain injury in animals with reduced expression of GRK2, 

specifically in microglia.

We also showed previously in vitro that GRK2+/- cerebellar granule neurons and hip-

pocampal slices were more sensitive to glutamate-induced cytotoxicity. This observation was 

in line with data in the literature showing that glutamate-induced signaling via mGluR1 

and 5 was negatively regulated by overexpression of GRK2 in HEK293 cells (18,19). Based 

on these data we suggested that increased neuronal sensitivity to excitotoxicity was a key 

factor in advanced and increased HI-induced cerebral injury in GRK2+/- mice. Our present 

data prompt us to redefine this suggestion as we show here that it is sufficient to reduce 

the expression of GRK2 in microglia, without changing its expression in neurons, to induce 

Figure 9.4 
 
 

figure 4: effects on microglial GrK2 reduction on HI brain damage
A. Quantification of HI-induced MAP2 loss in the ipsilateral hemisphere at hippocampal level. At 3 h 
post-HI, GRK2f/+/LysM-Cre+/- animals already show significant MAP2 loss, whereas no overt MAP2 loss 
was observed in GRK2+/+/LysM-Cre+/- animals (**p<0.01). At 24 h after the insult however, HI-induced 
ipsilateral MAP2 loss was similar in both genotypes. We did not detect any MAP2 loss in sham-
operated animals, neither in contralateral hemispheres. n=5-7 animals per genotype per time point.
B. Representative examples of ipsilateral MAP2 loss at 3 and 24 h post-HI in GRK2+/+/LysM-Cre+/- and 
GRK2f/+/LysM-Cre+/- animals.
C. Quantification of HI-induced white matter damage by analysis of MBP loss in the ipsilateral 
hemisphere at hippocampal level at 24 h post-HI. Both genotypes show similar amount of MBP loss. 
n=5-7 animals per genotype. See Full Color section, page 247.
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advanced onset of HI brain injury. However, reduced GRK2 expression in microglia cells does 

not affect the extent of cerebral damage as determined at 24 h after the insult. Thus, col-

lectively our data suggest that the reduced level of GRK2 in other cell types in the brain, 

i.e. neurons, astrocytes or oligodendroglia was responsible for the increased gray and white 

matter damage we observed in GRK2+/- animals from 24 h after the insult onwards.

The organotypic cultures of hippocampal slices we used in our previous study contained 

a mixed population of cells, including microglia and it is known that in this system cytokine 

production can still be induced by various agents (20). Therefore, we cannot exclude that the 

increased excitotoxicity we observed in this system when comparing GRK2+/- with WT hip-

pocampal slices was dependent (in part) on differences in microglial activity. Even though the 

cerebellar granule neuronal cultures were maintained in specific medium with glial inhibitors 

to reduce the possible contribution of glial cells as much as possible, it is possible that also 

in this system microglial activity contributed to the increased sensitivity of GRK2+/- cultures 

for glutamate excitotoxicity. However, since only early damage was increased in animals with 

specific deletion of GRK2 in microglia, we expect that increased sensitivity of neuronal cells 

to glutamate excitotoxicity will play an important role in the development of increased brain 

damage in GRK2+/- animals where GRK2 is reduced in all cells. We are currently breeding 

mice with specific deletion of GRK2 in neuronal cells in the hippocampus or in astrocytes to 

further elucidate the role of these cells in increased brain damage after neonatal HI.

GRK2 was originally described as a prototypic member of the GRK family of kinases that 

can regulate homologous receptor desensitization of GPCR. That is, GRK phosphorylate 

agonist-occupied GPCR, thus regulating their desensitization, internalization and down 

regulation (21). More recent evidence suggests that GRK2 cannot only modulate cellular 

functioning at the GPCR level, but also via direct interaction with several down stream signal-

ing molecules (22). For example, we have described that GRK2 can bind to MEK in a process 

that prevents phosphorylation and activation of the MAP kinases ERK1 and ERK2 (23). GRK2 

is also capable of interacting with the PI3kinase/Akt pathway independently of modulation 

of GPCR signaling (23,24). The in vivo functional consequences of direct interaction of GRK2 

with these downstream signaling molecules have only begun to be elucidated. One study 

demonstrated that portal hypertension is associated with increased expression of GRK2 in 

sinusoidal endothelial cells and suggested that direct interactions of GRK2 with Akt are 

responsible for a reduction in eNOS activity and subsequent hypertension (24). In this model, 

knock down of GRK2 in endothelial cells could reverse portal hypertension. Similarly, it has 

been shown that selective overexpression of a GRK2 inhibitor in cardiac cells can restore 

heart function in animal models of heart failure that are associated with increased GRK2 

expression (25,26).

Here we demonstrate that reduced GRK2 in microglia enhanced LPS-induced TNF-α 

production in a p38-dependent manner. Moreover in vivo, decreased GRK2 in microglia was 

sufficient to advance HI-induced brain injury, p38 activation and TNF-α production. Although 
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we cannot exclude that these effects are dependent of regulatory effects of GRK2 at the 

receptor level, we propose, that the major effect of GRK2 in microglial activation is mediated 

by direct interaction with p38 MAP kinase.

Interestingly, it has been described that inhibition of microglial activation by treatment 

with minocycline significantly but transiently reduced infarct volume after middle cerebral 

artery occlusion (MCAO) in neonatal rats. The protective effect of minocycline treatment 

was only observed early after the insult and disappeared later on (9). These data support our 

conclusion that early microglia activity plays a central role in determining onset of neonatal 

HI brain injury, but does not determine the ultimate amount of damage. It should be noted 

however, that another study described long-lasting protective effects of minocycline treat-

ment in another neonatal HI model (27).

In conclusion, we demonstrated that even relatively small changes in the expression of 

GRK2 in a single cell type, i.e. microglia, can be sufficient to markedly increase HI-induced 

p38 kinase activation, cytokine production and early cerebral damage. The contribution of 

GRK2 in other cell types to HI-induced cerebral injury remains to be determined.
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The discovery of safe and effective therapies to combat perinatal hypoxia-ischemia (HI) 

remains an ongoing challenge for perinatal medicine. At this moment intervention strategies 

to protect the human neonatal brain from HI brain injury are not very effective. In this thesis, 

we described various novel therapeutic approaches to combat neonatal HI brain injury. 

Another important focus of this thesis was to study the contribution of several pathophysi-

ological pathways involved in the development of HI brain damage in neonatal animals.

In this last chapter of the thesis, an overview of the most remarkable results of the experi-

ments described in this thesis will be given first. Additionally, we will discuss some aspects of 

the results obtained and we will speculate on the possibilities and consequences for applica-

tion of the drugs in human neonates in the future.

SuMMAry

In the first part of this thesis (Chapter 2-4), we studied the role of the transcription fac-

tor nuclear factor kappa B (NF-κB) in HI brain damage in P7 neonatal rats. As NF-κB has 

been described to be a key transcription factor regulating expression of many inflammatory 

target genes and molecules belonging to the apoptotic pathway, we explored the potential 

therapeutic benefits of inhibiting NF-κB activity on HI brain damage.

To inhibit NF-κB activation, we used a specific NF-κB inhibitor, the NEMO Binding Domain 

peptide (NBD) coupled to a TAT sequence (TAT-NBD). TAT-NBD was given directly post-HI and 

we showed that the peptide reached the brain after i.p. administration and was transiently 

present for 3-6 h (Chapter 2).

Kinetics of cerebral NF-κB activation induced by HI in our rat model were characterized by 

two significant phases of activity; a first peak of activity from 0.5 up to 6 h after the insult and 

a second late-phase peak around 24 h post-HI (Chapter 3). Notably, inhibition of the early 

NF-κB activity peak by two doses of TAT-NBD at 0/3 h post-HI, showed a dramatic neuropro-

tective effect (>80%) on HI brain damage (Chapter 2). Single administration of TAT-NBD up 

to 6 h after HI was neuroprotective, which is a considerable therapeutic window (Chapter 

2). In contrast, when late-phase NF-κB activation was inhibited by prolonged (0/6/12 h) or 

only late administration (18/21 h) of TAT-NBD, neuroprotection was lost and damage was 

even exacerbated (Chapter 3). In conclusion, we have discovered that the two phases of 

NF-κB activity induced after HI have opposite roles during development of brain injury. Inhibi-

tion of early NF-κB activity is associated with inhibition of early apoptotic events involving 

upregulation of p53 expression and mitochondrial and nuclear p53 translocation. On the 

contrary, late NF-κB activity is indispensable for upregulating the expression of anti-apoptotic 

molecules and for preventing p53 nuclear accumulation.

In contrast to the potent effects of NF-κB inhibition after HI on the apoptotic machinery, we 

could not detect any effect of NF-κB inhibition on the expression of pro- and anti-inflammatory 
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cytokines. In Chapter 4, we unravelled that the activity of the JNK/ AP-1 pathway, another 

important inducer of cytokine expression in the brain, is increased under conditions when 

NF-κB is inhibited. By combined inhibition of NF-κB and JNK/ AP-1, we demonstrated that 

switching to the use of the JNK/ AP-1 pathway, under conditions when NF-κB is suppressed, 

is responsible for preserving cytokine production after HI. We found no evidence that early 

cytokine production (3 h after HI) is detrimental, since part of the neuroprotective effect 

of NF-κB inhibition by TAT-NBD was even lost after blocking early cytokine production by 

combined inhibition of NF-κB and JNK/ AP-1.

The initial idea of the studies in the second part of this thesis (Chapter 5-7) was to inves-

tigate the contribution of the free radical NO. to HI brain damage and to explore whether 

the compound 2-iminobiotin (2-IB), a previously described inhibitor of nNOS and iNOS, is a 

neuroprotective treatment after HI in immature P3 and P7 rats.

In Chapter 5, the kinetics of HI-induced expression of the NOS isoforms and the formation 

of nitrotyrosine (NT), a read-out of NO. (via ONOO-), were determined in P12 rats. Expression 

of the neuronal isoform nNOS was increased early after HI (0.5-3 h). Surprisingly, no effects 

of HI were detected on the expression of the inducible isoform iNOS after HI. The effect of 

ONOO- on nitrosylation of proteins was measured by detecting total cerebral NT levels. Only 

a very early, modest induction of cerebral NT was detected on the total protein level and no 

regional upregulation of NT was detected in brain sections by means of immunohistochemis-

try. In Chapter 6 and 7, we confirmed the lack of effect of HI on cerebral NT levels and iNOS 

expression levels in P7 and P3 rats. In addition, we could detect a significant upregulation 

of NO. production (measured as nitrate and nitrite) after HI, indicating that NO. was indeed 

produced after HI (Chapter 6).

However, treating neonatal rats with 2-IB after HI did not have any effect on NOx, NT or 

iNOS expression in vivo (Chapter 6 and 7; (1)). In addition, in vitro activation of nNOS or iNOS 

and subsequent NO. formation in cell cultures could not be inhibited by 2-IB, whereas other 

well-described nNOS or iNOS inhibitors could inhibit activity of these enzymes under the 

same conditions. We concluded therefore that 2-IB is not an inhibitor of iNOS and nNOS.

