


- the same conclusion i.e. vasoconstriction, at the level of microcirculation, plays
an important role in the causation of post hemorrhagic cerebral ischemia
(Schubert, Seiz et al. 2009; Schubert, Seiz et al. 2011). Moreover, Uhl et al, ac-
tually, demonstrated microvasospasms affecting cérebral microcirculation in pa-
tients with aneurismal subarachnoid hemorrhage (Uhl, Lehmberg et al. 2003).
However, none of these clinical studies were done within the very first few hours
following the hemorrhage, and hence, little is known about the pathological
events that occur immediately after aneurismal subarachnoid hemorrhage in
humans. Revisiting the statistics of the outcome of aneurismal SAH shows that
16% of all patients who suffers from SAH die before they reach medical care,
which practically implies they die within the first few hours following SAH
(Pobereskin 2001; Macpherson, Lewsey et al. 2011). This fact shows the prog-
nostic importance of the pathological events within this short period of time after
SAH and the need to understand these events in order to develop appropriate

. therapeutic measures that will help improve the outcome of these patients. Our
data have shown that within an hour after experimental subarachnoid hemor-
rhage, large areas of the middle cerebral artery microcirculation are affected by
miérovasospasm and microthrombosis severe enough to cause cerebral ische-
mia. This conclusion is drawﬁ from two main obsérvations noted from our data.
First, a closer look at the percentage of reduction of the vascular diameter at the
sites of vasospasms shows that 28.4% of all vasospasms resulted in at least
30% reduction of the vascular diameter, and a further 32% of all vasospasms

has led to a reduction of the vascular diameter by 20-30% (Fig. 7).The effects of
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such reductions in vascular diameter on blood flow within any particular blood
vessel can be drawn from Hagen- Poiseuille law, which indicates that vascular
blood flow decreases by r* (r is the diameter). Hence, reduction of the vascular
diameter by, for example, 30% will reduce vascular blood flow by 81% indicating
marked réduction of flow in blood vessels affected by such degree of vaso-
spasms. The effect of reduction of vascular diameter on blood flow is expected
to be exacerbated by microthrombi, the presence of which indicates occlusion of
the vascular Iﬁmen and cession of blood flow within the affected segments irre-
spective of the vascular diameter. Overall, 56% of all the vessel segments inves-
tigated in this study were affected by either vasospasm or thrombosis (or both).
Second, both vasospasm and thrombosis predominantly affected the small arte-
rioles and capillaries (Fig.14 & 15), and because these are mostly end arteries,
their occlusion is likely to result in cerebral ischemia. Whether the same vascular
changes happen during the same period of time in patients with aneurismal
subarachnoid hemorrhage and to the same extent and severity rerﬁains to be

seen.

Microthrombosis has also been repoﬁed in a number of clinical studies in pa-
tients with aneurismal subarachnoid hemorrhage. In a very interesting autopsy
study published in 2006 on 29 patients who died from aneurismal subarachnoid
hemorrhage, Stein et al. demonstrated that microthrombi are present in abun-
dance in these patients, and their presence is strongly correlated with clinical
and pathological signs of ischemia (Stein, Browne et al. 2006). These autopsy

findings were further supported by radiological studies in living patients with an-
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eurismal SAH showing widéspread radiological changes across both cerebral

hemispheres consistent with microembolic occlusion of cerebral microcirculation

(Kivisaari, Salonen et al. 2001; Romano, Forteza et al. 2002; Rabinstein,

Weigand et él. 2005). The strongest evidence was reported by Romano et al.,

' whb demonstrated microembolic signals on transcranial Doppler u_Itrasonogra-.
phy studies in 16 out of 23 patients (70%) with aneurismal subarachnoid hemor- -
rhage (ARomano, Forteza et al. 2002). These autopsy and radiological evidence
of widespread microthrombosis in cerebral microcirculation in patients with an-
eurismal subarachnoid hemorrhage are supported by several herhatological

- studies which showed activation of coagulation system as well as fibrinolytic
system early during the course of aneurismal subarachnoid hemorrhage (Fujii,
Takeuchi et al. 1995; Peltonen, Juvela et al. 1997; Nina, Schisano et al. 2001;
Morga, Czépko et al. 2007). Morga et al. measured the plasma thrombin-
antithrombin-3 complex (TAT) (a marker for coagulation system), and D- dim-
mers (markers for fibrinolytic system) in 72 patients with aneurismal SAH at the
time of admission, and 7'days after aneurysm surgery, and compared them with
to those of 84 patients without SAH. They concluded that SAH causes activation
of both coagulation and fibrinolytic system and such activation is associated with
poor clinical status at the time of admission and poor outcome later (Morga,
Czepko et al. 2007). Similar findings were reported by Nina et al., who showed
evidence of early activation of coagulation and fibrinolytic system in a series of
76 patients with SAH, and found a strong correlation between the plasma

