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1. General Introduction

1
Stroke
With 5.5 million annual casualties and even more patients physically or mentally
disabled, stroke is a major cardiovascular disease (Mackay and Mensah 2004). It is
caused primarily by a disruption in cerebral blood supply. The most frequent
cause is an obstruction of one of the major cerebral arteries by a thrombotic
embolus, resulting in focal ischemic stroke. The second cause of stroke, with an
incidence of over 20% of all cases, is a vessel rupture, resulting in an intracerebral
hemorrhage. When it is caused by a rupture of a main supplying artery located at
the skull base it results in a subarachnoid hemorrhage. Irrespective of the cause,
stroke requires acute medical attention focusing on the primary cause. At subacute and chronic phases however, secondary complications occur that worsen
the final outcome and offer additional opportunities for intervention.

Ischemic stroke
The obstruction of cerebral blood supply in cases of (focal) ischemic stroke is
mostly caused by an embolism, occluding an artery or arteriole. An embolism is a
body of foreign origin that travels with the bloodstream before it occludes.
Emboli can be of cardiac origin (Brickner, 1996), or arise from plaque formation
in the carotid arteries, aorta or basilar artery. These plaques can rupture, forming
fibrous blood clots (Standeven et al. 2005) that can occlude arteries within the
brain. Momentarily, there is only one effective treatment available for clinical
ischemic stroke, namely fibronolysis with recombinant tissue plasminogen
activator (rTPA). This has demonstrated to be beneficial on recovery when
administered within 4.5 hours after the onset of stroke (Hacke et al. 2008). This
limited time-window of 4.5 hours however, strongly reduces the number of
patients eligible for this treatment. The main risk for patients with rTPA
treatment is the development of intracerebral hemorrhage within the lesioned
area, i.e. hemorrhagic transformation. The main risk factor for hemorrhagic
transformation is the time between onset of ischemia and reperfusion (Kimura et
al. 2008). Additionally, rTPA itself enhances the risk of hemorrhagic
transformation (Gautier et al. 2003; Wang et al. 2004; Kelly et al. 2006).

Subarachnoid hemorrhage
Aneurysmal subarachnoid hemorrhage is caused by a rupture of an aneurysm,
generally located in an artery bifurcation. In case of subarachnoid hemorrhage
around 10% of the patients dies without reaching a hospital (van Gijn et al. 2007)
Total case fatality is estimated around 35% (Nieuwkamp et al. 2009). The
treatment consists of excluding the aneurysm from the circulation by means of
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surgical clipping or endovascular coiling in order to prevent recurrent bleeding.
However, outcome after subarachnoid hemorrhage is also caused by delayed
complications, of which the most important is progressive detoriation of
neurological function and reduced consciousness which peaks between 5-14 days
after the initial insult. This detoriation is addressed as delayed cerebral ischemia
(van Gijn et al. 2007) and is often accompanied with regional reduction in
perfusion, which can be measured with either MRI or perfusion CT (Rabinstein et
al. 2010). Cerebral vasospasm, although often used as a synonym, is not a
consistent factor in delayed cerebral ischemia (Dankbaar et al. 2009), but focal
cerebral hypoperfusion is proposed to be the final common pathway (Dankbaar et
al. 2011). In order to improve perfusion in patients with delayed cerebral
ischemia, the so called ‘triple–H’ therapy consisting of induced hypertension,
hypervolemia and hemodilution was postulated and has already been used in
patients. However, evidence of its efficacy is lacking (Lee et al. 2006). In the
recent decades improved patient management has enhanced prognosis, but the
pathological processes after subarachnoid hemorrhage are still not fully
elucidated. There is still a need for new therapeutics in order to improve outcome
(Rabinstein et al. 2010).

Role of inflammation in stroke pathology
Due to the severe damage inflicted on the brain after stroke, tissue is traumatized
and converts to a state of inflammation (Huang et al. 2006). Inflammation is part
of a cascade of processes leading to the clearance and recovery of damaged tissue.
However, due to the intensity of the physiological changes induced by the
inflammatory reaction, it may act as a ‘double edged sword’ (Morganti-Kossman
et al. 2002), both aiding and destroying tissue during recovery. When
inflammation primarily enhances tissue injury, it can become a critical target for
intervention.
The first common response of most tissues to an insult is the release of
inflammatory cytokines. This activates the innate immune system to respond.
Attracted by a release of these cytokines, leukocytes infiltrate into the tissue.
Their infiltration is facilitated by the endothelial cells of the capillary vessels
within the activated tissue. Endothelial cells respond with expressing cell
adhesion molecules, enabling leukocytes to roll and adhere to the inner surface of
the vessel wall followed by diapedesis into the tissue (Brea et al. 2009; Huang et al.
2006). This process is displayed in Figure 1.
Questions have arisen whether this infiltration is beneficial at this early stage of
stroke pathology. The first leukocytes to enter the brains are neutrophils whose
infiltration peaks at two to three days after focal ischemia (Zhang et al. 1994).
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These neutrophils appear to play a role in induced apoptosis. They produce
reactive oxygen species which potentially harm the neurons. Finally, their
infiltration causes a rise in matrix metalloproteases (MMP, especially MMP-9)
which weakens structural components (e.g. collagen) of the vessel walls (Zheng
and Yenari 2004). It is suggested that rTPA is involved in up regulation of MMP’s,
enhancing the risk of hemorrhagic transformation (Wang et al. 2004; Kelly et al.
2006). Drugs targeted on inflammatory mediators reduce lesion progression in
ischemic models.
In subarachnoid hemorrhage, similar immunological responses with increased
cytokines, cell adhesion molecules and infiltration of leukocytes can be observed
(Chaichana et al. 2009). This might be considerably exacerbated by blood
degrading products (Provencio and Vora 2005). Secondly inflammation seems to
be a predicting factor for ‘cerebral vasospasm’, delayed cerebral ischemia, and
reduced outcome (Polin et al. 1998, Dumont et al. 2003, Provencio et al. 2010).
Besides complications within the brain, systemic inflammation has been
suggested to increase the risks of acute lung injury after subarachnoid
hemorrhage (Lucas et al. 2006; Mascia, 2009). This is an independent risk factor
for reduced functional outcome (Muroi et al. 2008).

Anti-inflammatory treatment
In an attempt to protect the brain after stroke from progressive or secondary
damage, several strategies have been postulated and tested with varying results.
Anti-inflammatory treatment is one of the strategies pursued (Cheng et al. 2004;
Macrez et al. 2011), driven by the expanding proof that inflammation exaggerates
neurological damage after stroke. Increasing evidence of the involvement of cell
adhesion molecules in animal models, has led to the initiation of clinical trials in
which endothelial transmigration of leukocytes was targeted, but these have not
yet been successful. This failure is mainly attributed to the lack of a sufficiently
translatable preclinical dataset and correct understanding of the immune
response (del Zoppo, 2010). In order to provide such a basis, anti-inflammatory
treatments are suggested for further pre-clinical investigation within this thesis.
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Figure 1 “Occlusion by a proximal thrombus leads to inflammatory cascades in the capillaries of distal
ischemic tissue. P-selectin is released from preformed storage sites and, together with E-selectin, binds to
sialyl–Lewis X moieties to promote rolling adhesion of neutrophils (1). Ischemia induces expression of IL-1
on endothelial cells that then induce expression of ICAM-1 on surface of endothelial cells. Integrins Mac-I
and lymphocyte function-associated antigen–1 on neutrophil surfaces binds ICAM-1, ICAM-2, and VCAM1 causing tight binding (2). Astrocytes, macrophages, and microglia in ischemic brain tissue release CINC
and MCP-1 in response to ischemically-driven cytokines. These chemokines signal neutrophil diapedesis and
migration into the brain parenchyma, leading to tissue destruction (3 and 4).” (Reprinted from: Huang et
al. 2006, with permission from Elsevier)

Interferon-β
A potential anti-inflammatory compound that could improve outcome after
stroke is interferon-β. This cytokine is normally released in case of an innate
adaptive immune response to viral infections (Biron, 1998). It may protect the
brain from inflammatory responses targeting the endothelial cells, through
tightening of the blood-brain barrier. This effect has been observed in-vitro on
brain endothelium from several species (Kraus et al. 2008). In animals treated
with interferon-β, trafficking of leukocytes into the brain was reduced (Lou et al.
1999; Floris et al. 2002; Veldhuis et al. 2003b). This has been associated with a
reduced degradation of extracellular matrix by MMP activity (Waubant et al.
2003; Boz et al. 2006). These characteristics make it an effective therapeutic in
the treatment of multiple sclerosis (Hall et al. 1997; Boz et al. 2006). With new
insight into the role of inflammation in several brain pathologies, interferon-β
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became the subject of investigation in experimental animal models. It
demonstrated positive effects in the recovery of spinal cord injury (Gok et al.
2007). Neuroprotective benefits after stroke have also been demonstrated (Liu et
al. 2002; Veldhuis et al. 2003a; Marsh et al. 2009), although not all studies
demonstrated benefit (Maier et al. 2006). Nevertheless, first clinical trials testing
the use of interferon-β have been suggested (Ferro and Davalos 2006). Animal
studies that address the possibility that interferon-β can protect against
inflammation-associated hemorrhagic transformation after stroke, have not been
performed. Also interferon-β has not yet been tested in animal models of
subarachnoid hemorrhage. Positive effects in pre-clinical studies would confirm a
detrimental role of inflammation in these stroke pathologies, and, since
interferon-β has already been approved for administration in humans, it could
lead to a rapid translation to clinical phase II studies.

Dexamethasone
Glucocorticoids are lipophylic factors that are involved in the hypothalamicpituitary-adrenal gland pathway. Cortisol, the natural hormone in this pathway
activates metabolic processes and suppresses the activity of the immune system.
In patients with vasogenic edema associated with intracranial tumors, edema
reduction with glucocorticoids is a well-established therapy. Because vasogenic
edema is a complication after cerebral ischemia, glucocorticoids have also been
administered to stroke patients (Norris, 2004). Additionally, because of their
immunosuppressive properties, these agents may also prevent inflammationrelated complications (Gomes et al. 2005). In vitro studies have demonstrated
that dexamethasone reduces hypoxia-induced hyperpermeability of endothelial
cells and decreases the expression of vascular endothelial growth factor, a known
factor to enhance endothelial permeability (Fischer et al. 2001). In an
experimental intracerebral hemorrhage model in rats, dexamethasone reduced
ICAM-1 and MMP-9 upregulation (Yang et al. 2011). Review of clinical results
however, did not demonstrate convincing beneficial effects of dexamethasone,
when administered to stroke patients (Sandercock and Soane 2011). This has led
to great controversy, given the beneficial effects of corticosteroids observed in
individual patients (Norris, 2004; Poungvarin, 2004; Davis and Donnan 2004). A
known limitation is the dosage regimen. Glucocorticoids demonstrate serious side
effects in large dosages, especially at prolonged administration (Longui, 2007).
Therefore, new ways to enhance passive targeting of tissue at risk using higher
local doses of dexamethasone by the use of long circulating liposomes are being
explored in various pathologies (Crielaard et al. 2011; Suntres and Shek 1998),
and should also be tested in stroke.
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The development of new therapeutic strategies after stroke has become a major
subject of discussion. It has been demonstrated that publication bias exists in
animal studies, as mainly positive results are published (van der Worp et al.
2010). However, few strategies showing positive results in animals have been
confirmed in the clinical setting, since these appear not to be beneficial in
humans. In an attempt to increase the translation between animal studies and
clinical trials, several groups have set standards for experimental stroke research
(S.T.A.I.R. 1999; Macleod et al. 2009). These standards focus mainly on the
development of new therapeutic strategies after stroke. Amending to these
standards means, among other regulations, that researchers participating in
experimental stroke induction and data analyses remain blinded for the
treatment study. Secondly, statistics and primary outcome measures should be
set a priori. All pre-clinical treatment studies in this thesis have been performed
according to these regulations.

General Introduction

Pre-clinical studies

Stroke models
Several experimental animal models have been developed for ischemic stroke (Liu
et al. 2009) and subarachnoid hemorrhage (Lee et al. 2009). In this thesis the
models with the highest construct validity were chosen and were considered
clinically relevant. The model used for ischemic stroke is the rat thromboembolic
stroke model (Zhang et al. 1997). Using a catheter, advanced from the external
carotid artery in the neck, the base of the middle cerebral artery (MCA) is
approached. An autologous blood clot, which is prepared before surgery, is
subsequently injected, blocking the MCA (Figure 2a). Subsequently the rats may
be treated with rTPA in order to restore perfusion. When studying hemorrhagic
transformation, spontaneously hypertensive rats may be used as these animals
have a high incidence of intracerebral hemorrhage after stroke (Brinker et al.
1999; Dijkhuizen et al. 2001). In a model of subarachnoid hemorrhage a thread
that is inserted via the external carotid artery, via a route identical as in the
ischemic stroke model, is used to puncture the base of the MCA (Bederson et al.
1995, van den Bergh et al. 2005). Blood is then released under arterial pressure
through the ruptured vessel into the subarachnoid space (Figure 2b).
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Figure 2 a. Ventral view on the brain vessels on the surface of a rat brain, extracted directly after
induction of ischemic stroke by unilateral thromboembolic middle cerebral artery occlusion. The arrow
indicates the occluding embolus. b.Ventral view on the brain vessels on the surface of a rat brain, extracted
one day after induction of subarachnoid hemorrhage by unilateral perforation of the middle cerebral artery.
The arrows indicate blood disposition in the subarachnoid space.

Magnetic Resonance imaging in stroke
Magnetic resonance imaging (MRI) has become increasingly important in stroke
diagnosis and treatment monitoring and development (Wu et al. 2010). MRI is
based on signal detection arising from (magnetic) properties of protons (e.g.
proton density, MR relaxation times T1 and T2, diffusion, flow), and provides
spatial information on tissue characteristics. Importantly, various pathological
changes can be directly assessed (Dijkhuizen and Nicolay 2003). The techniques
used in this thesis for the detection of (patho)physiological changes associated
with stroke are explained further.

Diffusion-weighted imaging of acute ischemic lesions
One of the acute pathological manifestations of stroke appears when neurons are
deprived of oxygen, due to reduced blood flow. These neurons are unable to
maintain their electrolyte homeostasis, resulting in an increase of intracellular
osmolarity followed by water absorption. This is called cytotoxic or cellular edema
(Iencean, 2003) and reduces the relative amount of water in the interstitial space,
in relation to the intracellular space. The diffusivity of water is lower within cells,

16

1
General Introduction

due to various membranes, and also decreases in the reduced interstitial space. As
a consequence the general diffusivity within a region of cytotoxic cells decreases.
This can be visualized with diffusion-weighted imaging, which measures the
diffusivity of water. The MR signal from water with lowered incoherent motion is
less dephased when two temporary antagonistic magnetic field gradients are
applied, from which a reduction in diffusivity, indicative of cytotoxic edema, can
be calculated (Roberts and Rowley 2003).

Perfusion-weighted imaging of cerebral blood flow disturbances.
The general cause for cellular hypoxia is the reduction in blood perfusion of
tissue. Tissue perfusion can be measured with perfusion-weighted MRI, such as
dynamic susceptibility contrast-enhanced MRI, in which images with high
susceptibility to local magnetic field disturbances are acquired with a relatively
high temporal resolution (e.g. 3-4 acquisitions/second), in combination with a
bolus injection of MR contrast agent containing paramagnetic chelated
gadolinium (Østergaard, 2004). First passage of this bolus of contrast agent
results in a dynamic drop in MR signal, from which various hemodynamic
parameters can be calculated (Wu et al. 2003).

Contrast enhanced T1-weighted imaging of blood-brain barrier leakage.
Another pathological development is the loss of blood-brain barrier integrity after
stroke. Measurements of blood-brain barrier integrity with MRI are based on the
local shortening of T1 due to extravasation and accumulation of intravenously
injected gadolinium-based contrast agent. In healthy brain tissue contrast agents
do not typically pass the blood-brain barrier (Lo et al. 1994). Relative contrast
effects can be calculated from pre- and post-contrast T1-weighted images
(Dijkhuizen et al. 2001), whereas a quantitative blood-to-brain transfer rate
constant (Ki) can be calculated from dynamic T1 mapping (Ewing et al. 2003).

T2-weighted imaging of vasogenic edema and subacute tissue damage.
Finally, at subacute to chronic stages, vasogenic edema develops in brain areas
with significant vascular dysfunction and tissue necrosis. This results in a
lengthened local tissue T2 (Dijkhuizen and Nicolay 2003). Signal enhancements
on T2 images at later time-points after stroke strongly indicate tissue loss within
the brain (Ferrazzano et al. 2011).
By measuring the progression of the abovementioned different tissue parameters
with in vivo MRI after stroke, effects of therapeutic intervention can be directly
monitored.
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Aims of this thesis
The general aim of this thesis is to establish to what extent anti-inflammatory
treatments strategies with interferon-β or dexamethasone can improve the
outcome after stroke. Outcome is established by measuring the recovery of
behavioral neurological function and by monitoring brain tissue status with MRI.
The hypothesis that anti-inflammatory treatment results in enhancement of
behavioral recovery and reduction of damage of brain tissue is tested in
experimental stroke models in rats.
First, chapter two evaluates if treatment with the immunosuppressive cytokine
interferon-β improves behavioral recovery after subarachnoid hemorrhage. In
addition, we measure whether up regulation of inflammatory markers and
development of lesion size at seven days after subarachnoid hemorrhage is
reduced.
In chapter three we investigate whether interferon-β treatment in
experimental subarachnoid hemorrhage attenuates lung injury, which is one of
the most important systemic complications after subarachnoid hemorrhage, by
measurement of inflammatory markers in the lung.
The progression of brain tissue and perfusion changes after subarachnoid
hemorrhage are not completely characterized. However, these effects may have
important implications on the selection of treatment strategies.
In chapter four we apply serial MRI to measure tissue and perfusion status in
sub-acute and chronic phases after experimental subarachnoid hemorrhage.
Chapter five focuses on the potential of interferon-β to reduce hemorrhagic
transformation after recombinant tissue plasminogen activator treatment in a
hypertensive rat thromboembolic stroke model. Additionally, ischemic tissue
injury and behavioral neurological dysfunction are monitored.
In chapter six, the corticosteroid dexamethasone, in free form or encapsulated
in long-circulating liposomes, is tested on its ability to improve behavioral
outcome and reduce lesion size in combination with recombinant tissue
plasminogen activator treatment after thromboembolic stroke in rats.
Furthermore, we measure its effect on of inflammatory markers and tissue status
in the brain.
In chapter seven we conclude with a discussion on the results of chapters two to
six in relation to inflammatory treatment after stroke and the value of animal
stroke models.
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Abstract
Background. Aneurysmal subarachnoid hemorrhage (SAH) has a poor outcome,
particularly attributed to progressive injury after the initial incident. Several
studies suggest a critical role for inflammation in lesion progression after SAH.
Our goal was to test whether treatment with anti-inflammatory interferon-β,
which has shown promise as a therapeutic agent in experimental ischemic stroke,
can protect the brain after SAH.
Methods. SAH was induced in adult male Wistar rats by puncturing the
intracranial bifurcation of the right internal carotid artery. Treatment effects of
daily interferon-β (n=16) or vehicle (n=14) injections were serially evaluated with
multiparametric MRI and behavioral tests from day 0 to 7, in compliance with
recent recommendations for pre-clinical drug testing. Outcome measures
included neurological status, brain lesion volume, blood-brain barrier (BBB)
leakage and levels of inflammatory markers.
Results. In animals that survived up to 7 days post-SAH, we found no significant
differences between vehicle- and interferon-β-treated animals with respect to
final neurological score (14.3±1.0 vs. 13.0±2.2), brain lesion size on T2-weighted
MR images (59±83 vs. 124±99 mm3), BBB leakage (0.26±0.05 vs. 0.22±0.08
contrast-induced relative MR signal change), upregulation of brain RNA for
cytokines, chemokines and cell adhesion molecules, and increased neutrophil
activation.
Conclusions. In contrast to previously published findings in experimental
ischemic stroke models, interferon-β had no clear efficacy to protect the brain
after SAH. In line with recent highlighting of the significance of negative findings,
our data currently do not recommend clinical testing of interferon-β to prevent
neurological damage in SAH patients.