Importantly, treatment with 2-IB after HI was neuroprotective in P7 and P3 rats. However, 

only female brains were protected by 2-IB treatment (Chapter 6 and 7). This study led us to 

conclude that gender dimorphism exists in the use of apoptotic pathways after HI; males 

show a proclivity for the use of caspase-independent apoptosis and females for the use 

of caspase-dependent apoptosis (Chapter 6). We concluded that 2-IB treatment after HI 

works by inhibiting caspase-dependent apoptosis thereby protecting females, whereas male 

neonatal brains are not protected from HI by 2-IB, probably because cell death is initiated via 

the caspase-independent AIF pathway (Chapter 6 and 7).
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In the third part of this thesis (Chapter 8 and 9), we have explored the role of the kinase 

G protein-coupled receptor kinase 2 (GRK2) in neonatal HI brain damage. GRK2 has a well-

described function in switching off signaling by G protein-coupled receptors (GPCR), like 

metabotropic glutamate and chemokine receptors. Furthermore, GRK2 can interact with 

several downstream signaling molecules like p38, Akt/PI3 kinase and MEK. The previously 

observed downregulation of GRK2 after neonatal HI in P12 rats (2) prompted us to investi-

gate the consequences of low GRK2 on the development of neonatal HI brain damage using 

GRK2+/- P9 mice.

In GRK2+/- mice, we observed an advanced onset and an exacerbation of both long- and 

short-term gray and white matter damage when compared to WT mice (Chapter 8). The 

increase in ipsilateral brain damage appeared not to be caused by an effect of low GRK2 on 

cerebral blood flow (Chapter 8). Enhanced cerebral neutrophil infiltration contributed to the 

increased amount of neuronal damage in GRK2+/- mice, but it was not responsible for the 

advanced onset of damage (Chapter 8).

To investigate what could be the origin of advanced onset of HI brain damage in GRK2+/- 

animals, we explored the described link between p38 and GRK2. Activation of p38 and 

expression of the prototypic pro-inflammatory cytokine TNF-α were enhanced in GRK2+/- 

animals early after HI when compared to WT animals. GRK2+/- microglia produced more 

TNF-α in vitro and differences in TNF-α production between GRK2+/- and WT microglia were 

dependent on p38 activation. Since we assumed that p38-mediated cytokine production 

will occur for the greater part in glial cells, we investigated the contribution of low GRK2 

in microglia to HI brain damage by a targeted deletion of microglial GRK2 using a CRE-Lox 

system. These knockout mice with a selective decrease of GRK2 in microglia show enhanced 

p38 activation and TNF-α production and, interestingly, an advanced onset of neuronal brain 

damage after HI. Therefore, we conclude that the enhanced p38 activation in microglia may 

be instrumental in inducing the advanced onset of cerebral damage.

dISCuSSIoN

Apoptotic cell death and neonatal HI brain damage

Regulation of the apoptotic balance by NF‑κB; p53 and anti‑apoptotic molecules

In this thesis we have demonstrated that early NF-κB activity regulates pro-apoptotic events 

after HI and, as a consequence, the brain was dramatically protected after inhibition of early 

NF-κB activity. We are the first to show an important upregulation of the tumor suppressor 

protein p53 in the brain after HI in neonatal rats in vivo. How important is NF-κB-dependent 

regulation of p53 expression for the development of HI damage in the immature brain? We 

found that the dramatic neuroprotective effect of NF-κB inhibition was mainly associated 



C
ha

pt
er

 1
0

188

with inhibition of p53 upregulation and translocation. Notably, mitochondrial translocation 

of p53, which has been shown to initiate a rapid first transcription‑independent episode of 

cell death in vitro and in vivo (3,4), was completely inhibited after neuroprotective TAT-NBD 

treatment. Mitochondrial p53 can inhibit the activity of Bcl-2 and Bcl-xL and can activate Bax 

leading to cytochrome c release and initiation of apoptosis (5,6).

Uo et al. (7) have shown a more important role for transcription-dependent functions 

of p53 during apoptotic cell death in postnatal cortical neurons. Interestingly, a HI-induced 

upregulation and nuclear association of p53 after neonatal HI in vivo was clearly observed 

in our model. What is the contribution of nuclear p53 to HI brain damage? Importantly, we 

showed that nuclear p53 had direct consequences for p53-dependent transcription of the 

pro-apoptotic molecule PUMA in brains of neonatal rats in vivo. Moreover, (detrimental) 

prolonged inhibition of NF-κB was associated with a decreased cytosolic p53 expression but 

resulted in increased nuclear p53, indicating that loss of late NF-κB activity plays a role in 

accumulation of nuclear p53 and subsequent target gene transcription. We suggest that 

prolonged NF-κB inhibition reduces expression of regulators of nuclear export of p53, such 

as MDM2 (murine double minute 2), which results in accumulation of p53 in the nucleus (8). 

How important the accumulation of nuclear p53 is for the observed loss of neuroprotection 

remains to be elucidated, but it may well be that subsequent increase in p53 target gene 

transcription, especially under conditions when NF-κB is inhibited and more co-factors are 

available for p53-dependent transcription, will contribute to the loss of neuroprotection and 

to enhanced apoptotic cell death in the brain.

We asked ourselves the question how NF-κB inhibition could affect p53 subcellular 

translocation. Chang has described that NF-κB can direct subcellular localization of p53, 

possibly via binding of p53 to IκB (9). Since early NF-κB inhibition by TAT-NBD prevented 

HI-induced IκB degradation, we propose that the p53/ IκB complex may remain sequestered 

in the cytosol, thereby preventing nuclear and mitochondrial association.

What is the role of NF-κB-dependent regulation of anti-apoptotic molecules in neuro-

protection after HI brain damage? We demonstrated that the role of NF-κB in cell survival 

is in fact crucial in protecting the brain: when late NF-κB activity, which is responsible for 

upregulation of Bcl-2 and Bcl-xL, was inhibited, the protective effect of early NF-κB inhibi-

tion was entirely lost. We conclude that the NF-κB-dependent upregulation of Bcl-2 and 

Bcl-xL occurs relatively late after HI and is pivotal in determining the ultimate fate of initially 

protected cells.

The described key role of NF-κB and its target p53 during neonatal HI brain damage is 

highly noteworthy. Inhibition of p53 as such, for example by administration of pifithrin-α, 

which has shown to be protective in neuronal cultures in vitro and in adult stroke in vivo, 

might be an interesting future approach to prevent neonatal HI brain damage. Furthermore 

we would like to highlight the crucial role of upregulation of anti-apoptotic factors after neo-

natal HI and suggest that inhibition of these anti-apoptotic factors seems more detrimental 
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to brain damage than the direct effect of pro-apoptotic factors. Noteworthy, Yin et al. (10) 

showed that targeted cerebral delivery of the anti-apoptotic molecule Bcl-xL provided neuro-

protection after HI in P7 rats. Interestingly, Bcl-xL upregulation and subsequent protection of 

the mitochondria showed larger neuroprotective effects than inhibiting for example caspase 

3 by BAF administration.

Gender dimorphism in apoptotic routes of cell death and the effect of 2‑iminobiotin 

after HI

One remarkable new concept to emerge from recent studies and the 2-IB experiments in this 

thesis (Chapter 6 and 7) is the fact that in the immature brain, intrinsic gender differences in 

cell death pathways after HI are observed.

The interesting thing is that we did not observe any gender differences in apoptotic cell 

death or neuroprotection after NF-κB inhibition by TAT-NBD. Why did we observe a gender-

dependent neuroprotective effect after 2-IB treatment? The only apparent explanation will 

be that both approaches inhibit apoptotic cell death but have a considerably different point 

of action within the apoptotic cascade. As described above, we have shown that neuro-

protection by NF-κB inhibition is strongly associated with inhibition of translocation and 

upregulation of p53 and that NF-κB is importantly involved in maintaining mitochondrial 

integrity by upregulation of anti-apoptotic molecules. Apparently, no gender differences exist 

in these two elements of the apoptotic cascade. So which apoptotic event is inhibited by 2-IB 

that can explain the gender-dependent neuroprotection?

Hagberg et al. (11) were the first to show a possible gender difference on the mito-

chondrial level; they observed increased activation of PARP-1, a key enzyme involved in 

caspase-independent apoptosis, in male mice compared to females. Genetic deletion of 

PARP-1 protected neonatal male but not female pups from HI brain damage. Also in vitro 

it has been shown that male and female neurons die preferentially by different apoptotic 

cell death pathways; males show proclivity to primary caspase-independent cell death with 

mitochondrial AIF release, whereas in female cells mainly caspase-dependent cell death is 

observed (12). Zhu et al. (13) have shown gender-dependent use of cell death pathways in 

neonatal mice after HI in vivo as well. The amount of brain damage after HI, however, was 

similar in neonatal males and females. To what extent do our data support the described 

gender effects in apoptotic cell death routes? In our studies using neonatal rodents, the 

amount of brain damage induced by HI in males and females was similar as well. Importantly, 

we have confirmed the gender-dependent use of the AIF pathway in neonatal rats and mice 

in vivo; HI induced mitochondrial to nuclear AIF translocation in male pups only. However, 

we observed similar levels of cytochrome c release and caspase 3 activation after HI in both 

genders, which implies that activation of the AIF pathway may induce further damage 

to the mitochondria, resulting in secondary cytochrome c release (14,15). However, 2-IB 

treatment inhibited cytochrome c release and subsequent caspase 3 activation after HI in 
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females only. Noteworthy, neuroprotection by 2-IB was not associated with an effect on AIF 

translocation in males. Are there explanations for the observed gender-dependent effects? 

Indeed, mitochondrial proteins might be released from the mitochondria via different routes; 

cytochrome c might be released via the Bax/Bak pore, whereas AIF might be released via the 

VDAC channel. It could be that 2-IB might inhibit or interact with the Bax/Bak pore, which 

is not preferentially used in males. Finally, we speculate that also upstream pathways that 

lead to mitochondrial pore formation and subsequent release of proteins, like death receptor 

signaling and caspase 8 activation, might differ between genders and 2-IB might inhibit an 

upstream pathway preferentially used in females.

Interestingly, also other studies report a role for gender in neuroprotection. Renolleau et al. 

(16) demonstrated a role for gender in neuroprotection in P7 rat brains after neonatal stroke 

by using the pan-caspase 3 inhibitor BAF. Re-analysis of their data published in 2004 (17) 

showed that infarct size was only reduced in female rats after BAF treatment. Also another 

study by Renolleau et al. (18) showed a significant neuroprotective effect of Q-VD-OPh, a 

broad-spectrum caspase inhibitor, in female rats only after neonatal stroke. Their data were 

in agreement with ours in that inhibition of caspase activation seems to be more effective 

in females. They also observed that a similar quantity of cytochrome c was released in both 

sexes after HI, but that kinetics of cytochrome c release differed between gender. The latter 

data would support a preferential role for AIF-mediated cytochrome c release in males.

Inflammation and neonatal HI brain injury

It is widely acknowledged that an inflammatory reaction evoked in the brain after HI contrib-

utes to the development of brain damage in both adult and neonatal models. Several key 

events in the inflammatory reaction are the influx of neutrophils, cytokine and chemokine 

production, upregulation of cytokine and chemokine receptors, activation of microglia and 

the influx of monocytes (19). We asked ourselves the question if influx of neutrophils and 

activation of microglia contribute to neonatal HI brain damage and if interrupting these 

inflammatory events would limit the extent of HI brain injury.