Introduction
Aneurysmal subarachnoid hemorrhage (SAH) has an incidence of 6-7 per 100,000
and carries a poor outcome. Average case fatality is about 50% and survivors
frequently remain dependent (Van Gijn et al. 2007). Delayed cerebral ischemia (DCI)
develops in the first days to weeks after the initial bleeding and is the most
important cause of poor outcome in SAH patients who survive the first 24 hours
(Van Gijn et al. 2007). Advanced brain injury after SAH has been recognized to be
associated with early brain injury during the first few days as well as subsequent
DCI (Pluta and Zhang 2011).
An increasing amount of data suggests that cerebral inflammation is a major
factor in advanced brain injury after SAH, as reviewed by Provencio and Vora
(2005). SAH leads to an increase in plasma and cerebral spinal fluid (CSF) levels of
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cytokines, cell adhesion molecules and leukocytes, which has been correlated with
early brain injury, DCI and subsequent poor outcome (Provencio and Vora 2005).
Hence, several treatment strategies against advanced brain injury have been
aimed at suppressing the inflammatory response after SAH. Broad-acting
immunosuppressive drugs like corticosteroids, as well as non-steroidal antiinflammatory drugs have shown mixed effects in animal and clinical studies
(Chaichana et al. 2010). It has been speculated that the interaction between
leukocytes and brain endothelium, and subsequent transendothelial migration,
particularly contribute to progression of brain injury (Provencio and Vora 2005;
Chaichana et al. 2010). Therefore, reduction of leukocyte infiltration may be an
effective approach to reduce the progression of brain injury after SAH. A potential
candidate for anti-inflammatory treatment against advanced brain injury after
SAH is the cytokine interferon-β. Interferon-β is established in the treatment of
relapsing-remitting multiple sclerosis (MS) (Arnason, 1996). It has been shown to
effectively suppress leukocyte diapedesis, possibly through stabilization of the
blood-brain barrier (BBB) (Kraus and Oschmann 2006). Interferon-β has
demonstrated beneficial effects in animal models of ischemic stroke (Veldhuis et
al. 2003a; Marsh et al. 2009), in which it blocks post-stroke invasion of
inflammatory cells, confined leakage of the BBB and significantly reduces final
infarct size (Veldhuis et al. 2003a).
We hypothesized that interferon-β treatment after SAH inhibits the
inflammatory response, reduces cerebral damage and improves neurological
outcome, similar to its efficacy in experimental ischemic stroke models.
Therefore, we longitudinally measured the development of cerebral
inflammation, brain injury and behavioral status after experimental SAH in rats
treated with interferon-β or vehicle.

Methods
Animals
Male Wistar rats (Harlan, Horst, The Netherlands) weighing 320-350 g, were
used. The Animal Experiments Committee of the University Medical Centre
Utrecht and Utrecht University approved experiments conducted for this
research.

Experimental subarachnoid hemorrhage
Rats were anesthetized by mechanical ventilation with 2% isoflurane in
air/oxygen (2/1) and received an intramuscular injection of 5 mg/kg (10 mg/ml)
gentamicin (Centrafarm, Etten-Leur, The Netherlands) to prevent infection. Core
temperature was maintained at 37.5 C using a temperature-controlled heating
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pad. SAH was induced as previously described (van den Bergh et al. 2005). In
brief, a sharpened 4.0 Prolene suture was advanced into the right internal
cerebral artery (ICA) up to the bifurcation of the ICA and middle cerebral artery
(MCA), where the Circle of Willis was perforated (SAH group). In sham-operated
animals the suture was moved up to the intracranial ICA bifurcation, without
puncturing the vessels (SHAM group). After withdrawal of the suture and wound
closure, animals received 0.03 mg/kg (0.03 mg/ml) buprenorphine (Reckitt &
Colman, Kingston-Upon-Hill, United Kingdom) for pain relief.
Daily weight loss was monitored and weight loss over 10 g per 24 h was
compensated for by subcutaneous injection of 5-15 ml Ringer’s lactate to prevent
dehydration (Baxter, Utrecht, The Netherlands).

Treatment
Animals were treated with daily subcutaneous injections of 26 μg/kg rat
recombinant interferon-β (U-Cytech, Utrecht, The Netherlands) or vehicle (0.4%
rat serum and 25 mmol/ml trehalose in PBS; pH 7), with the first injection at 2 h
after SAH and the fourth and last injection three days thereafter. Production and
purification of interferon-β were done as previously described (Veldhuis et al.
2003a). Bioactivity of the interferon-β batch was verified with an antiviral
bioassay (Olsson et al. 1994). Dosage was similar to doses that significantly
reduced the inflammatory response and lesion size after experimental
autoimmune encephalomyelitis (Floris et al. 2002), experimental
neuroinflammation (Veldhuis et al. 2003b) and experimental cerebral ischemia in
rats (Veldhuis et al. 2003a).

Outcome measurements
Primary outcome measures were lesion volume on T2-weighted MRI and
behavioral outcome. Secondary outcome measures were BBB integrity, cerebral
inflammation and SAH severity.

Behavioral assessment of neurological status
Neurological deficits were measured before SAH (day 0) and at days 1, 2, 3 and 7
post-SAH with a modified version of the method described by Sugawara et al.
(2008). Animals were scored on spontaneous activity (score 0-3), activity of
extremities (score 0-3), forepaw outstretching (score 0-3), climbing reflex (score
1-3) and a forepaw placing response to the vibrissae touching the table side (score
1-3). Maximum score was 15 (absence of deficits).
In addition, rats were placed on a triplex surface plane with 30° inclination to test
their ability to keep from sliding down during 5 s. Subsequently, the inclination
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MRI of lesion volume and BBB integrity
MRI experiments were conducted at days 2 and 7 on a Varian (Palo Alto, CA, USA)
4.7 T horizontal bore MR system, with a 90 mm Helmholtz volume coil and
inductively coupled 25 mm surface coil for radiofrequency signal transmission
and detection, respectively. Anesthesia was maintained by isoflurane in the same
manner as described above. Animals were positioned in a rat holder. Core
temperature was maintained at 37.5 C. Blood oxygenation, heart rate and
expired CO2 were constantly monitored and kept within physiological range.
For lesion detection, we applied T2-weighted MRI (multiple spin echo; repetition
time (TR) 3600 ms; echo time (TE) 15-180 ms; field-of-view (FOV) 32 x 32 x 19
mm3; data matrix 256 x 128 x 19; number of acquisitions (NA) 2).
BBB leakage was measured at day 7, from T1-weighted MRI (gradient echo; TR
160 ms; TE 4 ms; FOV 32 x 32 x 19 mm3; matrix size 256 x 128 x 19; NA 8)
acquired before and after intravenous (tail vein) administration of 0.35 mmol/kg
gadobutrol (Schering, Keniworth, NJ, USA). Post-contrast T1-weighted MRI was
started 160 s after injection and repeated every 165 s for 22 minutes (eight runs).
T2 maps were computed by mono-exponential fitting of T2-weighted MRI data.
Lesions were identified as brain tissue with significant T2 prolongation, and
automatically segmented. The lower threshold for lesion classification was the
mean brain tissue T2 in SHAM animals plus two times the average standard
deviation. An upper threshold to minimize CSF contribution was defined as the
95th percentile of the T2 distribution in manually outlined lesions. Possible falsepositives due to partial volume effects from remaining CSF signal were detected
in SHAM animals, and counted up to an average volume of 143 (± 27) and 145 (±
32) mm3 at days 2 and 7, respectively. These values were subtracted from
segmented lesion volumes in SAH animals to correct for residual CSF
contamination.
BBB leakage in the brain was established at day 7 from post-contrast T1-weighted
signal enhancement at 25 minutes after gadobutrol administration. The
difference in signal intensity between pre- and post-contrast images was
calculated relative to the pre-contrast signal intensity.
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was increased by five degrees to score the maximum inclination at which the
animal was able to maintain its posture (Yonemori et al. 1998).

Biochemical assays of cerebral inflammation
After MRI at day 7, animals were sacrificed by an intravenous overdose of
pentobarbital (Alfasan, Woerden, The Netherlands). Brains were excised, divided
into two cerebral hemispheric halves and subsequently snap-frozen in liquid
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nitrogen. Thereafter, tissue was mechanically pulverized, divided into fractions
and stored at -80 °C.
Myeloperoxidase (MPO) activity, as a measure of neutrophil accumulation
(Werner and Szelenyi 1992), was determined by an inversion method of the
substrate 3,3',5,5'-Tetramethylbenzidine dihydrochloride dehydrate (Sigma
Aldrich, Steinheim, Germany) as described previously, and expressed as U/ml
brain homogenate (Cobelens et al. 2009). For quantitative real-time reverse
transcriptase polymerase chain reaction (RT-PCR) analysis, RNA was isolated
from pulverized tissues with trizol reagent (Invitrogen, Paisley, UK). cDNA was
synthesized from total RNA with SuperScript Reverse Transcriptase kit
(Invitrogen, Paisley, UK). Quantitative real-time RT-PCR reaction was performed
with iQ5 RT-PCR Detection System (Biorad, Hercules, CA, USA) using rat primers
for tumor necrosis factor- α (TNF-α), macrophage inflammatory protein-1/CC
motif chemokine 3 (CCL3), macrophage inflammatory protein-2 (MIP-2),
cytokine-induced neutrophil chemoattractant (CINC), E-selectin, vascular cell
adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1).
To confirm appropriate amplification, size of RT-PCR products was verified on
gel. Data were normalized for expression of internal controls, β-actin and
GAPDH.

Post-mortem SAH severity scoring
Brains of animals that died before the end of the experimental protocol were
extracted within 24 h after death. Photographic pictures were taken from the base
of the brain. To score SAH severity, a grid dividing the basal cistern in six
segments was overlaid on the pictures (see Figure 6b), and each segment was
allotted a grade of 0-3 depending on the amount of blood (Grade 0: no
subarachnoid blood; Grade 1: minimal subarachnoid blood; Grade 2: moderate
clot with recognizable arteries; Grade 3: blood clot obliterating all arteries within
the segment; Sugawara et al. 2008). The total score (0-18) was the sum of the six
segments.

Group assignment and inclusion criteria
All experimental procedures were done according to good laboratory practice
(Macleod et al. 2009). To determine the group sample size, we projected a
treatment-induced lesion size reduction of 50%, based on a previous study that
assessed the effect of similar interferon-β doses on ischemic injury (Veldhuis et al.
2003a), with a standard deviation of 30% (van den Bergh et al. 2005). Using
values of α = 0.05 and β = 0.2, this resulted in a group sample size of seven. We
anticipated a model-specific mortality of 50% (Lee et al. 2009) and therefore
included a total of 15 animals per group.
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Statistics
Statistical analysis included two-way repeated measures ANOVA for testing the
treatment effect on the development of lesion volume and inclined plane score. A
Student’s t-test was used to compare weight changes, and BBB-associated
gadobutrol leakage, between interferon-β- and vehicle-treated animals. A Mann
Whitney U-test was used to compare neurological scores and SAH severity scores
between treatment groups. For group comparisons of levels of inflammatory
markers, a two-way ANOVA with post hoc Bonferroni-testing was used to test
SAH vs. SHAM animals, and interferon-β vs. vehicle treatment. A Log-Rank test
was used to test for difference in survival rate between the two treatments.
Values are shown as mean ± SD or median (25th – 75th percentile), and P < 0.05
was considered significant.
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The executive researcher (Ivo Tiebosch) was blinded for treatment allocation.
Treatment was randomly assigned by a second researcher (René Zwartbol) who
did not participate in acquisition and analysis of outcome measures. Treatment
assignment was revealed to the executive researcher after all assessments and full
data processing was completed.
All animals that survived until onset of treatment and did not die as a result of
technical complications, e.g. endotracheal tube obstruction during MRI, were
included. Successful SAH induction was confirmed by inspection of vessel wall
perforation after brain dissection (SAH n=30; 14 vehicle and 16 treated with
interferon-β) or absence thereof (SHAM). SHAM animals (n = 9; 5 vehicle and 4
treated with interferon-β) were used for reference qRT-PCR analysis and
calculation of normal tissue T2 values.

Results
Out of 30 animals in which SAH was successfully induced, 14 animals were
assigned to the vehicle group, of which seven completed the entire experimental
protocol, while 16 animals were assigned to the interferon- group, of which six
completed the protocol. Seven animals were excluded from the study due to
technical complications. The SHAM group consisted of five vehicle- and four
interferon-β-treated animals.
Bioactivity of interferon-β was 8 x 107 U/mg protein. Animals exhibited some
weight loss as a result of the experimental protocol, which was somewhat higher
in interferon-β-treated SHAM and SAH rats (percent weight loss from day 0 to 7:
7 ± 4% and 13 ± 6%, respectively) as compared to their vehicle-treated
counterparts (percent weight loss from day 0 to 7: 3 ± 3% and 8 ± 4%,
respectively).
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Neurological status
The first days after SAH, animals exhibited clear neurological deficits, which
partially recovered thereafter (Figure 1a). The neurological deficiency score was
most strongly reduced at day 1, and gradually recovered thereafter. There was no
significant difference in scores between functional vehicle- and interferon-βtreated rats.
The highest inclination at which animals were able to remain their posture had
significantly declined at days 1, 2 and 3 after SAH in both treatment groups, as
compared to baseline measurements (P < 0.05) (Figure 1b). Furthermore,
interferon-β-treated animals had generally significantly lower inclination scores
than vehicle-treated animals (P < 0.05).

Lesion volume
Brain T2 maps displayed areas with T2 prolongation, particularly at day 2 in SAH
animals in both treatment groups (Figure 2). Brain T2 lesions were observed in
the ipsilateral sensorimotor cortex in 94% of SAH rats at day 2. In addition 81%
of SAH animals had lesions in the ipsilateral striatum or hypothalamic region.
The lesion extended to the contralateral sensorimotor cortex in 69% of the SAH
group (see Figure 3, which shows representative examples of segmented areas
with significant T2 prolongation at days 2 and 7 post-SAH). Mean CSF-corrected
T2 lesion volumes at days 2 and 7 in the two treatment groups are displayed in
Figure 4a. The automatically segmented lesion volumes closely matched with
results from manually defined lesion outlines (data not shown). The T2 lesion size
declined significantly between days 2 and 7 after SAH (P < 0.05). We found no
significant difference in lesion volume between treatment groups.

Figure 1. Graphs displaying neurological score a. (median +/- quartiles) and inclined plane score
b. (mean +/- SD) at different time-points after subarachnoid hemorrhage (SAH) in vehicle- and interferonβ-treated rats. Interferon-β-treated animals have significantly lower inclination scores than vehicle-treated
animals (P < 0.05).

32

2
The effect of Interferon-β on outcome after Subarachnoid Hemorrhage

Figure 2. Average T2 maps of consecutive coronal rat brain slices at days 2 and 7 after sham surgery
(treatments combined) or subarachnoid hemorrhage (SAH) induction (vehicle- or interferon-β-treated).
Brain lesions with prolonged T2 are apparent in the ipsilateral sensorimotor cortex, striatum and
hypothalamic region, as well as in the contralateral sensorimotor cortex, particularly at day 2 after SAH.
There are no clear differences in the lesion pattern between vehicle- and interferon-β-treated rats.

Figure 3. Magnetic resonance images
of a coronal brain slice of an interferon-βtreated rat at days 2 and 7 after
subarachnoid hemorrhage (SAH). The
brain lesion is identified as hyperintense
on T2 maps (top two images in left
column), which was demarcated by
automated segmentation (red area on T2
maps in right column). The bottom image
in the left column displays relative T1weighted signal enhancement (rΔT1w) at
25 minutes after intravenous gadobutrol a
injection, with clear indication of leakage
in the ipsilateral striatum.
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Figure 4. a. Bar graph of volumes of automatically segmented T2 lesions at days 2 and 7 after
subarachnoid hemorrhage (SAH) in vehicle- and interferon-β-treated rats (left) (mean + SD). T2 lesion
volumes are significantly lower at day 7 as compared to day 2 (P < 0.05), but there is no difference between
treatment groups. b. Bar graph of relative T1-weighted signal change in the entire brain of vehicle- and
interferon-β-treated rats at seven days post-SAH, 25 minutes after contrast agent injection (mean + SD).
There is no significant difference in leakage of contrast agent between the treatment groups.

BBB integrity
Post-contrast T1-weighted MRI at day 7 revealed brain areas with clear signal
increase after intravenous gadobutrol injection, indicative of BBB leakage (see
Figure 3, which shows a representative example of relative T1-weighted signal
increase after gadobutrol injection at day 7 post-SAH). Regions that exhibited
contrast leakage were typically inside the T2 lesion area. Figure 4b shows the
average relative change in T1-weighted signal in the brains of vehicle- and
interferon-β-treated SAH animals. Mean relative contrast-induced signal
enhancement was lower in animals that were treated with interferon-β, but this
was not statistically significant.

Cerebral inflammation
The relative amounts of RNA synthesis for TNF-α, CCL3, MIP2, CINC, E-selectin,
VCAM, and ICAM, and absolute amounts of MPO within brain tissue, are
displayed in Figure 5. Transcription of TNF-α, CCL3, MIP2, VCAM and ICAM was
significantly upregulated after SAH as compared to SHAM animals (P < 0.05).
CINC and E-selectin did not demonstrate a significant increase in upregulation.
We found no significant effect of interferon-β on the expression of any of these
factors, as compared to vehicle treatment.
Neutrophil infiltration, characterized by MPO content, was close to zero in SHAM
animals. However, a significant rise was evident in animals that had suffered
from SAH (P < 0.05). Interferon-β treatment did not alter this response as
compared to vehicle.
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Figure 5. Bar graphs of relative RNA quantity for tumor necrosis factor- α (TNF-α), macrophage
inflammatory protein-1/CC motif chemokine 3 (CCL3), macrophage inflammatory protein-2 (MIP2),
cytokine-induced neutrophil chemoattractant (CINC), E-selectin, vascular cell adhesion molecule-1
(VCAM) and intercellular adhesion molecule-1 (ICAM), and absolute myeloperoxidase (MPO) content, at
seven days after SAH or sham-operation, that was followed by vehicle or interferon-β (IFN-β) treatment
(mean + SD). Expression is significantly upregulated for SAH as compared to SHAM animals for TNF-α,
CCL3, MIP2, VCAM, ICAM and MPO (P < 0.05). There is no significant effect of interferon-β treatment on
any of the inflammatory markers.
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SAH severity
All animals that did not survive the study protocol died within the first three days
after SAH. Although case fatality in the interferon-β group (63%) was higher than
in the vehicle group (50%), the survival curves did not differ between both groups
(Figure 6a).
A total of 13 animals that died before completing the protocol were suitably
scored on blood deposition to rate SAH severity as displayed in Figure 6b.
Interferon-β-treated animals had a median SAH severity score of 8.5 (7.3 – 11.0;
n = 8), while a significantly higher score of 12.0 (11.0 – 14.0; n = 5) was found in
the vehicle group (P < 0.05).

Figure 6. a. Graph of survival rate after subarachnoid hemorrhage (SAH) in rats treated with vehicle or
interferon-β. b. Photograph of the ventral side of the extracted brain of a rat that died 24 hours after SAH,
showing blood deposition mainly around the ipsilateral Circle of Willis. Numbers represent the SAH
severity score given by the observer.

Discussion
In this study, we found no indication that treatment with interferon-β reduces
brain lesion formation, improves neurological outcome, or increases survival rate
through chronic reduction of cerebral inflammation after experimental SAH in
rats.
Our study was designed to test the hypothesis that immunosuppression by
interferon-β would improve outcome in a model that most closely resembles
clinical aneurysmal SAH (Lee et al. 2009). To ensure optimal translation of our
data to the clinical situation, we followed recommendations of the Stroke Therapy
Academic Industry Roundtable (STAIR), considering well-defined inclusion and
exclusion criteria, and using multiple endpoints that are translatable to the clinic,
e.g. MRI-based lesion size and behavioral outcome (Fisher et al. 2009).
Furthermore, to prevent bias we performed a priori sample size calculation,
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Brain injury and inflammation
Unilateral endovascular perforation of the circle of Willis in rats resulted in
lesions that involved ipsi- as well as contralateral cortical and subcortical tissue,
as previously described (Olsson et al. 1994; Busch et al. 1998). Significant T2
prolongation after two days denoted edematous tissue, which declined thereafter,
suggestive of edema resorption at later stages. Significant BBB injury at day 7 was
evident from contrast agent leakage into the brain. We observed no effect of
interferon-β on the size and progression of the brain lesion between days 2 and 7
post-SAH. Moreover, although the same dosage of interferon-β has been shown
to accomplish stabilization of the BBB in rats with a cerebral ischemic infarction
(Veldhuis et al. 2003a) or neuroinflammatory lesion (Veldhuis et al. 2003b), it
failed to reduce BBB leakage chronically after experimental SAH in our study.
Inflammation is a critical factor in progressive brain injury after SAH (Provencio
and Vora 2005; Chaichana et al. 2010) . Our data demonstrate that animals had
marked upregulation of RNA for cytokines, chemokines and cell adhesion
molecules in the brain at 7 days after experimental SAH. These inflammatory
factors are involved in the recruitment, attachment and diapedesis of leukocytes.
Furthermore, highly elevated MPO content in the brain after SAH, reflected
significant neutrophil infiltration. Despite its immunosuppressive and antiinflammatory properties, treatment with interferon-β did not result in long-term
reduction of the upregulation of inflammatory markers in the brain after SAH,
which most probably explains the absence of an effect on ultimate lesion
formation and BBB disruption. This cannot be attributed to lacking biological
activity, as a significant anti-inflammatory effect has been found in the lungs of
the same set of animals (Chapter 3).
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treatment randomization, allocation concealment and blinded assessment of
outcome, as recently pointed out (Macleod et al. 2009; van der Worp et al. 2010).

Neurological outcome
In correspondence with the observed brain lesion development, neurological
impairments were most severe during the first days, followed by partial recovery.
Animals in the interferon-β treatment group did not exhibit an improvement in
neurological outcome, which is in line with the observed lack of a beneficial
impact of interferon-β on progression of brain injury. In fact, interferon-β-treated
animals scored considerably lower on the behavioral tests. Moreover, case fatality
was somewhat higher in the interferon-β treatment group, i.e. 63% vs. 50% in the
vehicle group. Such high mortality is common in this SAH model (Lee et al. 2009)
and corresponds with an average SAH case fatality of about 50% in human
patients (Van Gijn et al. 2007). The high case-fatality may have an impact on the
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results; however, the power-calculation was already adapted on this case-fatality.
The higher case fatality after interferon-β administration was not caused by a
larger amount of blood deposition, which in fact was lower in the interferon-β
treatment group. A possible deterioration of the animal’s condition associated
with interferon-β treatment may explain a higher case fatality and lower
neurological score. In fact, animals had significantly more weight loss after
interferon-β treatment, which corresponds with data from Maier et al. (2006),
who also reported considerable weight loss and lack of infarct reduction in rats
that received repeated injections of interferon-β (with comparable dosage as in
our study) after transient unilateral occlusion of the middle cerebral artery.
Although it remains to be elucidated how possible systemic effects may influence
its therapeutic effects on neuroinflammation, hepatic injury has been implicated
as a potential critical side effect of interferon-β administration in MS patients
(Tremlett and Oger 2004). Also, treatment with interferon-β may reduce
immunity and increase infection and by that means increase case-fatality.
Unfortunately we do not have information on infection rate, e.q. sputum
colonization.

Conclusion
Our study did not reveal a neuroprotective effect of interferon-β in an
experimental SAH model in rats. This negative result, however, is an important
finding with regards to recent emphasis on eliminating publication bias in
preclinical stroke treatment studies (Dirnagl and Lauritzen 2010; van der Worp et
al. 2010). Despite encouraging findings in models of experimental cerebral
ischemia, our data currently do not recommend clinical evaluation of interferon-β
treatment in SAH patients.
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Abstract
Background. Aneurysmal subarachnoid hemorrhage (SAH) affects relatively
young people and carries a poor prognosis with a case fatality rate of around 35%.
One of the major systemic complications associated with SAH is acute lung injury
(ALI) which occurs in up to one-third of the patients and is associated with poor
outcome. ALI in SAH may be predisposed by neurogenic pulmonary oedema and
inflammatory mediators. The objective of this study was to assess the
immunomodulatory effects of interferon-β (IFN-β) on inflammatory mediators in
the lung after experimental SAH.
Methods. Male Wistar rats were subjected to the induction of SAH by means of
the endovascular filament method. Sham-animals underwent sham-surgery. Rats
received IFN-β for four consecutive days starting at 2h after SAH induction. After
seven days, lungs were analyzed for the expression of inflammatory markers.
Results. SAH induced the influx of neutrophils into the lung, and enhanced
expression of the pulmonary adhesion molecules E-selectin, inter-cellular
adhesion molecule (ICAM)-1, and vascular cell adhesion molecule (VCAM)-1
compared to sham-animals. In addition, SAH increased the expression of the
chemokines macrophage inflammatory protein (MIP)-1α, MIP-2, and cytokineinduced neutrophil chemoattractant (CINC)-1 in the lung. Finally, TNF-α was
significantly increased in lungs from SAH-animals compared to sham-animals.
IFN-α effectively abolished the SAH-induced expression of all pro-inflammatory
mediators in the lung.
Conclusions. IFN-β strongly reduces lung inflammation after experimental SAH
and may therefore be an effective drug to prevent SAH-mediated lung injury.

Introduction
Aneurysmal subarachnoid hemorrhage (SAH) affects patients at a relatively
young age and has an incidence of five to seven per 100.000 person-years. SAH
carries a bad prognosis with a case fatality rate of 35% (Nieuwkamp et al. 2009).
Systemic complications including cardiac failure, pneumonia, and pulmonary
edema, occur in more than half the patients with SAH, and are an important
contributor to poor outcome (Wartenberg et al. 2006).
Acute lung injury (ALI) is commonly associated with brain injury and has an
incidence between 5 and 30% in SAH patients (Solenski et al. 1995; Gruber et al.
1999; Kahn et al. 2006; Wartenberg et al. 2006). The development of ALI after
SAH is an independent predictor of increased mortality and poor neurological
outcome in patients suffering from SAH. One of the major components of ALI is
the formation of pulmonary edema. Neurogenic pulmonary edema (NPE) is a life-
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threatening complication in patients suffering from SAH and is associated with a
three-fold increase in poor outcome (Muroi et al. 2008).
The proposed etiology of NPE is a massive sympathetic discharge following severe
brain injury leading to intra-alveolar accumulation of protein-rich edema fluid
and hemorrhage. The pathogenesis of NPE is still incompletely understood. A
well-established theory on the pathophysiology of NPE is the ‘blast-theory’, which
proposes combined hydrostatic and high permeability mechanisms for the
formation of NPE due to the sympathetic storm caused by an acute increase in
intracranial pressure (Theodore and Robin 1975). Recently, it has been suggested
that a systemic inflammatory response may also play a pivotal role in the
development of pulmonary dysfunction after traumatic brain injury (Lucas et al.
2006; Mascia, 2009). The effects, however, of SAH on inflammatory mediators in
secondary organs including the lung are still unknown.
Current therapy is mainly supportive since no effective drugs are available to
treat NPE. Mechanical ventilation (MV) is necessary in the majority of patients to
assure adequate oxygenation. However, MV can also contribute to lung injury,
called ventilation-induced lung injury (VILI) (Dreyfuss and Saumon 1998). A
staggering 40% of SAH patients on MV develop VILI (Josephson et al. 2010).
Interferon-β (IFN-β) is a small protein with immunomodulatory properties that
has been approved for treatment of multiple sclerosis. It has been shown that
IFN-β decreases pro-inflammatory cytokines and inhibits the migration of
lymphocytes across the blood-brain-barrier by decreasing the expression of
chemokines and adhesion molecules on endothelial cells (Billiau et al. 2004).
The aim of the present study was to investigate whether experimental SAH
contributes to lung inflammation. Moreover, we examined the effects of IFN-β
treatment on the expression of inflammatory mediators in the lung associated
with brain injury in a rat model of SAH.

Materials and Methods
Animals
The experiments were performed in accordance with international guidelines and
approved by the experimental animal committee of the Academic Biomedical
Center Utrecht. Male Wistar rats (weighing 320-350 g) were obtained from
Harlan CPB (Horst, the Netherlands) and randomly assigned to the different
treatment groups. Both the executer of the experiments and of the statistical
analysis were blinded for the randomization.
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Experimental SAH-model
Rats were intubated under gaseous anesthesia (65% air/33% oxygen/2%
isoflurane) and mechanically ventilated for maximal 90 minutes in a pressure
controlled time-cycled mode, at a fractional inspired oxygen concentration (FiO2)
of 0.5, inspiration to expiration (I/E) ratio of 1:1 and peak inspiratory pressure of
10 cmH2O. To maintain normocapnia, the respiratory rate was set at 55
breaths/min. The left external carotid artery (ECA) was ligated and cut, while the
ipsilateral internal carotid artery (ICA) and communal carotid artery were
temporarily clipped. A sharpened 4.0 prolene suture was introduced through an
opening in the ligated left ECA and distally advanced through the ICA until the
suture perforated the intracranial bifurcation of the ICA. In sham-animals, the
suture was withdrawn prior to perforating the ICA. The presence of
subarachnoidal blood was confirmed with magnetic resonance imaging.
Animals were treated for four consecutive days with subcutaneous injections of
1.75x106 U/kg IFN-β (U-Cytech, Utrecht, The Netherlands) (SAH-animals: n=6;
sham-animals: n=4) or saline (SAH-animals: n=7; sham-animals: n=4) starting at
2h after SAH. Treatment dosage and time of treatment were based on previous
results of Veldhuis et al. (2003) where IFN-β proved to be clinically efficacious by
reducing the influx of inflammatory cells into the brain and reducing infarct
volume in a rat model of ischemic stroke when started up to 6h after the
induction of stroke (Veldhuis et al. 2003). Since we wanted to initiate treatment
as soon as possible, but with respect to a realistic clinical moment at which
patients are admitted to a hospital, we decided to start treatment at 2h after the
induction of stroke.

Preparation of tissue homogenates
Lungs were removed at 7 days post-SAH. Tissues were pulverized using a liquid
nitrogen-cooled mortar and pestle and stored at -80 ºC for further analysis.

Myeloperoxidase (MPO) assay
MPO activity was determined as described previously (Cobelens et al. 2009).
Briefly, pulverized tissues 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
centrifugation, supernatants were diluted in 10 mM citrate buffer (pH 5.0)/
0.22% CTAC. Substrate solution containing 3 mM 3’,5,5’-tetramethylbenzidine
dihydrocloride (TMB; Sigma-Aldrich, Steinheim, Germany), 120 μM resorcinol
(Merck) and 2.2 mM H2O2 in distilled water was added. Reaction mixtures were
incubated for 20 minutes at room temperature and stopped by 4M H2SO4,
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Quantitative real-time reverse transcriptase (RT)-PCR analysis
Total RNA was isolated from pulverized tissues with TRIzol® reagent (Invitrogen,
Paisley, UK). cDNA was synthesized from total RNA with SuperScript Reverse
Transcriptase kit (Invitrogen). Quantitative real-time RT-PCR reaction was
performed with iQ5 Real-Time PCR Detection System (Biorad, Hercules, CA)
using rat primers for tumor necrosis factor-α (TNF-α), macrophage inflammatory
protein (MIP)-1α, MIP-2, cytokine-induced neutrophil chemoattractant (CINC)-1,
E-selectin, inter-cellular adhesion molecule (ICAM)-1, and vascular cell adhesion
molecule (VCAM)-1. Data were normalized for expression of internal controls, βactin and GAPDH.

Statistical analysis
Data are expressed as mean ± standard error of mean (SEM). All parameters were
evaluated by one-way analysis of variance (ANOVA) with Least Significance
Difference (LSD) post-test. P-values < 0.05 were considered statistically
significant.

Results
Stability of the model
SAH was induced at day 0 in male Wistar rats and treated for four consecutive
days with IFN-β. At day 7, placebo-treated rats showed a case fatality rate of 50%,
whereas IFN-β-treated animals showed a case fatality rate of 63%, although this
difference was not statistically significant. All animals that did not survive the
protocol died within the first three days after the induction of SAH.
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followed by determination of optical density at 450 nm. MPO activity of a known
amount of MPO units (Sigma-Aldrich) was used as reference.

IFN-β inhibits the influx of neutrophils into the lung
As a parameter for the number of infiltrating neutrophils we determined
myeloperoxidase (MPO)-activity in total lung homogenates at day 7 post-SAH.
SAH-animals had a significant increase in MPO-activity compared to shamanimals (P < 0.01), which could be efficiently blocked by IFN-β (P < 0.01; Figure
1A).

IFN-β inhibits the expression of endothelial activation markers and pulmonary
chemokines
Because neutrophil influx is dependent on the activation of endothelial cells, we
studied the effect of SAH on endothelial adhesion molecules in lung tissue.

47

3

Figure 1: SAH was induced in male Wistar rats. Rats were treated with IFN-β for four consecutive days
starting at 2h after the induction of SAH. Seven days post-SAH total lung homogenates were prepared and
analyzed for inflammatory markers. A MPO activity corrected for the amount of protein. B-D Expression
of endothelial activation markers E-selectin, ICAM-1, and VCAM-1. E-G Expression of chemokines MIP1α, MIP-2, and CINC-1. H Expression of TNF-α. B-H: Data are normalized for the expression of β-actin
and GAPDH.
Sham: N=4; Sham/IFN-β: N=4; SAH: N=7; SAH/IFN-β: N=6. *** P < 0.001, ** P < 0.01, * P < 0.05; SAH vs
sham or SAH/IFN-β vs SAH MPO: myeloperoxidase; MIP: macrophage-inflammatory protein; CINC:
chemokine-induced neutrophil chemoattractant.
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IFN-β reduces pulmonary TNF-α expression
To determine whether SAH induced pro-inflammatory cytokine expression in the
lung, we measured TNF-α expression. SAH resulted in a significant three-fold
increase in pulmonary TNF-α expression compared to sham-animals (P < 0.01).
IFN-β treatment significantly decreased the SAH-induced TNF-α expression to
the levels observed in IFN-β treated sham-animals (P < 0.05; Figure 1H).

Discussion
We report here that SAH induces the influx of neutrophils into the lung and
expression of pulmonary adhesion molecules, chemokines, and TNF-α. More
importantly, we are the first to show that IFN- β effectively abolishes the SAHinduced expression of all pro-inflammatory mediators in the lung.
SAH rats showed a case fatality rate of 50% after seven days. The mortality
observed by us is common in experimental SAH-models and resembles other
findings (Prunell et al. 2004; Thal et al. 2008; Lee et al. 2009). Treatment with
IFN-β resulted in a case fatality rate of 63%, although this increase did not
significantly differ from the placebo group.
Neutrophils play an essential role in the development of lung inflammation. We
observed a four-fold increase in MPO, indicating that neutrophils are recruited to
the lung following SAH. The influx of neutrophils involves a complex cascade of
events. The early response cytokine, TNF-α, most probably initiates the
inflammatory response by activating the endothelial cells resulting in increased
chemokine expression and upregulation of adhesion molecules (Wagner and Roth
2000). In support of this concept we showed increased expression of pulmonary
TNF-α following SAH. In addition, SAH induced enhanced pulmonary expression
of the endothelial adhesion molecules E-selectin, ICAM-1, and VCAM-1, which
play a pivotal role in the rolling across the endothelium and firm adhesion of
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Compared to sham-animals, SAH increased pulmonary expression of E-selectin
(P < 0.01), inter-cellular adhesion molecule (ICAM)-1 (P < 0.001), and vascular cell
adhesion molecule (VCAM)-1 (P < 0.01). IFN-β normalized the expression of Eselectin (P < 0.01), ICAM-1 (P < 0.01) and VCAM-1 (P < 0.01) compared to salinetreated SAH-rats (Figure 1B-D).
To establish whether the attraction of neutrophils is correlated with the
expression of chemokines, we next questioned whether SAH induced the
expression of pulmonary macrophage inflammatory protein (MIP)-1α, MIP-2, and
cytokine-induced neutrophil chemoattractant (CINC)-1. All chemokines were
significantly increased in lungs from SAH-rats (P < 0.05). Treatment with IFN-β
completely abolished the SAH-induced upregulation of the chemokines MIP-1α
(P < 0.01), MIP-2 (P < 0.01), and CINC-1 (P < 0.05) (Figure 1E-G).
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neutrophils to the endothelium, respectively (Wagner and Roth 2000).
Furthermore, we observed marked SAH-induced upregulation of the chemokines
MIP-1α, MIP-2, and CINC-1, which are responsible for the chemotactic activity of
neutrophils. Therefore, we conclude that SAH induces a pro-inflammatory
environment in the lung which may represent an important risk factor for the
development of NPE.
Although several groups reported the occurrence of lung injury after brain injury,
the underlying mechanisms are largely unknown. It has been suggested that
increased intracranial production of pro-inflammatory cytokines results in release
of systemic pro-inflammatory mediators, thereby promoting secondary organ
injury (Lucas et al. 2006). Although this is a tempting hypothesis, we show here de
novo synthesis of pro-inflammatory mediators, suggesting that spill-over of
cytokines is not the primary cause of lung inflammation following SAH. A second
proposed mechanism underlying secondary organ injury is increased capillary
permeability elicited by catecholamines due to sympathetic nerve stimulation
after brain injury (Theodore and Robin 1975). Catecholamines can activate the
transcription factor NFB in macrophages thereby promoting the production of
TNF-α chemokines, and adhesion molecules (Spengler et al. 1990; Flierl et al.
2009). Hence, we propose that sympathetic activation of the lung could have led
to the local release of cytokines and chemokines in our model.
The major finding of our study was that IFN-β treatment strongly attenuates the
SAH mediated pulmonary inflammation. The decreased influx of neutrophils in
response to IFN-β administration was accompanied by decreased expression of
TNF-α, chemokines, and adhesion molecules in the lung. Although this is an
interesting finding, one should keep in mind that IFN-β therapy may also worsen
bacterial pneumonia (Shahangian et al. 2009), although until now only one casereport has been published. However, the increase in incidence of bacterial
pneumonia was only described for a situation in which long-term treatment with
IFN-β was applied (Ferriby and Stojkovic 2001). IFN-β is a potent
immunomodulator with diverse effects. Several studies have shown that IFN-β
reduces the migration of inflammatory cells across the blood–brain barrier
(Billiau et al. 2004). This is likely accomplished by reducing the expression of
endothelial adhesion molecules, ICAM-1 and VCAM-1, and by downregulating the
production of chemokines (Zang et al. 2001; Floris et al. 2002). Although the
immunomodulatory effects of IFN-β have been described in brain-related diseases
including multiple sclerosis and focal cerebral ischemia, we are the first to
describe the modulatory effects of IFN-β in pulmonary inflammation. The exact
mechanisms by which IFN-β attenuates SAH-induced lung inflammation need to
be further clarified. In our study, IFN-β was administered systemically; therefore
it may be well possible that IFN-β had a direct effect on pulmonary cells. For
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Conclusions
We show here that subarachnoid hemorrhage (SAH) results in the upregulation of
pro-inflammatory mediators in the lung as well as recruitment of neutrophils into
the lung. In addition, we report that treatment with IFN-β completely abolishes
the SAH-induced pulmonary inflammation. Our data imply that SAH is associated
with pulmonary inflammation and that IFN-β may be an attractive therapeutic
candidate to prevent SAH-mediated lung inflammation.
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example, Kiss et al. (2007) showed that IFN-β treatment ameliorated vascular
leakage in ALI via upregulation of 5’-nucleotidase (CD73) on pulmonary
endothelial cells (Kiss et al. 2007). Although we did not look at CD73, it could be a
possible explanation for our findings. IFN-β could also have an indirect effect by
inhibiting either the activation of sympathetic nervous system or reducing the
systemic pro-inflammatory environment and subsequently preventing the
upregulation of pro-inflammatory mediators in the lung. Although we did not
measure catecholamines, we could not see an effect of IFN-β treatment on TNF-α
levels in the blood (data not shown). Finally, IFN-β could have a direct effect on
cerebral inflammatory responses after SAH, thereby indirectly regulating the lung
inflammation. Our preliminary data do not confirm this hypothesis since IFN-β
did not have any effect on the SAH-induced cerebral inflammation (Chapter 2).
In conclusion, SAH induces a pro-inflammatory environment in the lung, which
can be efficiently blocked by IFN-β. Therefore, our data strongly suggest that IFNβ may be an attractive clinical candidate to prevent SAH mediated lung
inflammation.
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Abstract
Background. The pathogenesis of cerebral injury after aneurysmal subarachnoid
hemorrhage (SAH) is largely unresolved. In particular, the progression and
interplay of tissue and perfusion changes remain unclear, and few studies have
assessed pathophysiological developments between subacute and chronic timepoints. Therefore, our objective was to characterize the pattern and correlation of
brain perfusion and lesion status from subacutely to chronically after
experimental SAH.
Methods. SAH was induced by endovascular puncture of the intracranial
bifurcation of the right internal carotid artery in adult male Wistar rats.
Multiparametric magnetic resonance imaging (MRI) was performed to measure
cytotoxic and vasogenic edema, blood-brain barrier (BBB) permeability, and
perfusion, at days 2 and 7 post-SAH. Neurological status was repeatedly
monitored between days -1 and 7 after SAH.
Results. Similar to clinical SAH and previous studies in this experimental SAH
model, mortality up to day 2 was high (43%). In surviving animals, neurological
function was significantly impaired subacutely, and tissue damage and BBB
leakage were apparent in ipsilateral cortical and subcortical tissue as well as
contralateral cortical tissue. Notably, ipsilateral cortical areas revealed increased
cerebral blood flow and volume. After a week, neurological function had improved
and brain edema was partially resolved, while BBB permeability and
hyperperfusion persisted. The degree of brain damage correlated significantly
with the level of perfusion elevation. Furthermore, chronic BBB permeability and
vasogenic edema formation were associated with subacute hyperperfusion (r =
0.53 and 0.66, respectively (P < 0.05)).
Conclusions. Our findings indicate that SAH-induced brain injury at later stages is
associated with progressive changes in tissue perfusion, and that chronic
hyperperfusion may contribute or point to delayed cerebral damage.