Influx of neutrophils

In Chapter 8, we have demonstrated the contribution of neutrophils to HI brain injury in WT 

P9 mice and in GRK2 +/- mice. Neutrophils were detected at 24 h in the brain of WT mouse 

pups after HI, and already at 6 h in GRK2+/- mice, where the onset of neuronal damage was 

advanced. The question arose whether the early influx of neutrophils was responsible for the 

advanced onset. The answer was in fact no and we came to the conclusion that neutrophil 

influx is a reactive process following neuronal damage; early brain damage was not influ-

enced by neutrophils, however, late brain damage was enhanced when neutrophils could be 

recruited from the periphery to the brain. Most intriguing was the lack of effect of neutrophil 
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depletion on white matter damage. White matter damage, measured as loss of MBP staining 

in the developing brain, was a very early process which, like neuronal damage, seemed to 

precede neutrophil influx. However, neutrophil depletion did also not alter the loss of MBP 

staining at later time points. The latter is surprising in view of the fact that inflammation is 

considered to be crucial for white matter damage.

Neutrophil depletion did not alter the activation of microglia after HI as well (see below). 

This may mean that either during the early phases after the insult, neutrophils are not yet 

infiltrated into areas of oligodendrocytes and microglia and are mainly present in and in close 

vicinity of the cerebral vasculature, or that oligodendrocytes and microglia cells are protected 

to be influenced by neutrophils. The latter assumption seems questionable, however, since 

one would expect that e.g. oxygen radicals produced by neutrophils, should be capable 

of damaging oligodendrocytes and microglia. Hudome et al. (19) and Palmer et al. (20) 

showed that neutrophils stained mainly within blood vessels and did not infiltrate the injured 

brain before complete infarction. Our histological data in Chapter 8 show, however, that 

neutrophils did infiltrate in the brain, as neutrophils were present in the cortical and hip-

pocampal tissue as well. We should keep in mind, however, that we determined the presence 

of neutrophils at 24 h after the insult, which is a time that neutrophils really contribute to 

the amount of damage.

We have to conclude that neutrophils certainly contribute to HI brain injury in the neonate 

and that neutrophil depletion is neuroprotective. Probably, there is a therapeutic window 

for neutrophil depletion, being more effective when administered at a later time point after 

the insult. Furthermore, for clinical application in human neonates, neutrophil depletion will 

be a controversial approach as neutropenia in neonates strongly induces the risk of sepsis. 

Other approaches to inhibit neutrophil accumulation or recruitment might be the use of 

chemokine receptor antagonists or of the RTR peptide, which binds proline-glycine-proline 

(PGP) peptides that act as inflammatory mediators initiating neutrophil invasion (22).

Activation of microglia

Microglia are known to be activated after HI in the immature brain by increasing the expres-

sion of various cell surface markers (23-26). Is the microglial cell an attractive target for 

therapy? The contribution of activated microglia to brain injury has been elucidated using 

minocycline, a semisynthetic tetracycline antibiotic (27). In in vitro experiments using mixed 

spinal cord cultures or primary neurons, minocycline decreased excitotoxic cell death via 

inhibition of microglia activation (28-30). Recently, Dommergues et al. (31) have shown a 

potent reduction in lesion volume after minocycline administration in a model using ibo-

tenate injection in the developing mouse brain. Fan et al. (32) have shown the utility of 

minocycline in limiting microglia activation and subsequent reduction of white matter injury 

in a model of LPS-induced brain injury. In models of neonatal HI in rats, treatment with 

minocycline significantly attenuated brain injury and improved neurobehavioral performance 
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(33,34). Also in these studies, the protection by minocycline was associated with its ability to 

reduce microglial activation.

In Chapter 3 and 8 of this thesis, we have shown microglia activation in the brains of 

neonatal rats and mice after HI by staining sections for the marker CD68 or ED-1. From the 

kinetics of these stainings in the mouse brain and from the strict correlation between brain 

damage, neuroprotection and activation of microglia in our rat studies using TAT-NBD and 

2-IB (unpublished data), we concluded that microglia activation occurs secondary to initial 

brain damage and is a reactive process.

However, the experiments described in chapter 9 using GRK2+/- mice and mice with 

targeted deletion of GRK2 in microglia only, demonstrated that microglia determine the 

onset of neuronal damage, but are not key in establishing the final amount of damage. At 

this early phase after the HI insult, microglial markers are not yet expressed, implicating that 

investigating microglia activation by determining surface markers may not give a complete 

picture of the actual function and activational state of microglia. We propose that microglia 

may affect brain damage in two phases: firstly as a primary process by determining the onset 

of damage and secondly as an amplifying mechanism in response to the damage.

The role of cytokines during neonatal HI; NF‑κB and MAP kinases

HI-induced cerebral production of pro-inflammatory cytokines has been described to con-

tribute to the development of brain damage. Since NF-κB is known to be a key regulator of 

cytokine expression, we studied the effect of NF-κB inhibition on the production of cerebral 

cytokines in Chapter 2-4. Surprisingly, neuroprotection by NF-κB inhibition was not associ-

ated with inhibition of cytokine expression. Additionally, when we stimulated rat microglia 

in vitro with LPS, we did not observe inhibition of TNF-α production after TAT-NBD treatment 

(unpublished data).

Then we asked ourselves the question: Do cells maybe switch from transcription factor 

in an attempt to preserve cytokine production? If so, we would like to assume that early 

cytokines are protective during a cerebral insult, since preserving a function of switching of 

the transcription machinery during evolution must have some important goal for survival. 

The fact that cytokines are protective seems counterintuitive since a lot of studies are at hand 

showing inhibition of cytokine production or activity, e.g. inhibiting IL-1 after brain damage 

is neuroprotective (35).

In Chapter 4, we propose that a switch to the use of the JNK/ AP-1 pathway is operative 

in the brain after HI, under conditions when NF-κB is suppressed. The contribution of JNK 

activation to cytokine expression was observed in Chapter 9 as well, where we described that 

addition of the JNK inhibitor TAT-JBD strongly inhibited TNF-α production in cultured mouse 

microglia in vitro. One of the mechanisms we propose underlying the switch to the JNK/ 

AP-1 pathway might be a downregulation of XIAP, a NF-κB-regulated protein that inhibits 

JNK/ AP-1 activation by facilitating degradation of upstream JNK-activating kinases. Whether 
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or not other cytokine-inducing transcription factors may be enhanced as well under condi-

tions of NF-κB inhibition remains to be elucidated. The fact that inhibiting JNK/ AP-1 as well 

as NF-κB completely downregulates TNF-α production, points to the fact that under these 

conditions JNK/ AP-1 is preferentially expressed.

The assumption that TNF-α could be neuroprotective is supported by studies which show 

that inhibition of TNF-α synthesis or neutralization of TNF-α activity worsens outcome after 

cerebral ischemia (reviewed in 36,37). Furthermore, preconditioning with TNF-α appears to 

be neuroprotective in ischemic cerebral injury (38). TNF-α has been shown to be neuro-

protective after excitotoxic injury in the hippocampus and in cortical neurons in vitro (37). 

Additionally in vivo, Liu et al. (39) show that administration of exogenous TNF-α results in 

attenuation of excitotoxic damage. Interestingly, this study showed that the beneficial effect 

of TNF-α was region-specific: in hippocampus TNF-α attenuated excitotoxic injury, whereas in 

the striatum TNF-α had no effect. Furthermore, deleterious effects on infarct size after MCAO 

have been observed in TNF-R-/- mice (37). In addition, the study by Gemma et al. (40) shows a 

neuroprotective effect of TNF-α on dopaminergic neurons but only when induction of TNF-α 

was transient as prolonged presence of TNF-α became neurotoxic. Importantly, there also 

is evidence for a protective role of TNF-α on oligodendroglial cells. Arnett et al. (41) have 

shown that myelin production failed to benefit from ablation of TNF-mediated pathways in 

a rodent demyelination model.

What could be the background of the controversy in neuroprotective or detrimental 

effects of TNF-α? Differences in the levels and activational state of the TNF receptors may 

serve to clarify the differences in the role of TNF-α. As we have shown in Chapter 4, TNF-R1 

and TNF-R2 are both upregulated after HI in neonatal rats. However, after NF-κB inhibition 

by TAT-NBD, we observed a decrease in TNF-R1 expression and an upregulation of TNF-R2 

expression. TNF-α signaling via TNF-R2 has been described to be protective. Yang et al. (42) 

suggested that the role of TNF-α in survival or death is determined by the receptor subtype 

that is preferentially activated. Shen et al. (43) found a protective role for TNF-R2 after injury 

to neuronal cells in vitro. In retinal ischemia, the absence of TNF-R1 leads to a strong decrease 

in neurodegeneration within the retina, while the lack of TNF-R2 leads to an increase in 

neurodegeneration (44). Marchetti et al. (45) showed a protective effect of TNF-α via TNF-R2 

in a model of excitotoxicity in primary TNF-R1-/- or TNF-R2-/- neuronal cultures.

In conclusion, the differential patterns of localization of TNF receptors on neuronal or glial 

cells and the timing and threshold of TNF-α expression together will determine to a large 

extent whether the effect of TNF-α will be protective or toxic to the brain after HI. Therefore, 

blocking TNF-α after HI might not always be a good strategy. On the basis of these data we 

propose that blocking TNF-R1 early after HI may support the neuroprotective effects of this 

crucial cytokine.
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No. and neonatal HI brain injury

In Chapter 5-7 our main objective was to clarify the contribution of the NOS enzymes and the 

production of NO. to neonatal HI brain damage and to explore the neuroprotective potential 

of 2-iminobiotin (2-IB). Although inhibition of nNOS has widely been accepted as being a 

protective strategy in rodents after HI, the expression of nNOS itself after HI has not been 

extensively studied. Our data of early nNOS expression (Chapter 5) are supported by a study 

by Chu et al. (46) who have shown an early induction of nNOS mRNA expression at 2-6 h 

after HI. Ishida et al. (47) showed that pre-treatment and not post-treatment with the nNOS 

inhibitor 7-nitroindazole (7-NI) was neuroprotective after HI in P7 rats, which indicates that 

nNOS expression is induced during hypoxia or very shortly after and is detrimental. Reports 

on the induction of iNOS expression after HI are rather inconsistent; in rat pups, Fernandez 

et al. (48) observed an increase in iNOS mRNA and protein expression at 6-48 h after a HI 

insult. In adult rat stroke models, some studies showed an increase in iNOS mRNA or protein 

after 6-48 h MCAO (49,50), whereas other studies could not show an increase in iNOS 

mRNA or activity before 48 h post-HI in mice and rats (51,52). Interestingly, in our studies 

we did not find any induction of iNOS after HI in P3, P7 or P12 rats. We cannot exclude that 

differences in iNOS expression levels below our detection level in Western blotting or immu-

nohistochemistry may influence brain damage after HI. Notably, we have previously shown 

neuroprotection in neonatal rats using a combination of the iNOS inhibitor aminoguanidine 

and the nNOS inhibitor 7-nitroindazole (53), indicating that activation of NOS enzymes does 

play a role during neonatal HI. However, it may also be that using this combination only the 

nNOS inhibitor has been effective. We conclude that the research on the expression and the 

role of iNOS is very confusing and conflicting, but propose that the presence of nNOS, being 

detrimental, and eventually eNOS, being neuroprotective (54), may be more important than 

iNOS in this rodent model of HI.