Introduction
Aneurysmal subarachnoid hemorrhage (SAH) has a poor prognosis due to high
acute mortality and delayed cerebral ischemia, which is the most important cause
of poor outcome in patients who survive the first 24 hours (Van Gijn et al. 2007).
The pathophysiological mechanisms that underlie cerebral injury after SAH are
complex and largely unresolved. Numerous animal studies, involving different
experimental models, have been performed to elucidate the pathophysiological
processes after SAH. A frequently applied model that closely resembles the clinical
pathology, involves perforation of the bifurcation of the internal carotid artery
(ICA) into the middle cerebral artery (MCA) and anterior cerebral artery (ACA)
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with an endovascular filament (Bederson et al. 1995). The arterial rupture leads to
immediate extravasation of intracranial blood and acute elevation of intracranial
pressure (ICP), resulting in significant reduction of cerebral perfusion within the
first minutes (Bederson et al. 1995; Prunell et al. 2003; Lee et al. 2009;
Westermaier et al. 2009). Subsequent cerebral ischemia induces cytotoxic edema,
as shown with diffusion-weighted MRI, which expands rapidly within the first 30
minutes after the incident (Busch et al. 1998). In the following hours ICP largely
recovers, and perfusion is partially restored (Westermaier et al. 2009).
Nevertheless, cerebral blood flow (CBF) has been shown to remain moderately
lowered up to at least 6 hours after the insult, which has been linked to persistent
vasoconstriction (Westermaier et al. 2009). For many years, vasospasm has been
considered the primary cause of delayed ischemic injury after SAH. Indeed,
further vessel narrowing has been shown to develop subsequently after
experimental endovascular perforation (van den Bergh et al. 2005; Friedrich et al.
2012), which may cause lasting cytotoxic edema (in mostly cortical areas) (Busch
et al. 1998; van den Bergh et al. 2002, 2005), and permanent lesions – such as
detected with T2-weighted MRI – at chronic stages (van den Bergh et al. 2005).
However, the concept of vasospasm as underlying mechanism of delayed ischemic
injury is under debate, and other pathophysiological causes, such as
microthrombosis or spreading depolarizations, have been also been suggested
(Vergouwen et al. 2008; Pluta et al. 2009).
So far, few studies have looked into concurrent perfusion and tissue changes at
subacute to chronic stages after SAH. This is relevant since it could give insights
into the progression of secondary complications, providing possible targets for
therapeutic intervention. The goal of our study was to characterize the brain
perfusion status and lesion progression, at subacute to chronic time-points in a
clinically relevant animal model of SAH. To that aim, we performed serial
multiparametric MRI of cytotoxic and vasogenic edema, blood-brain barrier (BBB)
permeability, CBF and cerebral blood volume (CBV) (Dijkhuizen and Nicolay,
2003), along with repeated behavioral testing, after endovascular perforation of
the intracranial bifurcation of the ICA in rats.

Methods
Animals
Male Wistar rats (Harlan, Horst, The Netherlands), weighing 320 - 350 g, were
used (n = 30). The Animal Experiments Committee of the University Medical
Center Utrecht and Utrecht University approved the experiments conducted for
this research. Animals were housed in a 12 h light, 12 h dark cycle and were fed
standard laboratory chow and water ad libitum. Animals were part of a drug
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treatment study in which animals received subcutaneous injection of either 0.022
mg/kg interferon-β (n = 16) or vehicle (n = 14) (Chapter 2 and 3). No differences
in lesion size and neurological status between treatment groups were revealed
(Chapter 2), and therefore data were pooled. The current study reports original
data on diffusion-weighted MRI, perfusion MRI and regional BBB leakage, that
were not part of the treatment study.

Experimental subarachnoid hemorrhage
Anesthesia was induced in an induction chamber filled with 4% isoflurane in a
mixture of air/oxygen (2/1). After endotracheal intubation, anesthesia was
maintained throughout surgery by mechanical ventilation with 2% isoflurane in
the same air mixture. Animals received an intramuscular injection of 5 mg/kg (10
mg/ml) gentamicin (Centrafarm, Etten-Leur, The Netherlands) to prevent postoperative infection. Core temperature was maintained at 37.5 C using a
temperature-controlled heating pad. SAH was induced by intracranial
endovascular perforation (Bederson et al. 1995; van den Bergh et al. 2002). In
brief, a sharpened 4.0 prolene suture was advanced into the right ICA to perforate
it at the ACA and MCA bifurcation. After SAH induction, the suture was
withdrawn, and temporary clips on the ICA and common carotid artery were
removed to enable complete reperfusion. After wound closure, animals received a
subcutaneous injection of 0.03 mg/kg (0.03 mg/ml) buprenorphin (Reckitt &
Colman, Kingston-Upon-Hill, United Kingdom) for pain relief. Body weight was
monitored on a daily basis, and excessive weight loss over 10 g per 24 h,
indicative of dehydration, was compensated for by subcutaneous injection of ca. 5
ml Ringer’s lactate (Baxter, Utrecht, The Netherlands) per 10 g weight loss.

Behavioral assessment
Neurological deficits were measured before SAH (day -1; baseline score) and at
days 1, 2, 3 and 7 post-SAH with a modified version of a battery of behavioural
tests, as described by Sugawara et al. (2008). Animals were scored on spontaneous
activity (score 0-3), activity of extremities (score 0-3), forepaw outstretching
(score 0-3), climbing reflex (score 1-3) and a forepaw placing response to the
vibrissae touching the table side (score 1-3). Maximum score was 15 (absence of
deficits).

Magnetic resonance imaging
Acquisition. MRI experiments were conducted at days 2 and 7 post-SAH on a
Varian (Palo Alto, CA, USA) 4.7 T horizontal bore MR system. Radiofrequency
excitation was accomplished by means of a 9-cm Helmholtz volume coil. An
inductively coupled 2.5-cm surface coil was used for signal detection.
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Anesthesia was induced and maintained in the same manner as described above
for surgical procedures. Animals were positioned in a MR-compatible cradle and
the head was immobilized with ear bars. Core temperature was maintained at
37.5 C. Blood oxygenation, heart rate and expired CO2 were continuously
monitored and kept within physiological range.
For lesion detection, we applied diffusion-weighted MRI (spin echo eight-shot
echo planar imaging (EPI); repetition time (TR) = 3000 ms; echo time (TE) = 38.5
ms; b = 0 and 1428 s/mm2; six diffusion-weighting directions; field-of-view (FOV)
= 32 x 32 x 19 mm3; matrix size 128 x 128 x 19; number of acquisitions (NA) = 2),
and T2-weighted MRI (multiple spin echo; TR = 3600 ms; TE = 15-180 ms; FOV =
32 x 32 x 19 mm3; matrix size = 256 x 128 x 19; NA = 8).
For perfusion imaging we conducted dynamic susceptibility contrast-enhanced
MRI (gradient echo EPI; TR = 330 ms; TE = 25 ms; flip angle = 35°; FOV = 32 x 32
x 9 mm3; matrix size = 64 x 64 x 5 (with an 1 mm interslice gap); NA = 1, number
of repetitions = 400), in combination with an intravenous injection of 0.35
mmol/kg gadobutrol (Gadovist®, Schering, Keniworth, NJ, USA).
BBB leakage was measured with T1-weighted MRI (gradient echo; TR = 160 ms; TE
= 4 ms; FOV = 32 x 32 x 19 mm3; matrix size = 256 x 128 x 19, NA = 8) acquired
before and 22 minutes after contrast agent injection.
Post-processing. Diffusion- and T2-weighted MRI data were monoexponentially
fitted to calculate parametric maps of the apparent diffusion coefficient (ADC)
and T2, respectively. Maps of the hemodynamic parameters, cerebral blood
volume (CBV), cerebral blood flow index (CBFi), and mean transit time (MTT),
were calculated by block-circulant-based deconvolution of voxel-based tissue
signal responses with an arterial input function measured in a contralateral
region of the Circle of Willis (2-3 voxels) (Wu et al. 2003).
Maps of contrast agent extravasation were calculated as relative contrast agentinduced change in T1-weighted MR signal intensity (rΔT1) on a voxel-by-voxel
basis.
Analysis. For all MRI-based maps, brain tissue was masked out and coregistered
to a T2-weighted rat brain template. Lesioned tissue, characterized by signal
hyperintensity, was manually outlined on the multislice T2 maps to calculate total
lesion volume. Rats without an ipsilateral lesion in the cortical MCA territory
were excluded from further analysis (n = 2). Lesion outlines from all remaining
animals were combined to create a lesion incidence map. To select the primary
lesion, we outlined tissue with a lesion incidence ≥ 65%. This region-of-interest
(ROI) was located in the ipsilateral somatosensory cortex (CXil). An ipsilateral
region with a lesion incidence of 0%, which was located in the thalamus (THil),
was also outlined. Homologous contralateral ROIs (i.e., CXcl and THcl) were
automatically selected by mirroring across the midline.
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Statistics
Statistical analysis of time-dependent changes in tissue and perfusion status was
done with repeated measures ANOVA and post-hoc Dunnett’s testing. A
Friedman test, with Dunn’s post-hoc analysis, was used to compare neurological
scores over time. Comparison between values from animals that died and those
that survived was done with a Student’s t-test. Pearson’s correlation testing was
performed to evaluate relationships between different MRI-based parameters.
Correlation analysis between MRI-based parameters and neurological scores was
done using Spearman’s rank correlation test. Values are presented as mean ±
standard deviation, unless otherwise mentioned. P < 0.05 was considered
significant.

Results
Mortality and neurological deficits
Out of 30 animals that underwent successful SAH induction, 17 animals (57% of
total) survived at least until the MRI session at 2 days after SAH, and 13 animals
(43% of total) survived up to the final MRI session after 7 days.
Neurological function was most strongly affected acutely, with a significantly
reduced score at day 1 (9.8 ± 3.6) as compared to baseline (15.0 ± 0.0; P < 0.05),
and (partially) recovered thereafter (neurological score: 13.7 ± 1.6 at day 7; data
of subgroups are shown in chapter 2).

Brain tissue and perfusion damage
Figure 1a shows representative maps of the T2, ADC, rΔT1 and CBFi, of a rat brain
slice at 2 and 7 days after SAH. Clear T2 prolongation, ADC reduction, rΔT1
increase and CBFi elevation were apparent in particularly in the ipsilateral
sensorimotor cortex at day 2. After a week, CBFi and rΔT1 were still elevated,
while T2 prolongation was less obvious. Reduced as well as increased ADC levels
were observed in the ipsilateral sensorimotor cortex.
Multislice lesion incidence map, based on manual outlines of tissue with
prolonged T2, as displayed in Figure 1b (left), demonstrated that tissue damage
developed primarily in the ipsilateral sensorimotor cortex, and included the
ipsilateral caudate putamen in 87% of the cases. In 73% of the animals, the
contralateral sensorimotor cortex was also affected. No tissue damage was
observed in the ipsi- or contralateral thalamus. The T2-based lesion volumes were
166 ± 139 mm3 and 73 ± 84 mm3 at days 2 and 7, respectively, in animals that
survived the entire protocol. Animals that died after the first MRI session at day 2
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Figure 1. Progression of tissue and perfusion changes after experimental SAH in rats. a. Typical
examples of parametric maps of T2, apparent diffusion coefficient (ADC), relative contrast agent-induced
T1-weighted signal change (rΔT1), and cerebral blood flow index (CBFi) in a coronal rat brain slice, at 2 and
7 days after SAH. b. Multislice T2-weighted rat brain template (covering coronal slices from 5.5 to 0.5 mm
posterior from bregma) overlaid by lesion incidence map (0-100%) (left), and regions-of-interest (right),
i.e. ipsilateral somatosensory cortex (CXil) (red), contralateral somatosensory cortex (CXcl) (blue),
ipsilateral thalamus (THil) (yellow), and contralateral thalamus (THcl) (green). c. MRI parameter values
(mean ± standard deviation) in CXil, CXcl, THil and THcl at day 2 and day 7 after SAH. CBFi and cerebral
blood volume (CBV) are expressed as percentage of values in THcl.*P < 0.05 vs. THcl.
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had significantly larger lesion volumes (374 ± 79 mm3, P < 0.05) than surviving
animals. Neurological outcome correlated negatively with brain lesion volume at
day 7 (r = -0.80, P < 0.05).
Figure 1b (right) displays the ROIs (CXil, CXcl, THil and THcl), that were used for
further analysis. Values of the MRI-based tissue and perfusion parameters in the
different ROIs at days 2 and 7 post-SAH are displayed in Figure 1c. T2
prolongation was significant at both time-points in the ipsi- and contralateral
sensorimotor cortex. A significant reduction in ADC was observed in CXil at day
2, while mixture of cortical areas with reduced and elevated ADC values at day 7
resulted in a pseudonormal overall ADC. Extravasation of contrast agent was
evident from the significant rΔT1 in CXil at days 2 and 7. ADC and rΔT1 were not
significantly altered in CXcl. In the ipsi- and contralateral thalamus, T2, ADC and
rΔT1 values remained unchanged at both time-points.
At day 2, both CBFi and CBV were significantly elevated in CXil, while MTT was
significantly shortened (see Figure 1c). Significant CBFi increase and MTT
decrease at day 2 were also detected in CXcl. CBFi in CXil remained significantly
increased at day 7. There were no significant perfusion differences between
treatment groups (data not shown). Correlation analysis of tissue and perfusion
parameters for all ROIs, revealed that increase of CBFi correlated significantly
with increased T2 at days 2 and 7 and rΔT1 values. Positive correlations were also
found for subacute CBFi at day 2 versus chronic T2 and rΔT1 at day 7. Significant
negative and positive correlations were found between CBFi and ADC at day 2
(Table 1).

Table 1. Correlations between CBFi at days 2 and 7 versus T2, ADC and rΔT1 at days 2 and 7 postSAH in all ROIs (CXil, CXcl, THil and THcl, figure 1b, right).

Day 2
CBFi
Day 7
CBFi
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T2
r = 0.78

Day 2
ADC
r = -0.75

rΔT1
r = 0.87

T2
r = 0.66

Day 7
ADC
r = 0.26

rΔT1
r = 0.53

P<0.0001

P<0.0001

P<0.0001

P<0.0001

P = 0.09

P=0.0002

r = 0.84

r = 0.63

r = 0.74

P<0.0001

P<0.0001

P<0.0001
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In this study we applied serial MRI to characterize and correlate patterns of tissue
damage and perfusion changes at subacute and chronic stages after experimental
SAH induced by rupture of the ICA at its intracranial bifurcation in rats. In
animals that survived the acute stage (57% of total), significant cytotoxic and
vasogenic edema was evident in ipsilateral cortical tissue in particular, which
frequently extended into the ipsilateral caudate putamen and contralateral
sensorimotor cortex. Extensive lesions were associated with subacute mortality.
The lesioned areas exhibited BBB leakage. Interestingly, the most striking finding
was that hyperperfusion occurred in the area of brain injury at both stages after
SAH. The elevated CBF correlated significantly with edema and BBB permeability.
Moreover, subacute CBF increase was predictive for chronically enhanced edema
formation.
In line with previous studies that employed the endovascular perforation model
(Bederson et al. 1995; Prunell et al. 2003; Lee et al., 2009), we observed high acute
mortality (43%), which matches the mortality rate of 38% after clinical
aneurysmal SAH (Nieuwkamp et al. 2009). Regions of primary damage to the
brain correspond with areas where acute tissue changes have been measured with
diffusion-weighted MRI in the same SAH model during the first hours (Busch et
al. 1998; van den Bergh et al. 2002). The acute reductions in tissue water diffusion
are indicative of early brain injury, e.g. as a result of increased ICP and global
cerebral ischemia (Ayer and Zhang 2008).
Previous studies with the endovascular perforation model have primarily focused
on the first 24 h post-SAH (Lee et al. 2009). The current study demonstrates that
brain lesions with reduced tissue water diffusivity, reflective of cytotoxic edema,
persist subacutely. Furthermore, BBB leakage and vasogenic edema also develop
and remain present during the chronic phase. Despite the occurrence of initial
ischemia, our study shows that significantly elevated CBF and CBV in the lesioned
tissue area are evident at later stages. While pial vasoconstrictions – e.g. as a
consequence of direct contact to subarachnoid blood – may persist (Friedrich et al.
2012), the observed rise of intraparenchymal blood flow seems to refute enduring
local hypoperfusion as cause of delayed ischemic injury. Although ADC and T2
(partially) normalized, the lesioned ipsilateral cortical regions displayed increased
perfusion together with BBB injury and edema up to day 7, reflective of
dysfunctional vasculature with impaired autoregulation and/or endothelial
disruption. Furthermore, subacutely elevated CBFi was predictive of chronic
tissue edema, which could indicate ischemia-reperfusion injury (Girn et al. 2007).
Conversely, we cannot exclude that post-SAH hyperperfusion may have also
contributed to prevention or reduction of delayed cerebral ischemia.
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Although chronic hyperperfusion has not been previously described for the
current rat SAH model, this is not a model-specific phenomenon, as posthemorrhagic hyperemia after 2 days has previously been reported in a primate
study (Jakubowski et al. 1982). Moreover, hyperperfusion has also been observed
in aneurysmal SAH patients in chronic phases (Rothoerl et al. 2004; Chieregato et
al. 2005; Egge et al. 2005; Aralasmak et al. 2009).

Conclusions
Our multiparametric MRI study on brain lesion formation, BBB damage and
cerebral perfusion at subacute and chronic time points after SAH by endovascular
perforation in rats, suggests that SAH-induced brain injury at later stages is
associated with progressive changes in tissue perfusion. Moreover,
hyperperfusion in brain lesions may seriously worsen tissue outcome and could
explain, for instance, why triple-H therapy - the combination of induced
hypertension, hypervolemia and hemodilution - for delayed cerebral ischemia in
SAH patients is not always successful and can even be detrimental (Lee et al.
2006). However, further research is required to establish if and to what extent
elevated CBF after SAH contributes to progression of cerebral injury, or reflects a
pathophysiological epiphenomenon.
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Abstract
Background. Hemorrhagic transformation is a major complication of
thrombolytic therapy with recombinant tissue plasminogen activator (rTPA) in
ischemic stroke. It may be directly related to an mediated inflammatory reaction
that aggravates endothelial damage after ischemia-reperfusion injury induced by
rTPA. Therefore we aimed to establish whether administration of the clinically
available immunomodulatory cytokine interferon-β (IFN-β) reduces hemorrhagic
transformation and improves outcome after thrombolytic treatment with rTPA in
an embolic stroke model in spontaneously hypertensive rats.
Methods. Spontaneously hypertensive rats were subjected to right middle
cerebral artery (MCA) occlusion with a homologous blood clot. Animals meeting
the inclusion criteria – i.e. ischemic lesions larger than 1 mm3; no mortality before
treatment or due to methodological impediments; and absence of subarachnoid
hemorrhage – were subsequently intravenously treated with rTPA at 2 h postMCA occlusion. Additionally, animals received a daily subcutaneous injection of
IFN-β (n=7) or vehicle (n=7) until day 7 after stroke. Dosage (26 μg/kg) was based
on earlier studies that showed significant IFN-β-induced reductions of the
inflammatory response and lesion size after experimental neuroinflammation or
cerebral ischemia in rats. Lesion development, perfusion changes and blood-brain
barrier permeability were measured with diffusion-/T2-weighted magnetic
resonance imaging (MRI), dynamic susceptibility contrast-enhanced MRI, and
post-contrast T1-weighted MRI, respectively, at 0-2 h (pre-treatment), 1 day and 7
days post-stroke. Neurological status was longitudinally evaluated by a battery of
motor, sensory and tactile tests. At day 7, animals were sacrificed to measure
intracerebral hemorrhage. Blood disposition was determined by histological
scoring and extravascular hemoglobin measurement on the extracted brain tissue.
Results. Neurological function was significantly impaired upon stroke and
subsequent rTPA treatment at day 1 in both treatment groups, and deficiency
scores remained increased at day 3 in the IFN-β group. Significant functional
recovery was evident at day 7 in both treatment groups. There were no significant
differences in neurological scores between groups at all time-points. Embolic
MCA occlusion led to significant reduction in cerebral blood flow (CBF) inside the
MCA territory, which restored after rTPA treatment. Pre-treatment ischemic
lesion volumes, characterized by reduction of the mean diffusivity (MD) of tissue
water – reflective of cytotoxic edema – were 149 ± 101 mm3 and 132 ± 75 mm3 in
the IFN-β and vehicle group, respectively. At day 7, lesion volumes with elevated
T2 – reflective of vasogenic edema – were 197 ± 109 mm3 for the IFN-β group and
133 ± 80 mm3 for the vehicle group. Lesion volumes before treatment and at days
1 and 7 post-treatment, were not significantly different between the two
treatment groups. There were no significant differences in any of the lesion MRI
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Introduction
To date, fibrinolysis with recombinant tissue plasminogen activator (rTPA) is the
only clinically approved pharmacological treatment against acute ischemic stroke.
This therapy is however hampered by an increased risk of hemorrhagic
transformation , especially with treatment at delayed time points (The NINDS tPA Stroke Study Group, 1997; Hacke et al. 2008). The primary immune response
is often proclaimed to mediate the processes eventually leading to hemorrhagic
transformation. It consists of release of cytokines and subsequent invasion of
leukocytes. Matrix metalloproteinase (MMP) levels rise, which may degrade
collagen fibers in the vessel wall (Rosenberg, 2002). In addition, presence of rTPA
enhances permeability of the blood-brain barrier (BBB) (Busch et al. 1997;
Dijkhuizen et al. 2002) and the risk of hemorrhagic transformation (Kano et al.
2000), especially after its interaction with fibrin (Kahles et al. 2005). In
experimental stroke it was demonstrated that rTPA treatment leads to an
increase in cell adhesion molecules (Zhang et al. 1999) and upregulation of MMP
(Wang et al. 2004; Yang et al. 2007). This has led to the reasoning that drugs
which repress the innate immune response in the brain could reduce the chance
and severity of hemorrhagic transformation. For example, a study with activated
protein C, which suppressed MMP upregulation and reduced hemorrhagic
transformation supports this belief (Cheng et al. 2006), but this drug could not be
translated to the clinic (Zlokovic and Griffin 2011). Another potent candidate for
anti-inflammatory treatment is the cytokine interferon-β (IFN-β), which is the
first line of treatment for relapsing-remitting multiple sclerosis in the clinic
(Arnason, 1996). In-vitro studies revealed that IFN-β effectively suppresses
leukocyte diapedesis and stabilizes the BBB (Kraus et al. 2008). Moreover IFN-β
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parameters, i.e. MD, T2, CBF and post-contrast T1 values, between the treatment
groups at the individual time-points. Blood disposition in or around ischemic
tissue was evident in the majority of rats used in this study, except for one animal
in the IFN-β group and one in the vehicle group, and simular the two treatment
groups. Hemoglobin content in the ischemic brain hemisphere was 0.53 ± 0.48
mg and 1.12 ± 1.49 mg after IFN-β and vehicle treatment, respectively.
Conclusions. IFN-β fails to provide significant protection against hemorrhagic
transformation after thrombolysis with rTPA in an embolic stroke model with
spontaneously hypertensive rats. Moreover, in contrast to previous studies in
normotensive animals, brain tissue status and neurological function were not
significantly improved by IFN-β treatment in our preclinical study. Future studies
should focus on accurate characterization of conditions under which IFN-β can be
applied as an effective treatment against ischemic stroke.
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has been shown to be able to block the infiltration of leukocytes, limit BBB
leakage and MMP activity, and reduce lesion size in a rat stroke model (Veldhuis
et al. 2003a). Whether IFN-β may also prevent hemorrhagic transformation has
not been demonstrated. This may be optimally studied in an embolic stroke
model (Zhang et al. 1997) with spontaneously hypertensive rats, in which
treatment with rTPA leads to an increase of hemorrhagic transformation (Brinker
et al. 1999). The main goal of the current study was to establish whether IFN-β is
able to reduce the risk of hemorrhagic transformation after rTPA treatment in
this model of embolic stroke in hypertensive subjects. Furthermore, we
hypothesized that the combination of rTPA with IFN- β would reduce ischemic
brain damage and improve functional outcome.

Methods
Animals
Male spontaneously hypertensive rats (Charles River, Germany), weighing 280330 g, were used. The Animal Experiments Committee of the University Medical
Center Utrecht and Utrecht University approved experiments conducted for this
research.

Thromboembolic stroke
Rats were intubated and mechanically ventilated with 2% isoflurane in air:O2
(2:1). All animals received a 5 mg/kg injection of gentamicin as antibiotic, and a
2.5 ml injection with glucose (2.5%) in saline to prevent dehydration. Body
temperature was maintained at 37.5 ± 0.5 ˚C with a temperature-controlled
heating pad. Thromboembolic stroke was induced as described earlier (Zhang et
al. 1997; Dijkhuizen et al. 2002). The right carotid artery was exposed by a ventral
incision in the neck. A modified catheter was advanced into the internal carotid
artery, until the tip was positioned just proximal to the middle cerebral artery
(MCA). A homologous (25 mm long, 24 h old) blood clot was injected slowly
followed by removal of the catheter. The wound was closed and animals were
prepared for MRI.

Treatment
Directly after the first pre-treatment MRI session (see below), at 135 ± 7 minutes
after stroke, animals were treated with an intravenous infusion of 10 mg/kg rTPA
(Activase®, Genentech, concentrated to 3 mg/ml) of which 10% was given as a
bolus, followed by continuous infusion of the remaining 90% over 30 minutes.
Additionally, animals received a subcutaneous injection of 26 μg/kg rat
recombinant IFN-β (U-Cytech, Utrecht, The Netherlands) or vehicle (0.4% rat
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Outcome measures
Primary outcome measures were extravascular blood disposition and neurological
status. Secondary outcome measures were lesion volume, BBB integrity and
perfusion status.

MRI of lesion volume, BBB integrity and perfusion status
MRI was performed on a 4.7 T horizontal bore MR system (Varian, Palo Alto, CA,
USA), immediately after induction of stroke (pre-treatment) and repeated at day
1 and 7 after stroke. Mechanical ventilation with 2% isoflurane in air:O2 (2:1) was
continued and animals were restrained in a MRI compatible holder with earplugs
and a tooth-holder. Body temperature was maintained at 37.5 ± 0.5 ˚C, and
expired CO2 levels were monitored and kept within physiological range by
adjustment of ventilation parameters when necessary. Radiofrequency excitation
was done with a 90 mm diameter in-house developed Helmholtz volume coil.
Radiofrequency signal was detected with a 25 mm diameter inductively coupled
surface coil. For all acquisitions, field-of-view (FOV) was 32 x 32 mm2, with 1 mm
slice thickness.
The MRI protocol consisted of diffusion-weighted 8-shot echo planar imaging
(EPI; repetition time (TR) 3500 ms; echo time (TE) 38.5 ms; b-values 0 and 1428
s/mm2; 6 diffusion-weighting directions; data matrix size 128 x 128 x 19), for
reconstruction of quantitative maps of mean diffusivity (MD) (van der Zijden et
al. 2008).
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serum and 25 mmol/ml trehalose in PBS; pH 7), which was repeated on a daily
basis until day 7. Production and purification of IFN-β were done as previously
described (Veldhuis et al. 2003a). Bioactivity of the IFN-β batch was verified with
an antiviral bioassay (Olsson et al. 1994). Dosage was similar to doses that
significantly reduced the inflammatory response and lesion size after
experimental autoimmune encephalomyelitis (Floris et al. 2002), experimental
neuroinflammation (Veldhuis et al. 2003b) and experimental cerebral ischemia in
rats (Veldhuis et al. 2003a).
Postoperative care included two subcutaneous injections of 0.03 mg/kg
buprenorphine (Temgesic®) - for pain relief - with eight hours interval, and a
subcutaneous injection of glucose (2.5%) in saline (2.5ml) - for compensation of
fluid loss. The first three days after stroke, excessive weight loss was partly
compensated with daily Ringer’s lactate administration (0-10 ml, depending on
amount of weight loss).
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Multiple spin-echo T2-weighted images (TR 3600 ms; TE 12-144 ms; data matrix
size 256 x 128 x 19) were acquired for reconstruction of quantitative T2 maps by
non-linear least square fitting of T2-weighted images with different TE’s (van der
Zijden et al. 2008).
Dynamic susceptibility contrast-enhanced MRI was acquired using gradient echo
EPI (TR 330 ms; TE 25 ms; matrix size 64 x 64 x 5) in combination with
intravenous bolus injection of 0.35 mmol/kg gadobutrol (Gadovist®, Schering, The
Netherlands). These scans were used for calculation of cerebral blood flow index
(CBFi), using a tracer arrival-insensitive deconvolution method with arterial
reference signal detected from the healthy hemisphere (Wu et al. 2003).
T1-weighted images (gradient echo; TR 160 ms; TE 4 ms; matrix size 256 x 128 x
19) were acquired before and at 20 minutes after injection of contrast agent, to
detect leakage of contrast agent into the brain parenchyma. Relative contrast
enhancement was derived by voxel-wise subtraction of pre-contrast T1-weighted
images from post-contrast images normalized by pre-contrast values (Dijkhuizen
et al. 2001). Magnetic resonance images were processed by first segmenting brain
parenchyma from surrounding tissue using the brain extraction tool (BET)
(Smith, 2002). Then, images were spatially aligned to a reference image, created
from six normal brains using a non-affine alignment procedure
(http://isi.uu.nl/elastix; Klein, IEEE TMI, 2010). Furthermore, a brain reference
mask was obtained by calculating a mean T2 map obtained from all the aligned
first day (day 0) T2 maps. Prolonged T2 values above 4.5 times the standard
deviation of normal mean grey matter were considered cerebrospinal fluid and
excluded from the reference mask. All subsequent analysis was carried out in
mask-covered areas.
Abnormal tissue on acute MD and follow-up T2 maps was identified as voxels with
MD and T2 values that were 2 standard deviations lower or higher, respectively,
than the mean value in normal appearing contralateral tissue (calculated from
fifteen consecutive slices). Acute abnormal tissue volumes were used for
calculation of lesion T2, MD and hemodynamic parameter values in three
consecutive slices with the largest lesion volume.
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Neurological status after stroke was assessed with an adapted battery of motor,
sensory and tactile tests (Reglodi et al. 2003) at one day before stroke (baseline),
and day 1, 3 and 7 after stroke. Animals were scored using the following traits:
gait disturbances; postural signs (when held by tail); lateral resistance (when
pushed sideways); forelimb placing when approaching a table; grasping strength
and reflex; and spontaneous exploratory mobility. Total score ranged from 0 (no
deficit) to 22 (maximum deficit).

Histological and ELISA-based measurement of extravascular blood disposition
Animals were killed by an overdose of pentobarbital given intraperitoneally,
followed directly by intracardial perfusion with cooled saline. Brains were
extracted, cooled and cut in 2 mm slices. Brain slices were placed in ice cold PBS
and covered with a glass slide. Subsequently, photographs were taken against a
white background with a 1 mm grid, using a digital color camera attached to a
binocular microscope. Presence of hemorrhage on five consecutive brain slices
was scored visually on a four-point scale based on the presence of no hemorrhage
(NH); punctate petechia, i.e. small extravascular blood spots (HI-1); confluent
petechia, i.e. several clustered extravascular blood spots or reddish parenchyma
(HI-2); and parenchymal hematoma, i.e. clear parenchymal and space occupying
blood mass (PH) (Henninger et al. 2009).
After photography of the brain tissue, each slice was divided along the sagittal
plane and all tissue from each hemisphere was collected in 2 ml distilled water.
The tissue was then homogenized using an ultraturrax followed by 45 s of
ultrasonication. Two separate aliquots were taken from the homogenate, and
snap-frozen in liquid nitrogen for a hemoglobin enzyme-linked absorbent
immune assay (ELISA).
Hemoglobin content was subsequently measured by ELISA, using a prepared ‘Rat
Hemoglobin ELISA’ kit (KT-460, Kamiya Biomedical Company, Seattle, WA, USA)
(Hilali et al. 2004), for which the brain aliquot was diluted 7500 times and
measured according to the manufacturer’s instructions. The amount of
hemoglobin was calculated as mg per brain half, assuming a total of 1 ml volume
per brain half.
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Behavioral assessment of neurological status

Group assignments and inclusion criteria
All experimental procedures were done according to good laboratory practice
(Macleod et al. 2009). Sample size was calculated (Lenth, 2006) based on an
anticipated 25% standard deviation of mean hemorrhage volume after rTPA
treatment (Sumii and Lo, 2002), and a speculated treatment-induced reduction of
50% - based on the reduction in thrombolysis-associated blood disposition with a
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MMP inhibitor in a similar stroke model in rats (Sumii and Lo, 2002). With α =
0.05 and β = 0.9, this leads to a group size of 7 animals. Animals were divided
randomly by an allocator (René Zwartbol) into in an IFN-β and a vehicle
treatment group. Inclusion was determined by two researchers (Ivo Tiebosch and
Rick Dijkhuizen) blinded for given treatments. Exclusion criteria were: 1) absence
of ischemic lesion larger than 1 mm3 in the MCA territory on acute diffusionweighted MR images; 2) mortality before treatment; 3) mortality due to
methodological impediments, for example endotracheal tube obstruction by
mucus; 4) presence of ventral subarachnoid hemorrhage identified after
dissection. When an animal was excluded, the allocator added a new animal to the
study to ensure a final group size of seven animals.

Statistics
Neurological scores were analyzed with a Friedman’s test and post hoc Dunn’s
comparison. MRI parameters were statistically analyzed using a two way repeated
measures ANOVA, followed by a post hoc paired Student’s t-test. Differences in
hemorrhagic transformation were evaluated with a Mann-Whitney test for
histological scores and a Student’s t-test for ELISA-based values. P < 0.05 was
considered significant.

Results
Neurological deficits
All animals displayed clear neurological deficits after stroke and subsequent rTPA
treatment. Neurological deficit scores are shown in Figure 1. At day 1 after stroke,
deficits were significantly higher than at baseline for both groups, but only in the
IFN-β group scores remained increased at day 3. At day 7 neurological deficit
scores were not significantly different from baseline values in both groups.

Lesion volume
All rats demonstrated MD reduction in (part of) the MCA territory within the
first hours after stroke (Figure 2a). Pre-treatment ischemic lesion volumes,
calculated from MD maps (see Figure 2), were 136 ± 99 mm3 in the IFN-β group
and 132 ± 75 mm3 in the vehicle group. At day 7, T2 lesion volumes were 175 ±
116 mm3 for the IFN-β group and 133 ± 80 mm3 for the vehicle group (Figure 2b).
Lesion volumes before treatment and at days 1 and 7 post-treatment, as well as
size changes between these time-points, were not significantly different between
the two treatment groups.
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Figure 2 Lesion volume in first hours (pretreatment) and at day 7 (post-treatment) after
stroke in interferon-β- and vehicle-treated
spontaneously hypertensive rats. a. MD and T2
maps of coronal rat brain slice, and segmented
lesion area. The ischemic lesion is characterized
by a reduction in MD in first hours and by an
increase in T2 at day 7. b. Quantitated lesion
volumes are shown in the box plot. Lesion sizes, as
well as changes between time-points, were not
different between both groups.

Interferon-β for Prevention of Hemorrhagic Transformation after Ischemic Stroke

Figure 1 Box plot of neurological deficit
score of spontaneously hypertensive rats
treated with interferon-β or vehicle,
measured at 1 day before, and 1, 3 and 7
days after stroke. *P < 0.05 vs. baseline.
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Figure 3 Values (mean ± standard deviation) of (a) MD, (b) T2, (c) CBFi, (d) contrast-induced T1 change
in the lesion (Ls) and homologous contralateral tissue (Cl). Measurements were performed acutely after
stroke (pre-treatment) and repeated 1 and 7 days later in interferon-β- and vehicle-treated spontaneously
hypertensive rats. *P < 0.05, vs. contralateral.

MRI-based lesion parameters
The segmented lesion area on the acute MD maps was used to monitor the
progression of MD, T2, hemodynamic parameters and contrast agent leakage, at
day 1 and 7 after stroke. Lesion and contralateral values are presented in Figure 3.
Acutely declined MD, indicative of cytotoxic edema (Moseley et al. 1990),
remained significantly lowered at day 1, but had significantly raised values at day
7 in the lesion territory (Figure 3a). There were no significant differences in lesion
MD values between the two treatment groups at the individual time-points.
Lesion T2 was significantly elevated, indicative of vasogenic edema (Dijkhuizen
and Nicolay, 2003), at all time-points in both groups (Figure 3b). Blood flow was
significantly reduced inside the lesion acutely following embolization, but was
partially restored at day 1 (Figure 3c). Hyperperfusion was apparent at day 7,
particularly in the vehicle-treated group. Post-contrast T1-weighted signal
increase inside the lesion was significantly elevated at days 1 and 7 in vehicletreated animals, but only at day 7 in IFN-β-treated animals (Figure 3d).
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Hemorrhagic transformation
Histological sections revealed blood disposition in or around the damaged tissue
in most rats, except for one animal in the IFN-β group and one in the vehicle
group. In the IFN-β group only two animals had slices with space occupying
hematoma’s whilst there were five animals with hematomas in the placebo group.
Average number of slices for each categorization per group are displayed in Figure
4a. Differences between the two treatment groups were not statistically
significant. ELISA-based quantification of hemoglobin in the ischemic brain
hemisphere also showed no significant differences in amount of blood disposition
between the two groups (Figure 4b).
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Figure 4 Hemorrhagic transformation at 7 days after stroke in spontaneously hypertensive rats treated
with interferon-β or vehicle. a. Qualitative assessment of intracerebral hemorrhage in 5 consecutive
coronal rat brain slices. Bars represent the mean (+ SD) number of slices that revealed either NH (no
hemorrhage), HI-1 (punctate petechial), HI-2 (confluent petechial), or PH (parenchymal hematoma).
b. Box plot of ELISA-based quantitated hemoglobin in ipsilesional hemisphere.