We also would like to question if NO. is really produced after HI in this model, since we 

only observed a minute increase in nNOS. Nitrotyrosine (NT) formation in cerebral proteins 

is a read-out for NO. and subsequent ONOO- formation. Some studies have reported an 

ipsilateral increase in cerebral NT levels after HI in neonatal rats (48,55,56). Also in adult 

stroke models, some have reported an increase in NT after stroke, whereas others report no 

overall changes in NT levels in adult rats (57,58). We observed HI-induced NT staining only 

very early after HI in P12 rats. Importantly, at all other time points no increase in NT in any of 

the proteins was observed. Moreover, there was no increase in NT-positive staining in brain 

sections at various time points after HI (Chapter 5). Also in P3 and P7 rats, we could not 

observe an effect of HI on cerebral NT levels (Chapters 6 and 7).

Importantly, we do have an indication that NO. is produced after neonatal HI since a potent 

induction of the read-outs nitrite and nitrate (NOx) was observed in brain homogenates after 

HI in P7 rats (Chapter 6). Therefore, we now critically doubt whether ONOO- formation in 
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the brain takes place in our neonatal models and whether measuring NT levels in the brain 

accurately reflects the production of NO., as ONOO- formation depends on both produc-

tion of superoxide radicals and NO.. In addition, we seriously doubt the importance of NO. 

production in the P7 rat model for HI brain damage, as neuroprotective effects on brain 

damage in our study using 2-IB in females, were not associated with a reduction in NOx levels 

in the brain (Chapter 6).

GrK2 and neonatal HI brain injury

The basis of the experiments described in Chapter 8 was the reduction in cerebral GRK2 

levels in neonatal rats after HI (2). We asked ourselves the question whether low GRK2 

could have consequences for the development of HI brain damage. From the experiments 

in Chapter 8, we conclude that the endogenous GRK2 level within cells of the brain is an 

important player in HI brain injury.

We next wanted to investigate which cell type was responsible for the advanced and 

increased damage in GRK2+/- animals as observed in Chapter 8. By the use of Cre-Lox 

technology, we could show that reduced GRK2 in microglia advances the onset of HI brain 

injury, but does not define the ultimate exacerbation of brain damage after HI as observed 

in the total heterozygous GRK2 knockout mice. Our in vitro data using WT and GRK2+/- 

cerebellar granule neurons or hippocampal slices show that GRK2 in neurons also has a 

modest protective role in excitotoxic cell death. We propose therefore that reduction of 

neuronal GRK2 will probably also contribute to the development of brain injury after HI. 

We would like to propose that GRK2 is instrumental to protect the brain from induction of 

damage. The early damage induced by the microglia may lead, among other things, to a 

downregulation of neuronal GRK2, which will ultimately contribute to the total extent of 

the infarct size. This hypothesis will be verified by future experiments using mouse pups with 

a specific deletion of GRK2 in hippocampal neurons by using the CamKII-Cre-Lox system. 

Finally, it remains to be examined whether GRK2 in astrocytes, another important cell type 

in the brain involved in maintaining ionic, neurotransmitter and metabolic homeostasis in 

the brain, plays a role during the development of HI brain damage. We would like to address 

this question by using neonatal mice with targeted deletion of GRK2 in astrocytes using 

GFAP-Cre-Lox technology.

Gestational age and neuroprotection after HI

The developmental stage of the brain (gestational age) should also be taken into account 

when examining pathways that lead to HI brain damage and to possible neuroprotective 

therapies. Neonatal animals have been reported to be more resistant to HI brain damage than 

adult animals. Results from several studies have indicated that the mechanism of cell death 
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after HI is age-related. Several studies have demonstrated that expression and activity of 

many key factors of apoptotic cell death, such as caspase 3, Apaf-1, caspase 9, cytochrome c 

and AIF, are downregulated with brain maturation (59-66). Additionally, expression of several 

proteins of the pro-apoptotic Bcl-2 family is most abundant in the first 2 postnatal wks; e.g. 

mitochondrial levels of Bax change from high to low during normal brain development (67). 

In conclusion, apoptotic cell death following HI occurs more frequently in the immature 

than in the older brain (59,68). Apoptosis of neurons in the adult nervous sytem is even 

infrequent. We therefore would like to emphasize that therapeutic strategies that are found 

to be neuroprotective after HI in the neonatal brain cannot be directly translated to applica-

tion in adult animals. The immature brain will favor more from therapies aimed at inhibiting 

apoptotic cell death than the adult brain (69).

Moreover, it will be essential to know whether gender-specific HI mechanisms are impor-

tant only during a specific period of brain development. In addition, the NOS isoforms are 

also differentially expressed in the immature vs the adult brain. It is known that nNOS has 

a transiently high level of expression during the first postnatal week in newborn rats (70). 

In line with this, Alonso et al. (71) have shown that basal iNOS levels are relatively high at 

day 0, declining after postnatal day 7. Therefore, therapies to combat brain damage may 

become gender- and age-specific. In addition, tailoring these therapies to even a specific 

patient might be useful as well. The latter could be done by studying first the mechanisms 

used for cell death by a given individual. However, when introducing tailor-made therapy to 

the human situation, the study on the application of peripheral target cells and markers as 

models of neuronal damage should be developed first.

Clinical perspective for future intervention

Considerable progress has been made in understanding the pathophysiological mechanisms 

causing HI brain damage. Various pathways are currently targeted as a means to potentially 

inhibit the development of HI brain injury in experimental animal models as well as in clini-

cal settings. However, there seems to be a discrepancy between the abundance of animal 

experimental information on neuroprotection and the relatively weak clinical strategies for 

human newborns. This may be explained by the complex pathophysiology of HI brain injury 

and by difficulties in defining its onset, duration and severity.

From the animal studies described in Chapter 2-4, we suggest that inhibiting early 

activation of transcription factor NF-κB by administration of TAT-NBD is the most effective 

neuroprotective strategy to date to prevent HI brain damage with a therapeutic window 

of at least 6 h in neonatal rats. A downside of NF-κB inhibition by TAT-NBD treatment is 

the relatively limited timeframe in which treatment can be applied. After all, the observed 

key role of NF-κB in regulating late-phase expression of anti-apoptotic molecules is crucial 

for neuroprotection. Based on our present data, we underline that clinical applications of 
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TAT-NBD will be limited to cases in which detailed information is available of the timing 

of the perinatal asphyxic insult. Still, in more than 50% of the cases of neonatal HI, the 

onset of asphyxic complications is acute and detailed records are present (72). Therefore, we 

suggest that TAT-NBD might be a potential candidate to combat neonatal HI brain injury in 

the future. Interestingly, we would like to highlight that other strategies aiming at preserving 

or upregulating anti-apoptotic molecules or strategies designed to prevent p53 upregulation 

or subcellular translocation will also be potential neuroprotective strategies after neonatal HI 

that are worth investigating.

The data obtained in Chapter 6 and 7 show that 2-IB provides potent neuroprotection 

after neonatal HI in P3 and P7 female rats, which seems to be associated with primary 

inhibition of caspase-dependent apoptotic cell death. The required knowledge on the exact 

working mechanism of 2-IB and the observed gender-dependent neuroprotection will be 

subject of our future research. However, application of 2-IB in human neonates would not 

be our first choice.

We would like to emphasize that determination of gender in immature animals is becom-

ing very evident in experimental neonatal animals and it might be helpful to reanalyze data 

separately for gender in pharmacological studies with negative results. As an example, a study 

in neonatal P7 rats showed that hypothermia protected female pups but not male pups from 

histological damage and sensorimotor deficits after HI (73). A recent report showed that the 

clinically approved glutamate antagonist dextromethorphan is protective against ischemia in 

male but not female P12 mice (74). Furthermore, erythropoietin (EPO) was shown to provide 

gender-dependent neuroprotection after HI in male but not female P7 rats subjected to 

neonatal stroke (75).

The data obtained in Chapter 8 and 9 have shown an important role for the kinase GRK2 

during onset and development of neonatal HI brain damage. We conclude from these stud-

ies that endogenous GRK2 may protect the brain from HI damage. Because this one kinase 

seems to be powerful enough to influence many injurious pathways induced by HI, it will be 

important in the future to focus on exploring the therapeutic strategy of preserving GRK2 

levels after HI in the brain. Preventing GRK2 degradation should be considered as a potential 

novel target to protect the neonatal brain from HI. The use of a GRK2 inhibitor has been 

described in models of cardiac failure. Cardiac function in severe models of murine heart 

failure is enhanced in mice that transgenically express GRK2-ct, a peptide inhibitor of GRK2 

activity (76-79). Experiments to design an inhibitor of GRK2 degradation have now started in 

the framework of the European grant consortium NEOBRAIN.

Finally, it is conceivable that intervention with one of the many pathways involved in the 

development of HI brain damage will not prevent HI-induced cell death completely. Com-

bination of intervention strategies interfering at different levels in the apoptotic cascade 

might provide a more profound reduction of brain injury. Hypothermia is one of the few 

strategies at the moment that is under extensive clinical examination for neonatal HI brain 
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damage. We suggest that hypothermia combined with another therapy, for example early 

TAT-NBD treatment, might become a potent neuroprotective strategy after HI in the human 

neonate.
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HyPoXIe-ISCHeMIe

In de westerse wereld krijgen 1 tot 6 per 1000 levend geboren kinderen zuurstofgebrek 

rondom het geboorte proces. Een dergelijke periode van zuurstofgebrek wordt beschreven als 

hypoxie-ischemie (HI) of asphyxie. De gevolgen van een HI insult zijn vaak ernstig. Ongeveer 

15-20% van de pasgeborenen die HI ondergaan, sterven vlak na de geboorte en 20-40% 

van de pasgeborenen die het HI insult overleven, ontwikkelen blijvende neurologische afwij-

kingen. Naast de duur en ernst van het zuurstofgebrek, is het ontwikkelingsstadium van 

de hersenen ook een belangrijke factor in het bepalen van de hoeveelheid schade aan de 

hersenen. Hersenafwijkingen veroorzaakt door HI hebben enorme gevolgen voor de ontwik-

keling van het kind, de familie en uiteindelijk voor de maatschappij.

HI wordt gedefinieerd als een periode waarin er een verstoorde doorbloeding (ischemie) 

en zuurstofvoorziening (hypoxie) in de hersenen optreedt. De gevolgen van een verstoorde 

hersendoorbloeding zijn: een direct tekort aan zuurstof, een tekort aan voedingsstoffen 

(voornamelijk glucose) en een ophoping van afvalstoffen zoals lactaat, waardoor de zuur-

graad (pH) daalt en er verzuring van het weefsel kan optreden.