Discussion
This experimental study was designed to test the hypotheses that treatment with
IFN-β limits hemorrhagic transformation and improves outcome following rTPA
treatment after thromboembolic stroke in hypertensive subjects. Our data did
neither demonstrate a reduction in hemorrhagic transformation, nor an
improvement in outcome as a result of IFN-β administration. The development of
intracerebral hemorrhage in rTPA-treated spontaneously hypertensive rats could
not be prevented by IFN-β, and the time-courses of changes in ischemic lesion
volume and neurological deficits were similar between vehicle- and IFN-β-treated
rats.
Our preclinical study was designed according to the updated ‘Stroke Therapy
Academic Industry Roundtable’ criteria (Fisher et al. 2009) and good laboratory
practice guidelines for experimental stroke studies (Macleod et al. 2009). First, a
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clinically relevant animal model of thromboembolic stroke in hypertensive rats
was used. Second, drug dosage was based on previous studies that demonstrated
effective therapeutic effects after neuroinflammation and cerebral ischemia in
normotensive rats (Floris et al. 2002; Veldhuis et al. 2003a). Third, IFN-β
treatment was started within the 4.5 h time-window for acute stroke treatment
(Henninger et al. 2010; Donnan et al. 2011). Fourth, different outcome measures,
including neurological status and brain tissue damage, were assessed at multiple
time-points. Fifth, lesion development was monitored with tissue and perfusion
imaging, starting with a pre-treatment scan. Sixth, our study design involved
sample size calculation, definition of inclusion and exclusion criteria,
randomization, allocation concealment, and blinded outcome assessment.
Overall, this approach allowed accurate and thorough assessment of the
progression of brain injury and behavioral function, and the effect of treatment
thereupon.
Our a priori power calculation was based on a standard deviation of 25% in
hemorrhage volume, according to previous studies using the same stroke model
Sumii and Lo 2002). Since the standard deviation in our study was higher, a
possible type II error (i.e. false negative) cannot be excluded. This reduced the
anticipated power, which was originally set at a relatively high value of 0.9.
Nevertheless, the absence of any trend of a positive effect of IFN-β on stroke
outcome in our study, makes a different result with a larger sample size unlikely.
Despite the observed rTPA-induced restoration of CBF after thromboembolic
MCA occlusion, this did not prevent the development of large lesions characterized by acute cytotoxic edema (i.e. MD reduction) and subsequent
vasogenic edema (i.e. T2 prolongation) - involving considerable parts of cortical
and subcortical tissue in the ipsilateral hemisphere. Furthermore, significant BBB
leakage and hemorrhagic transformation were evident after seven days. This
progression of cerebral damage in the spontaneously hypertensive rat stroke
model - in line with previous studies (Aoki et al. 2002; Henninger et al. 2009) could not be prevented by IFN-β treatment. Although our group has previously
demonstrated that IFN-β is able to attenuate BBB disruption and limit lesion
growth after temporary unilateral clipping of the MCA in normotensive rats
(Veldhuis et al. 2003a), our current study indicates that a significant therapeutic
effect may strongly depend on the degree of cerebrovascular injury. Lack of
therapeutic benefit of IFN-β has also been reported in rat models of transient
cerebral ischemia (by means of unilateral intraluminal occlusion of the MCA)
(Maier et al. 2006) and subarachnoid hemorrhage (by means of unilateral
endovascular perforation of the internal carotid artery) (chapter 2). This suggests
that a potential advantageous effect of IFN-β treatment would be restricted to
cases with no or minor vascular co-morbidities. Given the fact that clinical stroke
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is frequently associated with hypertension and endothelial dysfunction, this
limits the opportunities for broad application of IFN-β as a therapeutic agent in
acute stroke patients.
In conclusion, our experimental findings indicate that the potential of IFN-β to
prevent hemorrhagic transformation and/or improve outcome following rTPA
treatment after thromboembolic stroke is insufficient under conditions of
hypertension. In anticipation of an adequate and well-characterized profile for
beneficial IFN-β treatment after ischemic stroke, clinical trials should be pursued
with caution.
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Abstract
Background. Variable efficacies have been reported for glucocorticoid drugs as
anti-inflammatory treatment after stroke. We applied an alternative drug delivery
strategy, by injection of dexamethasone phosphate-containing liposomes in
combination with recombinant tissue plasminogen activator (rtPA), in an
experimental stroke model, and tested the hypothesis that this approach
improves behavioral recovery and reduces lesion growth.
Methods. Rats were subjected to right middle cerebral artery occlusion with a
blood clot. After 2 h, animals were intravenously injected with rtPA plus empty
long-circulating liposomes (LCL), free dexamethasone phosphate (DXP), or DXPcontaining LCL (LCL-DXP). Neurological status was evaluated with different
behavioral tests up to 7 days after stroke. Lesion development was assessed by
magnetic resonance imaging (MRI) of tissue and perfusion parameters from 0-2 h
until 7 days after stroke. Expression of brain inflammatory markers was
measured with RT-PCR at post-stroke day 7.
Results. Treatment with rtPA plus LCL-DXP resulted in significantly improved
behavioral outcome as compared to treatment with rtPA plus empty LCL or free
DXP. Acute and final brain lesion sizes were comparable between treatment
groups, however a predictive algorithm revealed a significantly larger salvaged
tissue area after treatment with LCL-DXP.
Conclusions. We conclude that delivery of dexamethasone phosphate via LCL in
combination with rtPA-induced thrombolysis can significantly improve outcome
after stroke. Furthermore, MRI-based predictive algorithms provide a sensitive
means to measure treatment effects on lesion development.

Introduction
Acute ischemic stroke can be effectively treated by thrombolysis with
recombinant tissue plasminogen activator (rtPA) (The NINDS t-PA Stroke Study
Group, 1995; Hacke et al. 2008). However, the time-window for thrombolytic
treatment is seriously limited due to increased risk of hemorrhagic
transformation (The NINDS t-PA Stroke Study Group 1995; Hacke et al. 2008),
which is associated with the extent of breakdown of the blood-brain barrier (BBB)
(Dijkhuizen et al. 2001; Hjort et al. 2008). Many factors have been implicated in
post-stroke opening of the BBB, but inflammatory processes seem to play a major
role (Huang et al. 2006). Therefore, anti-inflammatory therapy in combination
with rtPA treatment has been suggested as an effective means to improve acute
stroke outcome with reduced risk of secondary complications (Lapchak and
Araujo 2007).
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The clinically available glucocorticoid drug dexamethasone is a potent antiinflammatory and immunosuppressing agent which has been shown to reduce
edema and infarction volume in rat stroke models (Betz and Coester 1990;
Bertorelli et al. 1998), although lack of therapeutic effectiveness has also been
reported (Lee et al. 1974). Dexamethasone has also been used to treat acute
stroke patients, but results have been variable, and convincing proof of beneficial
effects has not yet been provided (Sandercock and Soane 2011). A reason for the
varying results in outcome may be unfavorable pharmacokinetics and systemic
side effects, especially at high doses (Norris, 2004; Poungvarin, 2004). This
limitation can be overcome by targeted drug delivery through encapsulation in
long-circulating liposomes, which have favorable pharmacokinetics and which
limit possible systemic toxicity (Metselaar et al. 2003; Schmidt et al. 2003).
Liposomes containing dexamethasone phosphate (DXP; a phosphate derivative of
dexamethasone, used to ensure stable encapsulation) have recently been shown
to enhance therapeutic efficacy in a murine model of experimental acquired
encephalitis (Crielaard et al. 2011). Similarly, corticosteroid-containing liposomes,
which accumulate in inflammatory macrophages at the pathological site, have
shown significant promise for the treatment of rheumatoid arthritis,
atherosclerosis and multiple sclerosis (Metselaar et al. 2003; Schmidt et al. 2003,
Lobatto et al. 2010; Crielaard et al. 2012). In rodent stroke models, liposomes
have been successfully applied as a delivery system for antioxidants (Imaizumi et
al. 1990), neurotrophins (Fresta et al. 1994; Luk et al. 2004) and oxygen carriers
(Kawaguchi et al. 2007) to the brain.
Extending the above efforts, the goal of the present study was to test whether
treatment with DXP – in free or liposome-encapsulated form – can improve
therapeutic outcome after rtPA treatment in a rat thromboembolic stroke model.
Primary outcome measures were neurological status and (changes in) brain lesion
volume. The time-course of changes in neurological status was measured with
various behavioral tests, while the development of brain lesions was evaluated
with different magnetic resonance imaging (MRI) scans. We applied a generalized
linear model (GLM)-based predictive algorithm that voxel-wisely calculates the
probability of tissue infarction based on acute multiparametric MRI (Wu et al.
2007), thereby providing an ideal means to assess therapeutic efficacy by direct
comparison of pre-treatment predicted infarction and post-treatment ultimate
outcome on an intra-individual basis.
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Methods
Animals
Male Wistar rats (Harlan, Horst, The Netherlands), weighing 351 ± 37 g, were
used. The Animal Experiments Committee of the University Medical Center
Utrecht and Utrecht University approved experiments conducted for this
research.

Group assignments and inclusion criteria
All experimental procedures were done according to good laboratory practice
(Macleod et al. 2009). Sample size was calculated (Lenth, 2007) based on a
speculated treatment-induced lesion volume reduction of 50% (Bertorelli et al.
1998) and σ = 0.25-0.30. With α = 0.05 and β = 0.8, this leads to a group size of 68 animals (with three groups). Animals were randomly allocated into the three
different treatment groups (DXP, LCL-DXP or LCL). Inclusion was determined by
two researchers (Ivo Tiebosch and Rick Dijkhuizen) who were blinded for given
treatments. Exclusion criteria were: 1) absence of an ischemic lesion larger than 1
mm3 in the MCA territory on acute ADC maps; 2) sole lesion in the hypothalamus;
3) mortality before treatment; 4) mortality due to methodological impediments
(e.g. endotracheal tube obstruction by mucus); 5) presence of ventral
subarachnoid hemorrhage identified after dissection. When an animal was
excluded, the allocator (René Zwartbol) added a new animal to the study to
ensure final group sizes of 6 (LCL) or 7 animals (DXP and LCL-DXP).
Primary outcome measures were (change in) lesion size and neurological status.
In addition, we calculated treatment-induced changes in brain tissue and
perfusion status, BBB integrity, body weight and brain inflammatory markers.

Preparation of liposomes
DXP-containing long-circulating liposomes (LCL-DXP) and phosphate-buffered
saline-loaded long-circulating liposomes (LCL) were prepared as described
previously (Crielaard et al. 2011). In brief, a lipid film composed of
dipalmitoylphosphatidylcholine,1,2-distearoyl-sn-glycero-3-hosphoethanolamineN-[amino(polyethylene glycol)-2000] and cholesterol (molar ratio of 1.85:0.15:1)
was prepared using rotary evaporation (Buchi, Switzerland). Subsequently, to
form liposomes the lipid ﬁlm was hydrated with phosphate-buffered saline (PBS)
(for LCL), or with a 100 mg/ml solution of DXP in reversed osmosis water (for
LCL-DXP). To decrease the size and polydispersity of the liposomes, the
dispersions were extruded through polycarbonate ﬁlters (Whatman, USA) stacked
in an LIPEX extruder (Northern Lipids Inc, Canada). Unencapsulated DXP, in case
of LCL-DXP, was removed by means of dialysis in PBS at 4 °C for 48 h. Mean
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Thromboembolic stroke
Rats were intubated and mechanically ventilated with 2% isoflurane in air:O2
(7:1). Before surgery, animals received an intramuscular injection of 5 mg/kg
gentamicin as antibiotic, a subcutaneous injection of 0.03 mg/kg buprenorphine
for pain relief, and a subcutaneous injection of 2.5 ml glucose (2.5%) solution in
saline to prevent dehydration. Body temperature was maintained at 37.5 ± 0.5 ˚C
with a temperature-controlled heating pad. Thromboembolic stroke was induced
as described earlier (Zhang et al. 1997). In brief, the right carotid artery was
exposed by a ventral incision in the neck. A modified catheter was advanced into
the internal carotid artery, until the tip was positioned just proximal to the
middle cerebral artery (MCA). An autologous (50 mm long, 24 h old) blood clot
was slowly injected, followed by careful removal of the catheter. The wound was
closed and animals were prepared for MRI.

Pharmacological treatment
Directly after the first - pre-treatment - MRI scans (see below), at 135 ± 7 minutes
after stroke onset, animals were treated with an intravenous injection of 10
mg/kg, 3 mg/ml rtPA (Actilyse®, Boehringer Ingelheim, Alkmaar, The
Netherlands), of which 10% was given as a bolus, followed by continuous infusion
of the remaining 90% within 30 minutes. Then, the animals received an
intravenous injection of 2 mg/kg DXP, DXP-containing long-circulating liposomes
(LCL-DXP; equivalent to 2 mg/kg dexamethasone), or phosphate-buffered salinecontaining long-circulating liposomes (LCL). We chose a similar dosage as used in
two previous studies that demonstrated significant lesion reducing effects of
dexamethasone treatment in permanent MCA occlusion models in rats (Betz and
Coester 1990; Bertorelli et al. 1998).
Post-operative care included additional subcutaneous injections with 0.03 mg/kg
buprenorphine and 2.5% glucose in saline (2.5 ml). The animals were daily
weighed, and excessive weight loss during the first three days after stroke was
partly compensated with daily Ringer’s lactate administration (0-10 ml,
depending on amount of loss of body weight).

Dexamethasone-containing Liposomes Improve the Outcome after Ischemic Stroke

diameter and polydispersity of the liposomes were determined by dynamic light
scattering (ALV CGS-3, Malvern Instruments). All used liposomes had an average
diameter of around 100 nm and a polydispersity index smaller than 0.1 (i.e. close
to complete monodispersity). The DXP concentration in LCL-DXP was measured
using ultra performance liquid chromatography (UPLC) (Waters) equipped with
an Acquity UPLC BEH C18 column (Waters), using 1:3 acetonitrile in water (pH 2)
as eluent.

89

6
Neurological status
Neurological status after stroke was assessed with an adapted series of motor,
sensory and tactile tests (Reglodi et al. 2003) at 1 day before stroke (baseline), and
at days 1, 3 and 7 after stroke. First, animals were scored using the following
traits: gait disturbances; postural signs (when held by tail); lateral resistance
(when pushed sideways); forelimb placing (when approaching a table); grasping
strength and reflex; and spontaneous exploratory mobility. Total score ranged
from 0 (no deficit) to 22 (maximum deficit). Second, before stroke, rats were
trained to remove a paper adhesive (12 mm diameter) (Herma, Filderstadt,
Germany) from the distal radial part of both wrists (Schallert et al. 2000).
Removal time of the adhesive from the left (stroke-affected) wrist was recorded 1
day before and 1, 3 and 7 days after stroke. Third, before stroke and at day 7 after
stroke, rats were placed in a transparent cylinder (20 cm diameter; 30 cm height)
and forepaw placements were counted to calculate a forelimb usage asymmetry
score (Schallert, 2006).

In vivo MRI acquisition
MRI was conducted on a 4.7 T horizontal bore MR system (Agilent Technologies
Inc., Palo Alto, CA, USA), acutely (ca. 2 h) after stroke induction (i.e. pretreatment), and at follow-up days 1 and 7 after stroke (i.e. post-treatment).
Anesthesia was maintained by mechanical ventilation with 2% isoflurane in air:O2
(7:1), and animals were restrained in a MRI compatible holder with earplugs and a
toothholder. Body temperature was kept at 37.5 ± 0.5 ˚C. Expired CO2 levels were
monitored with a capnograph, and kept within physiological range by adjustment
of ventilation parameters when necessary.
For radiofrequency excitation and signal detection, we used an in-house
developed Helmholtz volume coil (90 mm diameter) and an inductively coupled
surface coil (25 mm diameter), respectively. The field-of-view was 32 x 32 mm2
with 1 mm slice thickness for all MRI acquisitions.
First, diffusion-weighted 8-shot echo planar imaging (EPI; repetition time (TR)
3500 ms; echo time (TE) 38.5 ms; b-values 0 and 1428 s/mm2; 6 diffusionweighting directions; data matrix size 128 x 128 x 19), was done for
reconstruction of quantitative maps of the apparent diffusion coefficient (ADC)
(van der Zijden et al. 2008).
Second, multiple spin-echo T2-weighted images (TR 3600 ms; TE 12-144 ms; data
matrix size 256 x 128 x 19) were acquired for reconstruction of quantitative T2
maps by non-linear least square fitting (van der Zijden et al. 2008).
Third, dynamic susceptibility contrast-enhanced (DSC) MRI was acquired using
gradient echo EPI (TR 330 ms; TE 25 ms; matrix size 64 x 64 x 5) in combination
with an intravenous bolus injection of 0.35 mmol/kg gadobutrol (Gadovist®,
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Image processing and analysis
MR images were processed by first segmenting brain parenchyma from
surrounding tissue using brain extraction tool (BET) (Smith, 2002). Then, images
were spatially aligned to a reference image template created from six control rat
brains, using a non-rigid alignment procedure (http://elastix.isi.uu.nl) (Klein et al.
2010). A reference brain T2 mask was obtained from T2 maps from 64 control rats.
Tissue with T2 values above the mean plus 4.5 times the standard deviation of
normal gray matter values were considered cerebrospinal fluid and excluded from
the reference mask. All subsequent image analyses were carried out in tissue
covered by this brain parenchyma mask.
Early prediction of brain tissue outcome was done by calculating risk of infarction
using a GLM, as previously described (Wu et al. 2001). In brief, T2, ADC, CBFi,
CBV, MTT, and Tmax values from acute post-stroke MRI scans, were combined in a
vector (x=(xi,..,xm), with m as the number of MRI parameters), and on a voxel-wise
basis linked to a binary outcome variable, with 0 representing non-infarcted
tissue and 1 representing infarcted tissue at outcome. Probability of infarction
was represented by the logistic function: (Pinfarct= 1/1+e-η(x) ),with η(x) as a link
function linearly linking input parameters xi to outcome yi and defined as η=α+βtx,
with β being the vector of weighting coefficients and α the bias or intercept term
of the GLM. Coefficients of the GLM were calculated using an iterative reweighted least squared algorithm using R software (www.R-project.org) based on
a separately acquired and carefully balanced training MRI dataset - with acute
scans at ca. 2 h post-stroke, and outcome scans at 3 days post-stroke - from 7
Wistar rats with permanent right MCA occlusion, allowing for unbiased
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Schering, The Netherlands). These scans were used for calculation of maps of
cerebral blood flow index (CBFi), cerebral blood volume (CBV), mean transit time
(MTT), and time-to-maximum bolus concentration (Tmax), using a tracer arrivalinsensitive deconvolution method with arterial reference signal detected from the
healthy hemisphere (Wu et al. 2003).
Fourth, a Look-Locker T1 MRI protocol was executed (8-shot Look-Locker
gradient echo EPI; image TR 8 ms; number of images 24; flip angle 10°; inversion
time 10 ms; TE 3.4 ms; total TR 5000 ms; matrix size 128 x 64 x 5), with 1 scan
before gadobutrol injection and 8 scans immediately after DSC MRI, i.e. from ca.
5 until 30 min after gadobutrol injection (temporal resolution: 199 s). T1 was
estimated from a non-linearly fit of the inversion recovery signal. The blood-tobrain transfer coefficient (Ki) was calculated by model-independent analysis from
linear least squares fitting of changes in tissue R1 (1/T1), with an input function
calculated from vascular R1 changes in the sagittal sinus (3 voxels) (Ewing et al.
2003).
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estimation of infarction risk under non-reperfusion conditions (Bouts et al.
2011). These were then applied in the GLM to calculate infarction risk maps
based on the acute MRI datasets from the current study.
Abnormal tissue on acute (i.e. 2 h post-stroke) ADC and follow-up (i.e. 7 days
post-stroke) T2 maps was identified as voxels with ADC and T2 values that were 2
standard deviations lower (ADC) or higher (T2) than the mean value in normal
appearing contralateral tissue (calculated from fifteen consecutive coronal brain
slices). The acute ischemic lesion was calculated as the tissue volume with
significant ADC reduction before treatment. Ultimate post-treatment lesion
volume was calculated based on abnormal T2 values at day 7. Acute infarction risk
maps of 4 consecutive slices located approximately between 0 and 4 mm posterior
to bregma, were subdivided in ipsilatearal areas of either less or more than 50%
GLM-predicted risk of infarction. The area with infarction risk values above 50%
was used to calculate the predicted infarction volume, expressed as percentage of
the ipsilateral hemispheric volume. Region-specific T2, ADC and hemodynamic
parameter values were measured in irreversibly damaged tissue, i.e. the ultimate
lesion volume; salvaged tissue, i.e. the difference between the predicted and
ultimate infarction volumes; and homologous contralateral counterparts.