HI rondom de geboorte wordt vaak veroorzaakt door een acute verlaging van de doorbloe-

ding in de placenta of de navelstreng, doordat bijvoorbeeld de navelstreng samengedrukt 

wordt of doordat de placenta scheurt. Ook na de geboorte (postnataal) kan HI optreden 

door complicaties bij het kind zoals hartfalen, ernstige longproblemen of sepsis.

Eén van de belangrijkste en meest ernstige gevolgen van zware HI hersenschade is de ont-

wikkeling van motorische afwijkingen, beschreven als spasticiteit. Andere lange termijn conse-

quenties van HI hersenschade kunnen zijn: de ontwikkeling van epilepsie, het achterblijven in 

mentale ontwikkeling en de ontwikkeling van visuele of auditieve problemen. Pasgeborenen 

die HI doormaken ontwikkelen ook vaak gedrags- en/of leerproblemen op latere leeftijd.

Op dit moment zijn er bijna geen effectieve behandelingen voorhanden om HI hersen-

schade te voorkomen of te verminderen. Een beter begrip van het complexe samenspel van 

de vele pathofysiologische mechanismen, die ten grondslag liggen aan de ontwikkeling van 

HI hersenschade, zal leiden tot de ontwikkeling van effectievere behandelingsstrategieën om 

het ontstaan van HI hersenschade tegen te gaan.

eeN CASCAde vAN SCHAde MeCHANISMeN

Gedurende de laatste decennia is er veel onderzoek gedaan naar de mechanismen die ten 

grondslag liggen aan het ontstaan van HI hersenschade.

Zelfs in rust, verbruiken de hersenen meer dan 20% van alle beschikbare energie van het 

lichaam. Hierdoor zijn de hersenen zeer kwetsbaar wanneer er tijdens HI te weinig zuurstof 

en/of voedingsstoffen voorradig zijn om energie (ATP) te maken. Door het tekort aan energie 
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in de hersenen tijdens een HI insult, maar ook vooral in de periode na het insult (de reperfusie 

fase), wordt er een cascade van processen geactiveerd.

Het tekort aan energie (ATP) in de hersenen leidt allereerst tot de depolarisatie van zenuw-

cellen, waardoor signalen in de hersenen niet meer goed kunnen worden doorgegeven en 

vele ion-kanalen hun juiste functie verliezen. Verder komt er een overschot aan neurotrans-

mitters vrij, met als belangrijkste representant glutamaat. Glutamaat is een stof die o.a. zorgt 

voor communicatie tussen zenuwcellen. Door depolarisatie van de zenuwcellen en door een 

overschot aan glutamaat, komt er een verhoogde hoeveelheid calcium in de zenuwcellen. 

Calcium speelt een heel belangrijke rol bij het activeren van allerlei enzymen. Voorbeelden 

hiervan zijn enzymen die zorgen voor schade aan celstructuren; zoals de afbraak van cel-

membranen door fosfolipasen, de afbraak van eiwitten door proteasen en de afbraak van 

het DNA door nucleasen.

vrije zuurstofradicalen

Calcium activeert ook verschillende enzymen die betrokken zijn bij het vormen van vrije zuur-

stofradicalen. Vrije zuurstofradicalen zijn zeer reactieve moleculen die kunnen reageren met 

celstructuren en daardoor direct schade kunnen veroorzaken aan bijvoorbeeld membranen, 

eiwitten en DNA. De meeste vrije zuurstofradicalen worden gemaakt in de mitochondriën. 

De mitochondriën zijn structuren in de cel die normaliter de energievoorziening op peil hou-

den. Vrije zuurstofradicalen worden voornamelijk gemaakt wanneer er te weinig zuurstof 

beschikbaar is in de mitochondriën. Voorbeelden van vrije zuurstofradicalen zijn superoxide 

(O2
.-), waterstofperoxide (H2O2), het hydroxyl radicaal (OH.) en het stikstof monooxide radi-

caal (NO.).

ontsteking

Een andere belangrijke component tijdens de ontwikkeling van HI hersenschade is het 

ontstaan van een ontstekingsreactie in de hersenen. Microglia zijn hersencellen met een 

immuunfunctie, als een soort macrofaag of monocyt, waardoor ze het centrale zenuwstelsel 

kunnen verdedigen tegen infecties en ontstekingen. Door een HI insult kunnen microglia 

geactiveerd raken waardoor ze vrije zuurstofradicalen en cytokinen, zogenaamde immuun-

mediatoren, gaan produceren. Belangrijke cytokinen zijn tumor necrosis factor α (TNF-α) en 

interleukine 1β (IL-1β). Na HI worden ook chemokinen, immuunmediatoren die betrokken 

zijn bij o.a. de migratie van cellen, zoals MIP1α, MIP1β, MCP-1 en MIP-2, geproduceerd in 

de hersenen door o.a. de microglia. De productie van vrije zuurstofradicalen, cytokinen en 

chemokinen leidt ertoe dat immuuncellen, zoals granulocyten en monocyten, uit de perifere 

weefsels door de hersenen worden aangetrokken. De influx van deze perifere immuuncellen 

in de hersenen veroorzaakt een ontstekingsreactie die bijdraagt aan HI hersenschade.
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Geprogrammeerde celdood/ Apoptose

Mitochondriën hebben, naast een belangrijke functie in de energieproductie van de cel, 

ook een belangrijke functie tijdens het gecontroleerd ‘sterven’ van cellen. Dit type celdood 

wordt ook wel geprogrammeerde celdood of apoptose genoemd. Apoptose speelt een zeer 

belangrijke rol in de ontwikkeling van HI hersenschade in de pasgeborene. Tijdens HI kunnen 

de mitochondriale membranen beschadigd raken, waardoor eiwitten die zich in de mito-

chondriën bevinden en die daar onschadelijk zijn, nu vrijkomen in het cytoplasma van de cel. 

Voorbeelden van eiwitten die uit de mitochondriën lekken zijn cytochroom c en apoptose‑

inducing factor (AIF). Deze eiwitten zetten verschillende cascades aan die uiteindelijk leiden 

tot degradatie van het DNA, waardoor een cel sterft.

De caspase eiwitten spelen een belangrijke rol in de cascade van apoptotische celdood. 

Het lekken van cytochroom c uit de mitochondriën leidt tot de activatie van caspase 9 gevolgd 

door de activatie van caspase 3. Deze route van celdood wordt beschreven als caspase-

afhankelijke apoptose. Apoptose die in gang wordt gezet door het lekken van AIF uit de 

mitochondriën, gaat niet gepaard met activatie van caspasen en is één van de belangrijkste 

vormen van caspase-onafhankelijke apoptose.

De Bcl-2 familie is een erg belangrijke eiwitfamilie tijdens apoptotische celdood. De 

familie bestaat uit eiwitten die apoptose bevorderen (pro-apoptotische Bcl-2 eiwitten) en uit 

eiwitten die apoptose tegengaan (anti-apoptotische Bcl-2 eiwitten). De Bcl-2 eiwitten spelen 

een cruciale rol bij de balans tussen dood en overleving in de cel; terwijl pro-apoptotische 

Bcl-2 eiwitten, zoals Bax, Bak en Bid, kleine gaatjes proberen te maken in de mitochondriale 

membranen, proberen anti-apoptotische Bcl-2 eiwitten, zoals Bcl-2 en Bcl-xL, de mitochon-

driale membraan te beschermen door de functie van de pro-apoptotische Bcl-2 eiwitten te 

ondermijnen.

Een ander belangrijke eiwit tijdens apoptotische celdood is p53, bekend als een zoge-

naamd tumor suppressor eiwit. p53 is een transcriptie factor (een eiwit dat de expressie van 

andere genen kan aanzetten) en reguleert de expressie van vele pro-apoptotische Bcl-2 eiwit-

ten. Verder kan p53 ook directe effecten hebben op het beschadigen van het mitochondriale 

membraan.

NeuroProteCtIeve StrAteGIe

Duidelijk is dat er een complex netwerk bestaat van mechanismen die betrokken zijn bij 

het ontstaan van hersenschade na HI. Het ingrijpen in de cascade die tot HI hersenschade 

leidt, door het remmen van een of meerdere van de factoren in deze cascade, is een van de 

belangrijkste doelen in het hedendaagse onderzoek naar HI hersenschade. Omdat vele van 

de mechanismen die tot HI hersenschade leiden worden aangezet na het daadwerkelijke 
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insult (tijdens de reperfusie fase), ontstaat er een “therapeutisch window”, een tijdsperiode 

na het insult waarin een interventie strategie nog kan worden toegepast om de hoeveelheid 

hersenschade te verminderen. Gedurende de laatste jaren, is er veel (voornamelijk) dierexpe-

rimenteel onderzoek verricht om een potentiële neuroprotectieve therapie te vinden tegen 

HI hersenschade. Desondanks zijn er op dit moment weinig tot geen effectieve, klinisch 

toepasbare strategieën voorhanden.

dIerModeL voor NeoNAtALe HI

Om neonatale HI hersenschade te bestuderen, is in de experimenten beschreven in dit proef-

schrift gebruik gemaakt van een model in pasgeboren muizen en ratten. In dit neonatale 

HI model, genaamd het Vannucci en Rice model, wordt bij pasgeboren muizen of ratten 

de rechter arterie carotis gecoaguleerd onder isofluraan anesthesie (ischemie). Na herstel 

van deze ingreep, worden de dieren in een couveuse geplaatst waarin het zuurstofniveau 

verlaagd wordt tot 8% in de ratten en 10% in de muizen (hypoxie). De dieren blijven in 

deze couveuse voor 60-120 minuten (ratten) of 45 minuten (muizen). Door de HI procedure, 

wordt er unilaterale hersenschade veroorzaakt in de rechter hersenhelft (ipsilaterale kant) en 

niet in de linker hersenhelft (contralaterale kant).

Om de resultaten van het dieronderzoek te kunnen verbinden aan humane HI hersen-

schade, hebben we ratten gebruikt van 3-dagen-oud (P3; vergelijkbaar met humane herse-

nen na 24-28 weken zwangerschap), 7-dagen-oud (P7; vergelijkbaar met humane hersenen 

na 30-34 weken zwangerschap) en 12-dagen-oud (P12; vergelijkbaar met humane hersenen 

na een voldragen zwangerschap). Voor het HI model in muizen zijn 9-dagen-oude (P9) pups 

gebruikt.

doeL vAN dIt ProefSCHrIft

Een belangrijk doel van het onderzoek beschreven in dit proefschrift is om nieuwe inzichten 

te verkrijgen in de pathofysiologische mechanismen betrokken bij HI hersenschade. Belang-

rijk was om te onderzoeken of manipulatie van deze mechanismen nieuwe therapeutische 

mogelijkheden zou kunnen genereren voor het bestrijden van de desastreuze gevolgen 

van HI.

de rol van Nf-κB in HI hersenschade

In hoofdstuk 2, 3 en 4 van dit proefschrift hebben we de rol van het eiwit nuclear factor 

kappa B (NF‑κB) in neonatale HI hersenschade onderzocht. NF-κB is een transcriptie factor 
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en reguleert dus de expressie van allerlei genen. NF-κB komt in vrijwel alle celtypen voor. 

Bekend is dat NF-κB een zeer belangrijke rol speelt bij het reguleren van de expressie van 

vele inflammatoire (ontstekings-) eiwitten en van eiwitten betrokken bij apoptotische cel-

dood. Aangezien ontsteking en apoptotische celdood een belangrijke rol spelen tijdens HI 

hersenschade, zou het remmen van NF-κB een potentiële interventie kunnen zijn om HI 

hersenschade te beïnvloeden op verschillende cellulaire niveaus.

Om NF-κB activiteit in de hersenen te remmen, hebben we een specifieke NF-κB remmer 

gebruikt. Dit is het NEMO Binding Domain peptide (NBD) gekoppeld aan de TAT sequentie 

van HIV om opname in de hersencellen te bevorderen (TAT-NBD). Normaliter wordt NF-κB 

geactiveerd door het IKK eiwitcomplex, wat bestaat uit 3 eiwitten: IKKα, IKKβ en NEMO. 

Het TAT-NBD peptide remt NF-κB activatie door de associatie van IKKα en IKKβ met NEMO 

te verstoren.

De P7 ratten in hoofdstuk 2-4 werden na HI behandeld met een (of meerdere) intrape-

ritoneale gift(en) van het TAT-NBD peptide. In hoofdstuk 2 laten we met een gelabeld TAT-

NBD peptide zien dat het peptide, na intraperitoneale toediening, aankomt in de hersenen 

en daar tijdelijk aanwezig blijft.

In hoofdstuk 3 laten we zien dat er na het induceren van HI in de hersenen van P7 ratten, 

2 belangrijke fasen van NF-κB activatie zijn. We zien een vroege activatie piek van 0.5 - 6 uur 

na HI en een tweede, late piek op 24 uur na het insult. We tonen aan in hoofdstuk 2 dat als 

P7 ratten vroeg na het insult (op 0 en 3 uur) behandeld worden met het TAT-NBD peptide, 

waarbij de vroege NF-κB activatie geremd is, dit een zeer gunstig beschermend effect op HI 

hersenschade als gevolg heeft. Histologische analyse van de rattenhersenen op 6 weken na 

HI laat zien dat ratten die op 0 en 3 uur na HI TAT-NBD kregen toegediend, >80% minder 

hersenschade hebben dan ratten die HI ondergaan en met vehicle (alleen oplosmiddel) 

behandeld werden. In hoofdstuk 2 laten we verder zien dat er een “therapeutisch window” 

is van zeker 6 uur; dit houdt in dat er met een enkele injectie van TAT-NBD, zelfs op 6 uur na 

HI, nog een neuroprotectief effect kan worden waargenomen.

Zeer opmerkelijk zijn de resultaten beschreven in hoofdstuk 3, waarin wij de P7 ratten na 

HI hebben behandeld met TAT-NBD in een lang behandelschema (giften op 0, 6 en 12 uur na 

HI), met als doel beide NF-κB activatie pieken te remmen en in een laat behandelschema met 

TAT-NBD (giften op 18 en 21 uur na HI) met als doel om alleen de late NF-κB activatie piek 

op 24 uur na HI te remmen. Na het remmen van de late NF-κB activatie piek, door behande-

ling met ofwel het lange ofwel het late TAT-NBD schema, zagen we dat het beschermende 

effect, zoals we hadden geobserveerd met het vroege TAT-NBD behandelschema (0 en 3 

uur), totaal verdwenen was en dat de HI hersenschade zelfs erger werd. Hieruit hebben we 

geconcludeerd dat de vroege en late NF-κB activatie pieken een verschillende, tegengestelde 

functie hebben tijdens het ontstaan HI hersenschade.

Door het analyseren van verschillende apoptotische markers hebben we in hoofdstuk 

2 ontdekt dat het beschermende effect van vroege TAT-NBD behandeling voornamelijk 
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wordt veroorzaakt door het remmen van vroege apoptotische processen zoals de positieve 

regulatie van het p53 eiwit en de translocatie van p53 naar de mitochondriën en de kern. In 

hoofdstuk 3 hebben we ontdekt dat de late NF-κB activiteitspiek voornamelijk betrokken 

is bij het reguleren van de anti-apoptotische eiwitten Bcl-2 en Bcl-xL. Ook speelt de late 

NF-κB activiteitspiek een rol bij het voorkómen van opstapeling van p53 in de kern en de 

transcriptie van pro-apoptotische p53 target genen zoals PUMA. Het remmen van de late 

NF-κB piek is om deze redenen dus nadelig voor de HI hersenschade.

In tegenstelling tot de sterke effecten van TAT-NBD behandeling op het remmen van 

apoptotische processen in de hersenen na HI, zagen we geen enkel effect van NF-κB rem-

ming op de expressie van cytokinen. Een belangrijke vraag was dan ook hoe cytokinen 

geproduceerd worden als er geen NF-κB activiteit is. In hoofdstuk 4 beschrijven we dat de 

activiteit van de JNK/ AP-1 route verhoogd wordt onder TAT-NBD condities (wanneer NF-κB 

activiteit dus geremd is). JNK/ AP-1 is naast NF-κB een belangrijke route in het aanzetten 

van cytokine productie in de hersenen. We laten zien dat er wisseling tussen het gebruik 

van de NF-κB route en de JNK/ AP-1 route kan optreden in de hersenen na behandeling met 

TAT-NBD. In hoofdstuk 4 bewijzen we dat verhoogde activatie van de JNK/ AP-1 route onder 

condities wanneer NF-κB geremd is, inderdaad de oorzaak is van de cytokine productie in de 

hersenen na HI. Om dit aan te tonen hebben we beide routes in de hersenen na HI geremd 

door het geven van een combinatie van het NF-κB remmende TAT-NBD peptide en het JNK/ 

AP-1 remmende TAT-JBD peptide. Combinatie behandeling na HI leidt ertoe dat cytokine 

productie in de hersenen compleet geremd is.

Een ander belangrijke bevinding uit hoofdstuk 2-4 is dat vroege cytokinen productie 

(op 3 uur na HI) niet schadelijk lijkt te zijn; immers vroege cytokinen worden geproduceerd 

na behandeling met TAT-NBD op 0 en 3 uur wat een sterk protectieve behandeling na HI is 

gebleken. In hoofdstuk 4, onderstrepen we dit vermoeden door aan te tonen dat een deel 

van het neuroprotectieve effect van vroege TAT-NBD behandeling teniet wordt gedaan als 

de vroege cytokinen compleet geremd worden door de combinatie behandeling met zowel 

TAT-NBD als TAT-JBD.

de rol van No en 2-iminobiotine behandeling na HI

Het oorspronkelijke idee van de studies beschreven in hoofdstuk 5-7 was het onderzoeken 

van de rol van het vrije radicaal stikstof monooxide (NO) en de expressie van de stikstof 

monooxide synthase (NOS) enzymen gedurende HI hersenschade. Er zijn drie NOS isovormen 

bekend welke de productie van NO bevorderen; te weten de neuronale vorm nNOS, de 

induceerbare vorm iNOS en de endotheliale vorm eNOS. Uit de literatuur is bekend dat het 

remmen van nNOS of iNOS beschermend kan werken op HI hersenschade. Echter, ook is 

gebleken dat het remmen van eNOS negatieve effecten heeft op HI hersenschade.



Nederlandse Samenvatting (Summary in Dutch) 213

In de experimenten in hoofdstuk 6 en 7 hebben we onderzocht of behandeling met 

2-iminobiotine (2-IB), een stof die eerder beschreven is als een remmer van zowel nNOS 

als iNOS, beschermend was op de hersenen na HI. Uit eerder onderzoek op onze afde-

ling is gebleken dat 2-IB behandeling neuroprotectieve effecten had in een HI model van 

pasgeboren biggen (1) en in een HI model met P12 ratten (2). Ons doel was bestuderen of 

2-IB ook neuroprotectieve effecten had na HI in de meer immature hersenen van P3 en P7 

ratten (hoofdstuk 6 en 7).

In hoofdstuk 5 hebben we de kinetiek van de expressie van de NOS enzymen en de 

vorming van nitrotyrosine (NT), een uitleesparameter van NO, onderzocht na HI in P12 ratten. 

Omdat NO een heel reactief radicaal is, is het moeilijk NO direct te meten in de hersenen. 

Aangezien NO verder reageert tot peroxynitriet (ONOO-) en dit molecuul nitrosilering van 

eiwitten in de hersenen veroorzaakt, kan het effect van NO gemeten worden aan de hand 

van het NT niveau in herseneiwitten.

Alleen zeer vroeg na HI was er een kleine verhoging van de expressie van het nNOS enzym 

(0.5-3 uur na HI) en van NT (0.5 uur na HI) te meten. Er was echter op geen van de tijdstippen 

na HI een effect te zien op de expressie van iNOS. In hoofdstuk 6 en 7 bevestigen we, in de 

hersenen van P3 en P7 ratten, dat er geen effect van HI op iNOS of NT expressie is. We weten 

wel zeker dat HI de productie van NO induceert in de hersenen, aangezien we in hoofdstuk 

6 konden aantonen dat de niveaus van ander uitleesparameters van NO, nitriet en nitraat 

(NOx), verhoogd zijn.

Verrassend was dat we als we P3 of P7 ratten na HI behandelden met 2-IB, geen effect 

konden waarnemen op de productie van NOx, NT of iNOS in de hersenen (hoofdstuk 6 en 

7). Ook in vitro (in cel kweken), konden we geen remmend effect ontdekken van 2-IB op 

nNOS of iNOS, terwijl andere bekende nNOS of iNOS remmers de activiteit van de enzymen 

wel konden remmen onder dezelfde kweekcondities. Hieruit hebben we de conclusie getrok-

ken dat 2-IB geen remmer van nNOS en iNOS is.