Post mortem RT-PCR
After the MRI measurements at day 7, animals were sacrificed by an intravenous
overdose of pentobarbital (Alfasan, Woerden, Netherlands). Brains were excised,
and snap-frozen in liquid nitrogen.
Ipsi- and contralesional cortex and striatum were dissected out and total RNA was
isolated using Trizol® reagent (Invitrogen Carlsbad, CA, USA). RNA quantity and
purity were determined using ND-1000 micro-spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). 1 μg total RNA was reverse-transcribed
using a mixture of random primers (High Capacity cDNA Reverse Transcription
kit, Applied Biosystems). Real-time quantitative RT-PCR analysis was carried out
by SYBR green I dye detection (#11761500, Invitrogen) using the iCycler iQTM
Multicolor Real-Time Detection System (Bio-Rad). PCR primers were designed
with the aid of Primer3 software to bridge the exon–intron boundaries within the
gene of interest to exclude amplification of contaminating genomic DNA. RPL14
was the control gene that was used for normalization. Rat PCR primers for cluster
of differentiation molecule 11b (CD11b), cyclo-oxygenase 2 (COX-2), ionized
calcium binding adaptor molecule 1 (Iba-1), interleukin 1 (IL-1), interleukin 10
(IL-10), inducible nitric oxide synthase (iNOS), matrix metallopeptidase 9 (MMP9), transforming growth factor  (TGF-) and tumor necrosis factor  (TNF-)
(see Supplementary table in Supporting Information) were purchased from IDT
(Conda, Spain). Optimized thermal cycling conditions were: 1 min at 50 ºC, 8.5
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Statistics
Group differences were statistically analyzed using 1-way (repeated measures)
ANOVA (for body weight and MRI parameters), Friedman repeated measures
ANOVA (for behavioral scores), Kruskal-Wallis ANOVA (for lesion volumes),
paired Student’s t-test (for MRI parameters), or Wilcoxon signed rank test (for
behavioral scores, lesion volumes and inflammatory markers). Post-hoc analysis
was done with a Bonferroni t-test or Dunn’s test.

Results
Neurological status and body weight
All animals displayed neurological deficits after stroke. The neurological deficit
scores were highest at post-stroke day 1 in all groups, and partially normalized at
later time-points, although scores remained significantly increased as compared
to baseline in all treatment groups (Friedman test, P < 0.05; Dunn’s test, P < 0.05)
(Figure 1a). Times to remove adhesive from the affected forepaw were
significantly increased at post-stroke day 1 in the LCL- and DXP-treated animals,
and normalized thereafter (Friedman test, P < 0.05; Dunn’s test, P < 0.05) (Figure
1b). In the LCL-DXP treatment groups, however, adhesive removal times were not
significantly different from baseline at all post-stroke time-points (Friedman test,
P = 0.09). Significant asymmetric use of the forepaws at day 7 after stroke as
compared to baseline was observed in the empty LCL and free DXP treatment
groups (Wilcoxon test, P < 0.05), but not in the LCL-DXP treatment group
(Wilcoxon test, P = 0.44) (Figure 1c).
Post-stroke body weight loss was evident in all experimental groups (Figure 2).
Partial weight recovery commenced at 3-4 days after stroke in LCL- and DXPtreated animals, but this was not observed in the LCL-DXP-treated group. Body
weight from days 4 to 7 post-stroke was significantly lower after LCL-DXP
treatment as compared to empty LCL and free DXP treatment (one-way ANOVA,
P < 0.05; Bonferroni t-test, P < 0.05). Overall body weight loss, however, did not
exceed 25% for LCL-DXP treatment.
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min at 95ºC and 40 cycles of 15 s at 95 ºC, and 30 s at 60 ºC in which an optical
acquirement was performed. Data were collected after each cycle and were
graphically displayed (iCycler iQTM Real-time Detection System Software, version
3.1, Bio-Rad). Melt curves were performed upon completion of the cycles to
ensure absence of nonspecific products. Quantification was carried out from the
dilution curves and values were normalized against the RPL14 control gene.
Values are expressed as fold versus the contralesional cortex of the LCL treatment
group.
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Figure 1 Box plots of a. neurological
deficit scores b., time (s) of adhesive
removal from affected forepaw c., and
forelimb usage asymmetry scores, before and
after stroke in LCL, DXP and LCL-DXP
treatment groups.
*P < 0.05 vs. baseline

Figure 2 Box plots of relative body
weight (% of pre-stroke body weight at day
0) from day 1 to 7 after stroke.
*P < 0.05 vs. LCL and DXP
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Figure 4 ADC (acutely post-stroke, pre-treatment), CBFi (acutely post-stroke, pre-treatment),
infarction risk (acutely post-stroke, pre-treatment) and T2 (7 days post-stroke, post-treatment) maps of
coronal brain slices of a rat from the DXP treatment group. Acutely reduced ADC and CBFi values in the
ischemic territory corresponded with increased GLM-estimated infarction risk (>50%). Post-treatment T2
maps at day 7 revealed a smaller ultimate lesion as compared to the acutely predicted infarction area,
reflective of successful treatment-induced restriction of lesion progression.
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Figure 3 Box plots of lesion volumes
acutely post-stroke and before treatment
(based on brain ADC reduction), and at
day 7 post-stroke and after treatment
(based on brain T2 prolongation).

Brain lesion
Acute (i.e. 2 h post-stroke; pre-treatment) and ultimate lesion volumes (i.e. 7 days
post-stroke; post-treatment), characterized by significant ADC decline and T2
prolongation, respectively, were similar between groups before (Kruskal-Wallis
test, P = 0.94) and after treatment (Kruskal-Wallis test, P = 0.53) (Figure 3). There
was a tendency for lesion size reduction between pre- and post-treatment in the
LCL-DXP treatment group (Wilcoxon test, P = 0.11).
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Figure 4 shows representative multi-slice maps of tissue ADC, CBFi and infarction
risk – obtained acutely after stroke, before treatment – and multi-slice maps of
tissue T2 – obtained at 7 days post-stroke, after treatment with rtPA in
combination with free DXP. Acutely affected brain tissue exhibited significantly
reduced ADC and CBFi, however the area of hypoperfusion was larger than the
area with ADC reduction – i.e. perfusion-diffusion mismatch. This is illustrated by
the infarction probability maps, calculated from acute ADC, T2 and hemodynamic
parameter values, which revealed an area of infarction risk that is larger than the
acute lesion area on ADC maps. Nevertheless, in all treatment groups after 7 days,
ultimate lesion size – characterized by significant T2 prolongation – was
considerably smaller than the acutely predicted lesion size, which reflects
effective thrombolytic treatment.
Predicted infarction sizes, based on multiparametric MRI data before treatment,
were similar between groups (Figure 5). However, the difference between the
predicted infarction volume and the ultimate lesion volume – i.e. the tissue
volume that did not follow the prediction of becoming infarcted – was
significantly larger for LCL-DXP-treated rats as compared to LCL-treated animals
(Kruskal-Wallis test, P < 0.05; Dunn’s test, P < 0.05) (Figure 5), indicating that
more tissue volume than expected was salvaged in the LCL-DXP group compared
to the other groups.
Before treatment, tissue ADC was significantly reduced in the entire ischemic
area, affecting a volume of tissue larger than that of the final infarct at day 7
(Student’s t-test, P < 0.05 vs. contralateral, for all groups). At day 1 after
treatment, significant ADC recovery was evident in the salvaged area in the free
DXP and LCL-DXP groups, whereas ADC remained reduced in this area in empty
LCL-treated rat (Figure 6a). ADC (pseudo)normalization was observed in the
entire pre-treatment lesion area of all groups at day 7. Significantly prolonged T2
values were measured in both regions-of-interest of the acutely predicted
infarction at day 1 (1-way repeated measures ANOVA; P < 0.05; Bonferroni t-test,
P < 0.05, for all groups), which had recovered in the salvaged area at day 7 (Figure
6b). Thrombolysis-induced reperfusion after significant acute CBFi reduction
occurred in the entire ischemic area in all treatment groups (1-way repeated
measures ANOVA, P < 0.05; Bonferroni t-test, P < 0.05) (Figure 6c). At day 7 posttreatment, BBB permeability, measured as Ki, was significantly elevated in the
ultimate lesion in LCL-treated animals (1-way repeated measures ANOVA, P <
0.05; Bonferroni t-test, P < 0.05), but not in animals that received DXP in free (1way repeated measures ANOVA, P = 0.19) or LCL-encapsulated form (1-way
repeated measures ANOVA, P = 0.19) (Figure 6d).
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Figure 5 Box plots of ipsilesional volume
fractions of acutely predicted infarct before
treatment, and salvaged tissue that was
acutely predicted to infarct, but was not
recruited in the ultimate lesion at day 7
after treatment.
*P < 0.05 vs. LCL.

Figure 6 Relative ADC (a), T2 (b), CBFi (c) and Ki (d) (% of contralateral values) within the posttreatment ultimate lesion and salvaged tissue fractions of the pre-treatment predicted infarction volume,
at different post-stroke time-points. *P < 0.05 vs acutely (pre-treatment).
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Brain inflammatory markers
Relative mRNA expression of inflammatory and anti-inflammatory markers in
ipsi- and contralesional cortical and striatal tissue at day 7 post-stroke is
presented in Table 1. Significant upregulation of pro-inflammatory cytokines was
observed in the ipsilesional striatum of empty LCL- (i.e. TNF-), free DXP- (i.e.
IL-1) and LCL-DXP-treated animals (i.e. TNF-) (Wilcoxon test, P < 0.05), while
mRNA levels of other genes related to inflammatory response, i.e. Cox-2, MMP-9
and iNOS, were comparable between ipsi- and contralesional regions. The mRNA
expression of the leukocyte antigen CD11b was significantly upregulated in
ipsilesional tissue in all groups (Wilcoxon test, P < 0.05), and Iba-1, which is
specifically expressed by microglia and macrophages, was significantly increased
in ipsilesional striatal tissue in the empty LCL and free DXP treatment groups
(Wilcoxon test, P < 0.05). Significantly increased expression of the antiinflammatory cytokine IL-10 was observed in the ipsilesional cortex (DXP group)
and striatum (LCL and LCL-DXP group), as compared to contralesional (Wilcoxon
test, P < 0.05). High TGF-β mRNA levels were measured in the ipsilesional
hemisphere, which was statistically significant in DXP- and LCL-DXP-treated
animals (Wilcoxon test, P < 0.05).
 Table 1 Level of mRNA expression of various inflammatory markers in ipsi- and contralesional cortex
and striatum in rtPA plus empty LCL, free DXP or LCL-DXP treated groups at day 7 post-stroke (mean ±
SEM; normalized for the mean values in the contralesional cortex of the LCL group).
TNF-
LCL

IL-1

Cox-2

MMP-9

iNOS

Iba-1

C-cl 1.00±0.17 1.00±0.48 1.00±0.10 1.00±0.08 1.01±0.11 1.00±0.15

CD11b
1.00±0.09

IL-10

TGF-

1.02±0.11 1.00±0.10

C-il 1.49±0.26 2.45±0.97 1.11±0.11 0.85±0.10 0.97±0.29 3.01±0.70* 51.85±14.69* 1.28±0.17 3.78±0.94
S-cl 1.40±0.22 0.96±0.35 0.33±0.06 0.09±0.03 0.74±0.43 0.71±0.11

1.31±0.17

0.75±0.11 0.95±0.24

S-il 2.65±0.61* 2.19±1.06 0.33±0.05 0.08±0.02 1.30±0.82 1.33±0.51 24.79±11.26* 1.37±0.21* 3.40±1.58
DXP C-cl 1.21±0.38 0.94±0.40 1.04±0.13 0.98±0.09 0.39±0.14 1.04±0.30

1.06±0.27

0.71±0.18 0.97±0.09

C-il 2.02±0.62 1.91±0.52 1.17±0.30 0.96±0.21 0.61±0.31 2.08±0.58* 46.08±23.08* 1.35±0.23* 5.18±1.90*
S-cl 1.67±0.41 1.01±0.26 0.46±0.12 0.08±0.03 0.83±0.33 0.90±0.06

1.71±0.19

0.86±0.07 1.01±0.11

S-il 2.29±0.20 2.63±0.41* 0.46±0.13 0.13±0.04 0.72±0.32 1.75±0.41 30.48±7.51* 1.26±0.12 4.28±1.02*
LCL- C-cl 1.06±0.05 0.85±0.14 1.03±0.07 1.01±0.14 0.49±0.11 1.05±0.32

1.39±0.45

1.03±0.12 0.85±0.08

DXP C-il 1.54±0.26 1.32±0.12 1.16±0.14 0.96±0.08 0.60±0.12 2.11±0.54 33.39±7.58* 1.43±0.29 3.46±0.39*
S-cl 1.59±0.10 1.19±0.17 0.44±0.10 0.07±0.02 0.80±0.19 0.78±0.12

1.87±0.31

0.86±0.11 0.95±0.14

S-il 2.62±0.18* 1.96±0.40 0.33±0.03 0.08±0.02 0.63±0.23 1.50±0.31 35.26±10.20* 1.41±0.18* 4.70±1.17*

C-cl, contralesional cortex; C-il, ipsilesional cortex; S-cl, contralesional striatum; S-il, ipsilesional striatum.
*P< 0.05 vs. contralesional.
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This experimental study aimed to provide initial proof-of-principle for a novel
and more effective way to improve the outcome of stroke treatment after
thrombolysis, by combined treatment with rtPA and anti-inflammatory DXP in
liposome-encapsulated form. The recovery of neurological function and cerebral
lesions was assessed with a set of behavioral tests and multiparametric MRI-based
measurement of brain tissue status, respectively. The combination of rtPA and
LCL-DXP treatment at ca. 2 h post-stroke resulted in significantly better
neurological outcome as compared to rtPA in combination with empty LCL or
with free DXP. Furthermore, there was a tendency for a reduction in ischemic
lesion size at follow-up (i.e. 7 days post-stroke) in LCL-DXP-treated animals. This
could be directly measured from a considerably larger salvaged tissue area, as
calculated with a multiparametric MRI-based predictive algorithm.
The observed functional recovery and lack of predicted lesion expansion in all
treatment groups, can be explained by effective rtPA-induced reperfusion acutely
after thromboembolic stroke. All animals showed restoration of CBFi in the
ipsilateral hemisphere at days 1 and 7, with no differences between treatment
groups, indicating that the combination treatment did not interfere with rtPAmediated thrombolysis. This resulted in smaller ultimate lesion volumes as
compared to the predicted infarction size before treatment.
The calculation of infarction probability was done voxel-wisely with a GLM-based
predictive algorithm that we have previously applied and validated in rat stroke
models (Wu et al. 2007). This machine learning approach, with parameter settings
derived from a training dataset from animals with permanent MCA occlusion,
combines MRI data on acute tissue and perfusion status and calculates the
probability of infarction under natural conditions without intervention. This
implies that the predicted infarct includes hypoperfused areas that may not be
part of the acute ischemic lesion (such as detected with diffusion-weighted MRI),
but that are destined to infarct if no reperfusion occurs. This corresponds with
so-called perfusion-diffusion mismatch, which has been suggested to represent
salvageable – i.e. penumbral – tissue (Warach, 2001; Donnan and Davis 2002).
However, the perfusion-diffusion mismatch concept is under debate, as being an
oversimplification and inaccurate surrogate marker of the penumbra (Guadagno
et al. 2004; Heiss, 2010). Predictive algorithms that calculate infarction risk based
on multiple measures of tissue and perfusion status, have been suggested to offer
a more reliable continuous index of the heterogeneity of tissue condition,
including potential salvageability (Ostergaard et al. 2009; Wu et al. 2010). Our
study demonstrates that predictive modeling of lesion progression can be used to
directly assess the effect of therapeutic intervention. Although there were no
significant effects in final lesion sizes between groups based on interindividual
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analysis, the intraindividual difference between the predicted and ultimate
infarction sizes was significantly larger in the LCL-DXP treatment group,
suggesting that the proportion of salvaged tissue was larger in this treatment
group than in the other groups. Therefore, predictive algorithms may provide a
sensitive tool to measure subtle effects of therapeutic interventions on brain
lesion development.
The significant tissue ADC recovery at day 1 in the salvaged area of free DXP- and
LCL-DXP-treated animals, indicative of resolution of cytotoxic edema (Dijkhuizen
and Nicolay 2003) - which was not found in the LCL-treated animals - suggests
that DXP treatment contributes to a faster recovery of previously ischemic tissue.
This could be related to the edema-reducing capacity of dexamethasone; however,
we did not measure significant DXP treatment-induced diminishment of T2
prolongation, which is a marker of vasogenic edema (Dijkhuizen and Nicolay
2003). We speculate that DXP, in particular in liposomal form, reduces the
ischemia/reperfusion-associated inflammatory response, which would improve
neuronal and vascular recovery after thrombolytic therapy. This is supported by
the lack of significant BBB permeability (i.e., Ki) enhancement that we observed in
the lesion at day 7 in the free DXP and LCL-DXP treatment groups. On the other
hand, we did not detect considerable group differences in cerebral mRNA levels of
pro-inflammatory cytokines, microglia/macrophage markers or antiinflammatory genes. However, these measurements were done at the end of the
experiments (post-stroke day 7) at a relatively late stage after ischemic injury,
while the strongest anti-inflammatory and/or immunosuppressive effects of DXP
likely occurred predominantly in (sub)acute phases. Future systematic studies
that include assessment of LCL-DXP accumulation and inflammatory markers in
brain tissue at multiple post-stroke time-points are required to elucidate the
precise mode of action.
Animals treated with DXP, and in particular LCL-DXP-treated rats, showed
significant loss of body weight. Earlier studies have reported that repeated DXP
administration has a limiting effect on food intake and weight gain due to
influence on plasma leptin and hypothalamic serotonin concentrations (Jahng et
al. 2008). Nevertheless, overall body weight reduction remained within limits,
and animals did not display signs of discomfort and performed well in the
behavioral tasks.
Optimization of targeting of liposomes may be accomplished by conjugation with
ligands targeted to molecules that are upregulated in the vasculature of the
diseased area, as has been demonstrated with transferrin- (Omori et al. 2003) and
anti-actin-liposomes (Asahi et al. 2003) in experimental stroke models. In
particular for anti-inflammatory therapy, cell adhesion molecules on inflamed
endothelium may provide ideal targets. We have recently demonstrated specific
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accumulation of intercellular adhesion molecule-1-targeted liposomes in and
around experimental ischemic lesions in mice, which could be directly detected
with MRI (Deddens et al. 2012). This approach may be effectively exploited for
more efficient delivery and monitoring of drug-carrying liposomes as a treatment
against various diseases, including stroke, in future studies.
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Anti-inflammatory treatment after experimental stroke
The primary aim of this thesis was to establish the therapeutic potential of antiinflammatory treatment strategies with interferon-β and dexamethasone in
experimental animal stroke models. This has been specifically tested in Chapters
2, 3, 5 and 6. Therapeutic efficacy of interferon-β was limited or absent in our
studies, whereas liposome-encapsulated dexamethasone demonstrated to offer a
promising therapeutic option.