Hoewel er op dit moment geen details bekend zijn over het exacte werkingsmechanisme 

van 2-IB, hebben we in hoofdstuk 6 en 7 aangetoond dat 2-IB beschermend werkt op 

hersenschade in P3 en P7 ratten. Verrassend was dat we alleen een beschermend effect 

van 2-IB behandeling op hersenschade konden waarnemen in vrouwtjes ratten en niet in 

mannetjes. Na onderzoek van verschillende apoptotische routes hebben we geconcludeerd 

dat 2-IB het vrijkomen van cytochroom c uit de mitochondriën en het activeren van caspase 

3 remt in de hersenen van vrouwtjes ratten. Na HI werd deze caspase-afhankelijke route van 

apoptose ook waargenomen in de hersenen van mannetjes ratten, maar niet geremd door 

het geven van 2-IB. We hebben hierdoor een belangrijk verschil ontdekt in de apoptotische 

routes die na HI gebruikt worden in de hersenen van vrouwtjes en mannetjes. Namelijk, 

mannetjes gebruiken meer de caspase-onafhankelijke AIF route van celdood na HI, terwijl 

deze route niet of nauwelijks gebruikt wordt in vrouwtjes. Uit de literatuur is bekend dat 

cytochroom c ook secundair aan de AIF route kan vrijkomen uit de mitochondriën. Hoewel 
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we op dit moment het exacte werkingsmechanisme van 2-IB niet kennen, lijkt het erop 

dat 2-IB aangrijpt in de apoptotische cascade upstream van het vrijkomen van cytochroom 

c uit de mitochondriën. Omdat er verschillende routes van apoptotische celdood gebruikt 

worden in vrouwtjes en mannetjes, en het vrijkomen van cytochroom c uit de mitochondriën 

waarschijnlijk ook anders verloopt tussen de geslachten, is er alleen een beschermend effect 

van 2-IB waar te nemen in vrouwtjes.

de rol van GrK2 in HI hersenschade

In hoofdstuk 8 en 9 hebben we de rol van het G eiwit-gekoppelde receptor kinase 2 

(GRK2) tijdens HI hersenschade bestudeerd. Vele moleculen die een rol spelen tijdens HI 

hersenschade, zoals chemokinen en neurotransmitters, oefenen hun functie uit door te 

binden aan G eiwit-gekoppelde receptoren. Een belangrijke eigenschap van signalering via 

G eiwit-gekoppelde receptoren is dat het signaal van de geactiveerde receptor actief wordt 

uitgezet om overstimulering van de cel te voorkomen. Dit proces, waarbij signalering wordt 

uitgeschakeld, wordt desensitisatie van de receptor genoemd en wordt o.a. gereguleerd 

door G eiwit-gekoppelde receptor kinasen (GRKs). GRKs kunnen de geactiveerde receptor 

fosforyleren waardoor het G eiwit ontkoppeld wordt, de signalering stopt en de receptor 

geïnternaliseerd wordt.

GRK2 behoort tot de GRK familie bestaande uit 7 subtypes. GRK2 wordt hoog tot expres-

sie gebracht in het zenuwstelsel en het immuunsysteem. Uit de literatuur is bekend dat 

sommige glutamaat receptoren en chemokine receptoren gereguleerd worden door GRK2. 

Uit onderzoek van de laatste jaren is gebleken dat GRK2 ook direct aan verschillende signale-

ringsmoleculen in de cel kan binden, zoals PI3 kinase, Akt, MEK en p38 MAP kinase. Verder 

is ook bekend dat GRK2 eiwitten van het cytoskelet kan fosforyleren.

GRK2 kan dus een belangrijke rol spelen bij de regulatie van receptoren en signalerings-

moleculen die betrokken zijn bij HI hersenschade. Uit de literatuur weten we dat de hoeveel-

heid GRK2 in een cel beïnvloed kan worden door o.a. cytokinen en vrije zuurstofradicalen. 

Het belangrijkste uitgangspunt voor de studies beschreven in hoofdstuk 8 en 9 is onze 

observatie dat na HI de expressie van het GRK2 eiwit verlaagd is in de hersenen van P12 

ratten (3). Omdat GRK2 een zeer belangrijke rol zou kunnen spelen tijdens de ontwikkeling 

van HI hersenschade, hebben we in hoofdstuk 8 en 9 onderzocht wat de consequenties zijn 

van een lage GRK2 expressie op het ontstaan van HI hersenschade.

In hoofdstuk 8, hebben we de rol van GRK2 tijdens HI bestudeerd door de ontwikkeling 

van hersenschade te onderzoeken in P9 muizen met normale GRK2 expressie (wildtype (WT)) 

en in muizen met 50% verlaging van GRK2 in alle cellen (GRK2+/-). We laten zien dat op 

3 weken na HI, er opvallend meer hersenschade in zowel de grijze en witte stof ontstaat 

in GRK2+/- muizen. Verder is opmerkelijk dat de hersenschade eerder detecteerbaar is in 

GRK2+/- muizen; op 6 uur na HI was er al duidelijk hersenschade in de GRK2+/- muizen terwijl 
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dit pas op 48 uur na HI in de WT muizen het geval is. In hoofdstuk 8 zijn we zorgvuldig 

nagegaan wat de oorzaak van de vervroegde onset van HI hersenschade in GRK2+/- muizen 

zou kunnen zijn. Aangezien GRK2 ook een invloed zou kunnen uitoefenen op de cerebrale 

doorbloeding, hebben we gekeken of er een verschil was in de cerebrale doorbloeding na HI 

tussen WT en GRK2+/- muizen; de verlaging in cerebrale doorbloeding tijdens HI bleek exact 

hetzelfde te zijn in beide muizengroepen en dit kan dus geen verklaring zijn voor het verschil 

in onset van HI hersenschade tussen beide genotypen.

In hoofdstuk 8 laten we verder zien dat er na HI een vervroegde en verhoogde infiltratie 

van granulocyten in de hersenen van GRK2+/- dieren te zien is. Om de rol van deze perifere 

cellen te onderzoeken, hebben we de muizen tijdens de HI procedure gedepleteerd van 

granulocyten en bekeken hoe de ontwikkeling van hersenschade verliep zonder deze ont-

stekingscellen. Opvallend was dat HI hersenschade sterk verminderd was na depletie van 

granulocyten, maar dat de verschillen in hersenschade tussen WT en GRK2+/- muizen bleven 

bestaan. Hieruit concluderen we dat, hoewel de verhoogde infiltratie van granulocyten in de 

GRK2+/- muizen bijdraagt aan de verergering van HI hersenschade, deze niet verantwoordelijk 

is voor de vervroegde onset van hersenschade. De vervroegde onset wordt veroorzaakt door 

het verlaagde GRK2 niveau in de hersenen zelf.

In een verdere zoektocht naar de rol van GRK2 in de vervroegde onset van HI hersenschade 

hebben we in hoofdstuk 9 de link tussen GRK2 en het signaleringsmolecuul p38 MAP kinase 

onderzocht. Uit de literatuur weten we dat GRK2 aan p38 kan binden en zo de activatie van 

p38 kan remmen; bij een verlaagd GRK2 niveau zou p38 dus meer actief kunnen zijn, wat 

o.a. tot verhoogde cytokinen productie zou kunnen leiden. In hoofdstuk 9 beschrijven we 

dat vroeg na HI, de activatie van p38 (1 uur na HI) en de expressie van het cytokine TNF-α 

(3 uur na HI) verhoogd is in de hersenen van GRK2+/- dieren ten opzichte van WT dieren. 

Omdat vooral glia cellen bekend staan om hun inflammatoire rol in de hersenen, hebben 

we WT en GRK2+/- microglia cellen gekweekt in vitro. GRK2+/- microglia produceerden meer 

TNF-α na stimulatie met LPS en dit verschil in cytokine productie werd gemedieerd door p38; 

na het toevoegen van p38 remmers waren de verschillen in TNF-α productie tussen de beide 

genotypen verdwenen.

Om vast te stellen wat de rol van laag GRK2 in microglia exact was, hebben we gebruik 

gemaakt van Cre-Lox technologie. Door middel van deze technologie kunnen muizen gege-

nereerd worden die een verlaging hebben van een eiwit waarin men geïnteresseerd is, GRK2 

in ons geval, in een specifiek celtype. In onze experimenten werden muizen met het enzym 

Cre onder de cel-specifieke promotor voor lysozyme M (komt voor in microglia, monocyten 

en granulocyten) gekruist met muizen die het GRK2 gen hadden tussen twee Lox sites. In de 

cellen waarin Cre tot expressie komt (o.a. microglia in ons geval) wordt GRK2 tussen de Lox 

sites verwijderd. Zo verkregen we muizen die alleen GRK2 verlaging hadden in microglia (en 

monocyten en granulocyten). In hoofdstuk 9 beschrijven we dat na HI vroege p38 activatie 

en vroege TNF-α productie verhoogd zijn in deze muizen met een selectieve microgliale GRK2 
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verlaging. Opmerkelijk is dat de muizen met een selectieve microgliale GRK2 verlaging een 

vervroegde onset hebben van HI hersenschade. Concluderend stellen wij dat een verlaagd 

GRK2 in microglia kan leiden tot een verhoogde activatie van p38 en hierdoor bijdraagt aan 

een vervroegde onset van HI hersenschade. Interessant is dat GRK2 verlaging in microglia 

zorgt voor een vervroegde onset van HI hersenschade maar niet verantwoordelijk is voor 

de uiteindelijke hoeveelheid hersenschade. Op het moment doen we onderzoek naar het 

specifiek verlagen van GRK2 expressie in neuronen en astrocyten om te onderzoeken wat de 

bijdrage van GRK2 in deze celtypen van de hersenen is.

CoNCLuSIeS eN KLINISCH PerSPeCtIef

De laatste jaren wordt er aanzienlijk veel vooruitgang geboekt in het ontrafelen van pathofy-

siologische mechanismen die een belangrijke rol spelen bij het ontstaan van HI hersenschade. 

Er wordt onderzocht welke moleculen een potentiële target zouden kunnen zijn voor een 

zogenaamde interventie therapie om hersenschade na HI te voorkomen of te verminderen. 

Hoewel er al veel informatie over neuroprotectie uit dieronderzoeken voorhanden is en 

komt, zijn er nog steeds weinig therapieën die op dit moment effectief bruikbaar zijn in de 

klinische setting.

Uit de onderzoeken beschreven in hoofdstuk 2-4 in dit proefschrift is gebleken dat NF-κB 

remming door het geven van TAT-NBD vroeg na een HI insult, een zeer effectieve neuropro-

tectieve therapie is met een therapeutisch window van ten minste 6 uur.

Een mogelijke keerzijde van deze therapie is dat TAT-NBD niet 12-24 uur na het insult 

gegeven kan worden, omdat late NF-κB activiteit cruciaal is voor neuroprotectie. Uit deze 

studies hebben we ook geleerd dat opregulatie van anti-apoptotische eiwitten en het voor-

kómen van de opregulatie en translocatie van p53 zeer belangrijke processen zijn bij de 

preventie van HI hersenschade. TAT-NBD zou een zeer geschikte potentiële kandidaat zijn als 

therapeuticum om HI hersenschade te verminderen, vooral in die gevallen waarin de onset 

van het HI insult goed gedocumenteerd is en men het vroeg na het insult kan toedienen.

In hoofdstuk 5-7 hebben we laten zien dat 2-IB een neuroprotectief effect heeft op HI 

hersenschade, maar dat dit protectieve effect zich beperkt tot vrouwtjes ratten. Hoewel 

toekomstig onderzoek zal moeten uitwijzen wat het exacte aangrijpingspunt is van 2-IB, 

weten we dat 2-IB in vrouwtjes caspase-afhankelijke celdood remt. Duidelijk is geworden uit 

deze studies dat er verschillen bestaan in de apoptotische routes die gebruikt worden tijdens 

HI tussen vrouwtjes en mannetjes ratten. We willen benadrukken dat deze geslachtsverschil-

len een belangrijke rol kunnen spelen bij andere farmacologische studies die zich richten op 

het voorkomen van apoptotische celdood.

Uit het onderzoek beschreven in hoofdstuk 8-9 is een belangrijke rol voor het kinase 

GRK2 tijdens de onset en ontwikkeling van HI hersenschade naar voren gekomen. Het 
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voorkómen van een verlaging van GRK2 tijdens HI, bijvoorbeeld door het remmen van GRK2 

degradatie, zou een nieuwe beschermende therapie kunnen zijn voor HI hersenschade. 