Interferon-β
Although interferon-β showed promising results with regard to lesion volume
reduction in a previous animal stroke study (Veldhuis et al. 2003), it was less
successful in our current experiments. It was tested for its outcome promoting
efficacy in a subarachnoid hemorrhage model (Chapters 2 and 3) and for its
ability to limit hemorrhagic transformation in an embolic stroke model (Chapter
5). However, while using the same dosage and administration strategy that was
proven beneficial in a rat transient MCA occlusion model in normotensive rats
(Veldhuis et al. 2003), interferon-β treatment did not improve neurological
recovery after experimental subarachnoid hemorrhage, nor did it prevent
hemorrhagic transformation or lesion formation in combination with rTPA
treatment after embolic stroke in hypertensive rats. However, there was an
evident beneficial effect of interferon-β in the lungs after experimental
subarachnoid hemorrhage (Chapter 3), as the upregulation of inflammatory
markers was found to be reduced.
The question arises what causes the difference between previous success and lack
of it in current results of interferon-β treatment at brain level. Since the animal
models are considerably different, the main factor might be the duration and
severity of the induced hypoxia. The proposed target of interferon-β is the
endothelium where it has been shown to reduce permeability (Kraus et al. 2008).
In our studies with models with more severe cerebrovascular injury, the affected
endothelium might have been damaged to such an extent (del Zoppo and
Mabuchi 2003) that therapeutic effects are unattainable. Lung tissue, however,
did not experience direct ischemic damage which might explain its amenability to
therapeutic efficacy as demonstrated in Chapter 3. Further pre-clinical evaluation
of interferon-β for lung treatment might include studies on its effect on nonseptic inflammation induced by mechanical ventilation (Grommes and Soehnlein
2011).

Dexamethasone in long-circulating liposomes
Dexamethasone, a drug that has been administered to stroke patients with
limited success (Sandercock and Soane 2011), was evaluated in an experimental
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thromboembolic stroke model, by administration via long-circulating liposomes
in combination with rTPA injection (Chapter 6). Improved functional recovery
and improved brain tissue recovery was observed. However, there was a large
enhanced effect on body weight loss, making it questionable whether this drug
delivery strategy is ready for translation towards clinical studies. A dose response
curve would be the next step in further elucidating the potential of
dexamethasone-loaded liposomes, in addition to elucidation of the mechanistic
effect of the enhanced body weight loss.

Weight loss and welfare monitoring
Body weight loss was one of the main side effects observed when applying antiinflammatory treatment strategies after experimental stroke. We found
significant weight loss in both interferon-β- and dexamethasone-treated animals
compared to their placebo-treated counterparts (Chapters 2, 5 and 6). This is in
line with other studies in which weight loss after anti-inflammatory treatment
was reported for both interferon-β (Maier et al. 2006) and dexamethasone (Jahng
et al. 2008) treatments. The suggested cause for weight loss with interferon-β
therapy is hepatic injury caused by hepatotoxic effects which can result in
lethargy or anorexia (Tremlett and Oger 2004). For dexamethasone the cause
seems more complicated. On the one hand implications on leptin concentrations
have been suggested (Jahng et al. 2008), leading to a change in food uptake
behavior. However, if this effect is also eminent with long-circulating liposomes is
questionable since these liposomes do not penetrate the brain easily, unless the
blood-brain barrier is damaged, which is plausible after stroke, but then only in
effected regions. On the other hand, biodistribution studies with dexemathasoneloaded long circulating liposomes demonstrated prolonged accumulation,
particularly in the liver (Anderson et al. 2010), which could also influence weight
conditions.
Unfortunately our studies do not provide information on the mechanistic
relationship between inflammatory treatment and body weight loss. Still, it is a
parameter that should be included in scientific reports on anti-inflammatory
treatment studies. Significant weight loss is often used as a humane endpoint in
animal experiments. This makes treated animals more likely to be excluded then
their placebo counterparts, unbalancing the population used for outcome studies.
The animal welfare officers of our institution acknowledged this problem and
therefore allowed more weight loss and cooperated towards a switch to close
welfare monitoring of animals with excess weight loss. Careful observation of
other welfare parameters like (in)activity, (absence of) pilo-erection and other
factors, did not reveal enhanced suffering related to excessive weight loss. This
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demonstrates that a decent choice in animal welfare monitoring, well determined
treatment-related side-effects, and close cooperation with qualified welfare
officers, are of major importance to prevent bias and increased animal use.

Evaluating the use of animal stroke models
The models used in this study were chosen based on the highest construct
validity. This is the similarity between the mechanism underlying the behavior of
a model in relation to the condition that is being modeled (van der Staay et al.
2009). Additionally an enhanced face validity was pursued, which is based on the
apparent symptomatic similarities (van der Staay et al. 2009).

Subarachnoid hemorrhage
Longitudinal development of tissue and perfusion parameters after the acute
stage in experimental subarachnoid hemorrhage models have not been
characterized as well as in focal ischemia models. A study by van den Bergh et al.
(2005) has demonstrated vessel diameter reduction at day 2 after subarachnoid
hemorrhage in rats, and suggested this was the equivalent of cerebral vasospasm
seen in human patients. However, our perfusion MRI measurements did not
confirm the previous observed association with reduced perfusion of lesioned
areas. On the contrary, we found hyperperfusion in these regions, up to at least
day 7 but especially at day 2 after experimental subarachnoid hemorrhage
(Chapter 3), which seems to be in contradiction with most findings in human
patients. Clinical cases as well as the experimental counterparts should be further
evaluated to see whether pathological progression in this rat subarachnoid
hemorrhage model mimics clinical conditions, and whether ischemic lesion
progression is linked to delayed vasospasm. A strong indicator for delayed
cerebral ischemia could be based on behavioral monitoring, since the important
complication described as delayed cerebral ischemia is generally diagnosed with a
reduction in neurological function (van Gijn et al. 2007). Impaired neurological
function in subarachnoid hemorrhage models is already used as a parameter to
establish acute severity of subarachnoid blood disposition (Sugawara et al. 2008).
In Chapter 4 we observed a secondary reduction in neurological function at day 3
which could indicate delayed cerebral ischemia. MRI experiments at day 2 were
performed under prolonged anesthesia however, which has a high impact on the
condition of the animals. This cannot be excluded as a major confounder for the
temporal reduction in neurological performance, in parallel with or instead of the
suggested delayed cerebral ischemia. Therefore constant behavioral monitoring of
subarachnoid hemorrhage animals, without further interference, could be an

110

7

Thromboembolic stroke
Within the embolic ischemia model the occlusion of the middle cerebral artery is
induced by a blood clot as it is typically seen in ischemic stroke in humans. This
similarity with the clinical setting, comes with a price however, which is the
increased lesion variability of the embolic stroke model as compared to other
models (Liu et al. 2009; Howells et al. 2010). Not only the size of the induced
lesion, but also the time until thrombolysis-induced reperfusion can vary
considerably. The latter is probably based on the variability of access of rTPA to
fibrin due to differences in clot constitution (Niessen et al. 2003). This has a
major influence on hemorrhagic transformation (Kimura et al. 2008) and strongly
influences outcome (Hacke et al. 2008). Despite these limitations the
thromboembolic model has high construct validity. It also has the highest
predictive validity (van der Staay et al. 2009) with respect to treatment efficacy,
since the only effective acute ischemic stroke therapy in the clinic - thrombolysis
with rTPA - has a proven benefit in this pre-clinical model (Cheng, 2004). This
drug, due to its mechanism of action, only shows efficacy in the thromboembolic
animal model and not in the frequently used filament model (Meng et al. 1999).
Thrombolytic treatment is not without risk as rTPA itself or its interaction with
the clot can affect endothelial function and cause hemorrhagic transformation
(Gautier et al. 2003; Kahles et al. 2005).
In humans, differentiation exists between white fibrin-rich arterial clots, mostly
originating from the carotid artery and accounting for the majority of strokes,
and red erythrocyte-containing venous clots, mostly originating from the left
atrium (Ferro, 2003). We primarily aimed to establish a model with white clots,
based on studies by Busch (et al. 1997), but failed to reproduce this model
reliably. We investigated the impact of clot constitution, focusing on erythrocyte
content, and concluded that a more reliable occlusion in rats was possible with
larger red clots. We suggested that a substantial erythrocyte content is necessary
for successful occlusion (Tiebosch et al. 2007). Therefore we switched to the
model described by Zhang et al. (1997) leading to more successful occlusions.

General Discussion

important lead towards establishment or denial of both the face and predictive
validity of this model for subarachnoid hemorrhage.

Strain differences
Spontaneously hypertensive rats (SHR) were used in Chapter 5 because of their
vulnerability to develop hemorrhagic transformation after embolic stroke and
thrombolytic treatment (Brinker et al. 1999), which was the primary outcome
parameter in Chapter 5. After successful occlusions in these animals (Chapter 5),
we started a new study in normotensive Wistar rats (Chapter 6) and found less
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profound acute lesion development, as delineated by reductions in the apparent
diffusion coefficient (lesion volumes:133.8 ± 84.6 mm3 in SHR; 38.4 ± 33.6 mm3
in Wistar rats, P < 0.001). These values were found even with the use of 5 mm
long blood clots in Wistar rats instead of the 3.5 mm long clots used in SHR
(chapter 5 and 6). The differences cannot be attributed to differences in occlusion
sites, since MR angiography demonstrated clear obstruction of either internal
carotid artery or middle cerebral occlusion in both rat strains (data not shown).
Wistar rats are known to develop smaller lesions when the middle cerebral artery
is obstructed compared to spontaneously hypertensive rats (Barone et al. 1992;
Howells et al. 2010). None of both strains have a great variety of vascular varieties
as seen in some other strains like Sprague Dawley (Howells et al. 2010). We
hypothesize that the difference is most probably caused by more profound
development of dorsal anastomoses which have been demonstrated to be
abundant in Wistar rats (Coyle and Jokelainen 1982), compared to spontaneously
hypertensive rats (Coyle and Jokolainen 1983).

Evaluating treatment effects with MRI
During the trials described in this thesis, multiparametric MRI was used as one of
the main tools to assess the progression of experimental stroke lesions. The most
important goal was to establish the treatment effect of the chosen drugs. The
MRI findings coincided with the other used outcome measures, especially
functional recovery. Our studies have resulted in valuable insights into the
progression of stroke lesions, in particular into the progression of
pathophysiological processes after experimental subarachnoid hemorrhage
(Chapter 4). In Chapter 6, we demonstrated how the wide array of parameters
measured could be exploited to the full potential, by using multiparametric
analysis and predictive modeling (Wu et al. 2007). Our findings show that the
used therapeutics can result in a significant deviation of the outcome from the
predicted lesion progression. In vivo MRI allows serial measurements starting
with pre-treatment data, offering the powerful option to directly measure
treatment effects on an intra-individual basis.

Translational pre-clinical evaluation
The studies in this thesis are an important contribution to improve pre-clinical
evaluation of anti-inflammatory treatment after stroke. Adequate pre-clinical
testing is required for choosing the optimal anti-inflammatory treatment before
the initiation of clinical trials can be considered (Del Zoppo, 2010), in order to
prevent exposure of patients to non-effective drugs. Proving efficacy has been a
challenge in the studies described. Firstly, the combination of different therapies
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in Chapter 5 and 6 made it difficult to prove the efficacy of these therapies. In
these studies, anti-inflammatory treatment was combined with the current
standard acute ischemic stroke treatment of thrombolysis with rTPA. It has been
proven earlier that combination therapies complicate experimental setup (Saver
and Kalafut, 2001), which was partly circumvented by excluding the placebo
groups of the proven rTPA treatment. Secondly, the studies in Chapters 2 and 3
were performed in a pathology (subarachnoid hemorrhage) with a poor prognosis.
When mortality is not altered by the treatment used, a large number of animals is
required to demonstrate efficacy on recovery.
Despite these complexities, publication of our results is an obligation. When
negative findings remain unpublished this may contribute to publication bias,
which is a major and not to be underestimated problem in the field of
(neuro)science (Sena et al. 2010; Dirnagl and Lauritzen, 2010). A major issue is
the power calculation (Schlattman and Dirnagl 2010) which, as we experienced,
becomes more important with negative results. According to regulations the
group sizes should be calculated a priori. This is driven by the principle that the
power of a study that does not reject the null hypotheses (which states that there
is no difference of a given parameter between groups) is low by definition. A
retrospective power analysis serves no purpose other than to answer a hollow
question (Hoenig and Heisy, 2001). Therefore we did not perform retrospective
power calculations nor add more animals to our studies. This theoretical
paradigm does not imply that there is no potential for the anti-inflammatory
treatments that gave negative results. The studies described in this thesis add to
the extensive research that has been performed on inflammation and antiinflammatory treatment after stroke (Del Zoppo, 2010; Wang, 2010; Macrez et al.
2011). The final proof of benefit can only be established after several models and
species have been used for testing (Howells et al. 2010). Secondly dose-response
curves would further increase our knowledge (S.T.A.I.R., 1999) and might expose
unknown balances between detrimental side effects and therapeutic efficacy.
Despite these possible improvements, our experimental set-up was adequately
designed and our analyses were based on a broad array of outcome parameters.
The results of our experiments do not currently support that anti-inflammatory
treatment with interferon-β is ready for translation to clinical stroke trials,
whereas dexamethasone-loaded long-circulating liposomes in combination with
thrombolysis provides a promising treatment strategy within ischemic stroke,
which should be further explored pre-clinically.
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Een beroerte is een aandoening die veel voorkomt en een enorme impact heeft op
de patiënt, maar waarvoor nauwelijks behandelingen in de acute fase beschikbaar
zijn. De twee hoofdvormen zijn het herseninfarct, meestal veroorzaakt door een
verstopping van een slagader door een bloedstolsel, en de hersenbloeding. Er is
voor de acute behandeling van infarcten een therapie beschikbaar met het
bloedstolsel-oplossende middel rTPA, maar dat kan alleen tot 4,5 uur na begin
van de beroerte worden toegediend, omdat anders het infarct kan transformeren
naar een hersenbloeding (hemorragische transformatie), wat meer schade
veroorzaakt. Ook treden er bij hersenbloedingen veel complicaties op. In dit
proefschrift richten wij ons op de hersenvlies-, ofwel subarachnoïdale bloeding.
Deze aandoening ontstaat als een vaatuitstulping (aneurysma) van één van de
slagaders die de hersenen van bloed voorzien, scheurt. Er komt dan veel bloed
tussen het hersenvlies en de hersenen te zitten in de ruimte waarin zich ook het
hersenvocht bevindt. Ongeveer 40% van de patiënten die slachtoffer worden van
deze aandoening sterven, zelfs indien ze tijdig in het ziekenhuis worden
opgenomen.
Patiënten die een beroerte overleven blijven vaak psychologisch of lichamelijk
afhankelijk van zorg van hun omgeving. Het invoeren van nieuwe therapieën om
het herstel te bevorderen zou de enorme schade die een beroerte nu toebrengt
kunnen beperken. Hiervoor is echter gedegen preklinisch onderzoek nodig. Het
onderzoek wat in dit proefschrift is beschreven, maakt hiervan deel uit.

Doelstelling
De doelstelling van de studies in dit proefschrift was om vast te stellen of het
remmen van de ontstekingsreactie na een beroerte kan leiden tot een verbeterd
herstel. Van ontstekingsprocessen wordt steeds duidelijker dat deze zowel na een
herseninfarct als na een hersenbloeding een negatieve rol lijken te spelen. Het
beschadigde deel van de hersenen zendt signalen uit die o.a. witte bloedcellen
activeren. De witte bloedcellen die deel uitmaken van ons immuunsysteem
dringen de hersenen binnen met als doel de dode cellen op te ruimen, maar
richten in eerste instantie vaak meer schade aan dan dat ze bijdragen aan herstel.
Daarom wordt gedacht dat in de eerste periode het remmen van de
immuunsysteem-respons tot een vermindering zou kunnen leiden van de
negatieve gevolgen na een beroerte. Binnen deze studie is een tweetal
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ontstekingsremmers (interferon-β en dexamethasone) getest in klinisch relevante
diermodellen van beroerte. De gebruikte medicijnen worden reeds in andere
ziektebeelden toegepast, waardoor ze bij een positief resultaat direct zouden
kunnen worden ingezet in klinische studies.

Resultaten
Als eerste is interferon-β (IFN-β) getest. Deze ontstekingsremmer zou specifiek
werkzaam zijn in de hersenen en wordt al gebruikt bij de behandeling van
multiple sclerose. IFN-β is onder anderen getest in een diermodel van
subarachnoïdale bloeding. Er is gekeken of deze stof in staat is om het brein beter
te laten herstellen en complicaties te voorkomen (Hoofdstuk 2). Er zijn echter
geen duidelijke verschillen in herstel waargenomen qua functie en breinschade.
IFN-β bleek echter wel in staat om de longen te beschermen tegen schadelijke
ontstekingsfactoren (Hoofdstuk 3), die regelmatig gezien worden in de longen
van patiënten na een subarachnoïdale bloeding, vooral bij patiënten bij wie
mechanische beademing noodzakelijk is.
Daarnaast is IFN-β getest in een diermodel van hemorragische transformatie van
herseninfarcten na behandeling met rTPA. Behandeling met IFN-β gaf geen
verbetering van functioneel herstel en/of vermindering van hemorragische
transformatie (Hoofdstuk 5).
De tweede onstekingsremmer die is getest was dexamethason, een krachtige
variant van prednison, wat momenteel reeds gebruikt wordt bij tal van
aandoeningen waarbij ontsteking of hersenzwelling een rol speelt. Behandeling
met dexamethason had in het verleden wisselende effecten na een beroerte en
werd al praktijkondervindelijk in mensen getest, zonder positief resultaat, mede
gezien de vele bijwerkingen. Binnen deze studie is dexamethason echter
toegediend verpakt in liposomen (vetbolletjes). Omdat hersenvaten vaak lekken
na een beroerte, vooral in combinatie met rTPA behandeling (wat ook kan leiden
tot hemorragische transformatie), werd een hoge lokale dosis verwacht met
verlengd effect, terwijl de lichaamsdosis kan worden beperkt. Herstel van
anatomische hersenschade werd aangetoond en er trad functioneel herstel op,
maar er was ook aanzienlijk gewichtsverlies (Hoofdstuk 6). Het uitzoeken van de
oorzaak achter deze bijwerking is van wezenlijk belang, voordat onderzoek in de
kliniek gerechtvaardigd is.
Het gevolg en het herstel van een beroerte zijn binnen deze studies in de tijd
vervolgd met de nieuwste ‘magnetic resonance imaging’ (MRI) technieken. Dit geeft
goed het verloop van de ziekte weer en het eventuele effect van de behandeling in
het levende dier. Door gebruik van MRI zijn niet alleen minder dieren nodig, het
geeft ook inzicht in het verloop van het ziektebeeld in de gebruikte diermodellen.
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Er is bekeken hoe parameters die met MRI gemeten worden, veranderen in relatie
tot uitkomst van het ziektebeeld, zoals de mate van afgestorven hersenweefsel en
het functioneel herstel ervan. Beschrijving hiervan kan leiden tot een betere
patiënt-specifieke diagnose en behandeling.
In diermodellen van subarachnoïdale hersenbloedingen is nog weinig bekend van
doorbloedingspatronen en het ziekteverloop op latere tijdstippen, die met MRI
kunnen worden gemeten. Eén van onze studies toont een toegenomen
doorbloeding aan in beschadigd weefsel wat zou kunnen betekenen dat lokale
vaten niet meer adequaat hun doorbloeding regelen (Hoofdstuk 4). Dit zou de
eerder beschreven verlaging van de hersendoorbloeding als gevolg van
vaatspasmen in de grote slagaderen teniet kunnen doen.

Conclusie
Ontstekingsremmende therapie is de opzet van vele klinische studies bij
patiënten met een beroerte. De keuze is in veel gevallen gebaseerd op preklinische
dierstudies, zoals ook wij die hebben uitgevoerd. In het verleden zijn
tegenvallende resultaten van dergelijke studies vaak niet gepubliceerd, waardoor
een zogeheten publicatie-bias is ontstaan en de resultaten van dierstudies
rooskleuriger lijken dan in de klinische praktijk.
Wij hebben helaas geen positief effect gevonden van ontstekingsremmende
therapie met interferon-β bij beroerte en subarachnoïdale bloedingen (met
uitzondering van een beschermend effect op de longen). Wel vonden wij een
positief effect van dexamethason verpakt in liposomen op het weefselherstel in
het brein. Onze data leveren daarmee een bijdrage aan het onderzoek dat moet
leiden tot een weloverwogen keuze van nieuwe ontstekingsremmende therapieën
voor patiënten met een beroerte.
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