Onderzoek naar het ontwerpen van een remmer van GRK2 degradatie is gestart in een EU 

samenwerkingsverband (NEOBRAIN).

Tenslotte is het niet ondenkbaar dat interventie ter voorkoming van HI hersenschade in 

de toekomst waarschijnlijk zal bestaan uit het remmen van meerdere routes tegelijk, een 

zogenaamde combinatie therapie. We stellen voor dat remmen van apoptotische celdood, 

misschien op meerdere niveaus tegelijk, een veelbelovende neuroprotectieve strategie zou 

kunnen worden voor de behandeling van neonatale HI patiënten.

Hypothermie (het afkoelen van het hoofd of hele lichaam met een aantal graden celcius) 

is een van de weinige strategieën die op het moment in klinische trials wordt onderzocht en 

neuroprotectief blijkt te zijn. Misschien dat hypothermie in combinatie met vroege TAT-NBD 

behandeling een sterke neuroprotectieve interventie zou kunnen zijn om de strijd aan te 

binden met hersenschade veroorzaakt door HI tijdens de perinatale periode.
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CHAPter 2

Chapter 2 
 
Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 1: Neuroprotective effect of intraperitoneal tAt-NBd.
A. Effect of vehicle (VEH), TAT-NBD or TAT-NBDmut at 0/3 h after HI on MAP2 loss at 48 h post-HI.
B. HE staining of brains at 6 wks after HI. TAT-NBD treatment prevented tissue loss.
C. Quantification of MAP2 expression at 48 h. **p<0.01 vs vehicle-treated or TAT-NBDmut-treated 
animals (n=6-8 animals per group; vehicle: n=27).
d. HI-induced reduction in area of the ipsilateral/contralateral hemisphere at -3.30 mm from bregma 
at 6 wks. ***p<0.001 vs vehicle- or TAT-NBDmut-treated animals (SHAM: n=6, other groups: n=8-13 
animals per group).
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e. White matter damage as determined by staining for MBP at 6 wks post-HI.
f. HI-induced reduction in the expression of ipsilateral/contralateral MBP at -3.30 mm from bregma. 
***p<0.001 vs vehicle- or TAT-NBDmut-treated animals.
G. Therapeutic window for TAT-NBD treatment. TAT-NBD was administered i.p. as a single injection 
immediately after HI (0 h) or at 3, 6, 9 or 12 h after HI. Data represent ipsilateral/contralateral MAP2 
expression. *p<0.05 and **p<0.01 vs vehicle- or TAT-NBDmut-treated animals (n=6-8 animals per 
group; vehicle: n=27).

 
Figure 2.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 2: Intraperitoneal tAt-NBd treatment inhibits HI-induced cerebral Nf-κB activation.
A. NF-κB activity was determined by EMSA on nuclear extracts obtained at 3 h after HI. Inset: a 
representative example of n=7 animals per group. NBD: TAT-NBD-treated; VEH: vehicle-treated, mut: 
TAT-NBDmut-treated. ***p<0.001 vs ipsilateral levels of vehicle- or TAT-NBDmut–treated animals. c: 
contralateral, i: ipsilateral
B. TAT-NBD treatment prevented ipsilateral degradation of IκBα. Western blot analysis at 3 h post-HI. 
n=7 animals per group.**p< 0.01 vs vehicle- or TAT-NBDmut-treated littermates.
C. HI-induced nuclear translocation of NF-κB (p65 subunit; red) in neuronal cells (NeuN positive 
(neuronal nuclei), green) in the hippocampus at 3 h post-HI in vehicle- and TAT-NBDmut-treated animals. 
Scale bar = 10 μm.
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CHAPter 3
Figure 3.2 
 

figure 2: effects of prolonged or late Nf-κB inhibition on HI brain damage.
A. HI-induced reduction in area of the ipsilateral/contralateral hemisphere at -3.30 mm from bregma 
at 6 wks. **p<0.01 and ***p<0.001 vs vehicle- or TAT-NBDmut-treated animals (SHAM: n=7, other 
groups: n=8-15 animals per group).
B. Quantification of MAP2 expression at 48 h post-HI, expressed as ratio ipsilateral/contralateral MAP2 
positive area after vehicle, 0/3 h, 0/3/6/12 h, 0/6/12 h or 18/21 h TAT-NBD treatment. *p<0.05 and 
***p<0.001 vs vehicle-treated or TAT-NBDmut-treated animals. SHAM: n=11, vehicle: n=17, other 
groups: n=6-8 animals per group.
C. Representative examples of the effect of vehicle, 0/3 h, 0/6/12 h or 18/21 h TAT-NBD or TAT-NBDmut 
on MAP2 loss at 48 h post-HI.
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Figure 3.3 
 

figure 3: HI-induced expression of pro- and 
anti-inflammatory cytokines and microglia 
activation.
Effect of 0/3 h and 0/6/12 h TAT-NBD on 
ipsilateral expression of TNF-α (A), IL-1β (B), 
IL-4 (C), IL-10 (d) or IL-1RA (e) as determined 
by quantitative real time RT-PCR at 24 h 
post-HI.
Data are normalized for expression of β-actin 
and GAPDH. n=9 animals per group. HI did 
not induce cytokine expression in contralateral 
hemispheres. *p<0.05, **p<0.01, ***p<0.001 
vs expression level in vehicle-treated animals.
f: Expression of CD68 as a marker of activated 
microglia/macrophages at 24 h after HI in the 
ipsilateral hippocampus was decreased after 
0/3 h TAT-NBD, but not after 0/6/12 h TAT-NBD.
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CHAPter 4

Figure 4.4 

figure 4: effects of Nf-κB inhibition, JNK inhibition or both on HI brain damage.
A. Quantification of MAP2 expression at 48 h post-HI, expressed as ratio ipsilateral/contralateral MAP2 
positive area after vehicle, 0/3 h TAT-NBD (NBD), 0/3 h TAT-JBD (JBD) or combined treatment (NBD+JBD) 
treatment. *p<0.05 and ***p<0.001 vs vehicle-treated animals. #p<0.05 vs 0/3 h TAT-NBD-treated 
animals. SHAM: n=6, other groups: n=6-9 animals per group. Mutant peptide-treated animals showed 
similar amount of MAP2 loss as vehicle-treated animals. No loss of MAP2 in contralateral hemispheres.
B. Representative examples of the effect of vehicle, 0/3 h TAT-NBD, 0/3 h TAT-JBD or combined 
treatment on MAP2 loss at 48 h post-HI.
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CHAPter 5Figure 5.3 

figure 3: Immunohistochemistry for nitrotyrosine.
Representative microphotographs of negative control (A, B), sham-operated animals (C, d), 
contralateral hemisphere (e, f) and ipsilateral hemisphere (G, H) at 48 h after HI.
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figure 5: Immunohistochemistry for iNoS.
Representative microphotographs of negative control (A, B), sham-operated animals (C, d), 
contralateral hemisphere (e, f) and ipsilateral hemisphere (G, H) at 48 h after HI.
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CHAPter 7
Figure 7.2 

figure 2: Long-term effect of 2-IB treatment on histological scores and white matter damage 
in P3 rats
A: Brain sections were stained with HE. Brain damage was scored at 6 wks after HI in 6 areas of the 
parietal cortex and 5 regions of the hippocampus using a 4-point scale (0-3). The total histological 
score is presented for all individual P3 animals, including the median for each group (horizontal bars). 
The maximum total histological score for normal animals is 33. Post-HI treatment with 2-IB had long-
term neuroprotective effects in female rat pups only (**p<0.01 vs vehicle-treated animals).
B: Examples of neuronal damage in parietal cortex.
C: MBP immunohistochemistry was performed on brain sections at 6 wks after HI. MBP staining in 
ipsilateral and contralateral hemispheres was measured and the ratio is shown. Post-HI treatment with 
2-IB reduced MBP loss in female rats only (**p<0.01 vs vehicle-treated animals). Animal numbers: 
sham-operated (n=11), males treated with vehicle (n=10) or 2-IB (n=8), females treated with vehicle 
(n=8) or 2-IB (n=7)
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CHAPter 8

Chapter 8 
 
Figure 8.1 

figure 1: HI-induced brain damage
A: GRK2 expression in total brain homogenates was ~50% lower in GRK2+/- brains compared to 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 vs contralateral levels. n=6-10 
animals 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 to WT animals.
C: Brains were collected at 3 wks after the insult. Neuronal integrity was scored in 6 regions of parietal 
cortex and 5 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 2 coronal levels: –1.8 mm (‘hippocampal level’) or +0.7 mm (‘striatal level’) 
from bregma.
e: HI induced significant more hemispheric and hippocampal area loss in the ipsilateral hemisphere 
of GRK2+/- vs WT mice at 3 wks 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 vs GRK2+/-.
f: GRK2+/- mice show significant more white matter damage than WT littermates at 3 wks 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 vs GRK2+/-. Animal numbers for C, e, f: WT 
(n=11), GRK2+/- (n=10) and sham-controls (n=6).
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Figure 8.3 
 

figure 3: early neuronal and white matter damage at 24 h post-HI
A. GRK2+/- animals show significant 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 significant 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.

Figure 8.4 

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 significant 
higher in GRK2+/- mice vs WT mice at 24-48 h post-HI. ** p<0.01, ***p<0.001. Animal numbers: 6-10 
animals per group.
B-d: GRK2+/- and WT animals were treated with anti-neutrophil serum (depl) or control (contr) serum 
at 20 h prior to and immediately after HI. Depletion with anti-neutrophil serum significantly reduced 
the percentage of peripheral neutrophils (B), MPO-activity in the ipsilateral hemisphere at 24 h after HI 
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(*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 pre-treatment 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 8.7 
 

figure 7: HI-induced increase in Cd68 expression
A: CD68-positive cells were counted in 6 visual fields of hippocampus and 24 visual fields of parietal 
cortex. At 24-48 h post-HI, GRK2+/- mice show significant higher numbers of CD68-positive cells in the 
brain than WT littermates; **p<0.01, ***p<0.001. Animal numbers: 7 animals 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.

CHAPter 9Figure 9.4 
 
 

figure 4: effects on microglial GrK2 reduction on HI brain damage
A. Quantification of HI-induced MAP2 loss in the ipsilateral hemisphere at hippocampal level. At 3 h 
post-HI, GRK2f/+/LysM-Cre+/- animals already show significant MAP2 loss, whereas no overt MAP2 loss 
was observed in GRK2+/+/LysM-Cre+/- animals (**p<0.01). At 24 h after the insult however, HI-induced 
ipsilateral MAP2 loss was similar in both genotypes. We did not detect any MAP2 loss in sham-
operated animals, neither in contralateral hemispheres. n=5-7 animals per genotype per time point.
B. Representative examples of ipsilateral MAP2 loss at 3 and 24 h post-HI in GRK2+/+/LysM-Cre+/- and 
GRK2f/+/LysM-Cre+/- animals.
C. Quantification of HI-induced white matter damage by analysis of MBP loss in the ipsilateral 
hemisphere at hippocampal level at 24 h post-HI. Both genotypes show similar amount of MBP loss. 
n=5-7 animals per genotype.