thrombin-antithrombin-3 (TAT) and D dimmers levels and the clinical outcome of
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these patients (Nina, Schisano et al. 2001). Few other studies have confirmed
this strong correlation between the scale of derangement of hemostatic cas-
cades and the clinical outcome of patients with aneurismal subarachnoid hemor-
rhage (liveskero S Fau - Juvela,. Juvela S Fau - Siironen et al. ; Kusanagi H Fau
- Teraméto, Teramoto A Fau - Shimura et al. ; ltoyama, Fujioka et al. 1994; Fujii,
' Takeﬁchi et al. 1995). Such is the extent of this correlation that some authors
regard markers of coagulation state in the early periods after aneurismal sub-
arachnoid hemorrhage as independent factors in determining the patients’ out-
come after aneurismal subarachnoid hemorrhage (Fujita K Fau - Tamaki and
Tamaki ;'Juvela S Fau - Siironen and Siironen ; Nina, Schisano et al. 2001;
Morga, Czepko et al. 2007). (Sehba, Mostafa et al. 2005). Studies that compare
the levels of these markers in the CSF and jugular venous biood to that of sys-
temic venous blood have shown that these markers are much higher in the CSF
and jugular venous blood compared to systemic levels, indicating that the hy-
percoagulability state after subarachnoid hemorrhage originates from the cere-
bral circulation (Denton, Robertson et al. 1971; Juvela, Hillbom et al. 1991). The
mechanisms responsible for activation of coagulation system after aneurismal
subarachnoid hemorrhage are not clear. It's speculated to be caused by release
of tissue thromboplastins from damaged brain tissue into the circulation
(Yamamoto, Clower et al. 1991; Fuijii, Takeuchi et al. 1995). Platelets function in
humans during the early stages after aneurismal subarachnoid hemorrhage is
poorly understood. Most of the data in literature on platelets function in patients

with aneurismal subarachnoid hemorrhage came from Juvela and colleagues in
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Helsinki, Finland. They have shown, in numerous studies, increased platelets
aggregation and thromboxane release during the course of delayed cerebral
vasospasm, suggesting a causative role for pIateIéts aggregation and throm-
boxane in the development of delayed cerebral vasdspasm and delayed ischem-
ic neurologfcal deficit in patients with aneurismal subarachnoid hemorrhage
(Juvela 1990; Juvela, Kaste et al. 1990; Juvela, Kaste et al. 1990; Juvela,
Ohman et al. 1991). There are similar reports of platelets activation and aggre-
gation at later stéges after experimental subarachnoid hemorrhage in animals
(Denton, Robertson et al. 1971; Ohkuma, Suzuki et al. 1990; Ohkuma, Ogane et
al. 1993; Pisapia, Xu et al. 2011). HoWever, Platelets aggregates in the lumen of
small parenchymal vessels causing perfusion deficit have been demonstrated as
early as 10 minutes after experimental subarachnoid hemorrhage in two studies
by Sehba et al. (Sehba, Mostafa et al. 2005; Friedrich, Flores et al. 2010). Inter-
estingly, they reported the presence of constricted vessel segments in otherwise
normal vessels located next to these platelets aggregates (Friedrich, Flores et
al. 2010). The mechanisms behind platelets activation and aggregation following
subarachnoid hemorrhage are not fully understood. Endothelial injury, leading to
loss of normal endothelial inhibitory effect on platelet aggregation, is regarded
as a potential mechanism responsible for platelets aggregation in parenchymél
vessels after SAH (Ohkuma, Suzuki et al. 1990; Ohkuma, Ogane et al. 1993;
Akopov, Sercombe et al. 19.96). Another important mechanism thought to play a
key role in plate!ets activation and éggregation after subarachnoid hemorrhage

is NO depletion (Sehba, Schwartz et al. 2000; Friedrich, Flores et al. 2010). Un-
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der normél physiological conditions, NO inhibits platelets adhesion and aggrega-
tion. Therefore, depletion of NO from the vessel wall, which is known to occur
after SAH, will likely remove its inhibitory effec’(s on platelets adhesion and ag-
gregation, Ieading to platelets aggregation within the vascular lumen (Friedrich,

Flores et al. 2010).

Two previous experimental studies (Friedrich, Flores et al. 2010; Friedrich, Mul-
ler et al. 2011) have shown that, microthrombi and microvasospasms are pre-
dominantly found adjacent to each other in the same vessel. This observation
suggests either a common pathology is rﬁediating both microvasospasm and
microthrombosis, or they both play a part in the formation of one another. It's al-
so possible that both scenarios occur at the same time. NO depletion is likely to
be the common pathology that has the potential to result in the formation of both.
Oxyhemoglobin induced NO depletion from the vascular wall is now seen as the
most likely mediator of post hemorrhagic microvasospasms (Jung Cs Fau -
luliano, luliano Ba Fau - Harvey-White et al. ; Pluta ; Nozaki, Moskowitz et al.
1993; Pluta, Dejam et al. 2005; Jung, Oldfield et al. 2007; Sehba and Bederson
2011). I's also believed that lack of NO increases platelets activation and ag-
gregation (Yamamoto, Clower et al. 1991; Friedrich, Flores et al. 2010), and al-.
ters the antithrombotic broperties of the endothelial cells (Yamamoto, Clower et
al. 1991; Ohkuma, Ogane et al. 1993); botlh actions can lead to the formaﬁon of
microthrombi in the vascular lumen. Reduction of the vessel diameter at the site
of microvasoépasm leads to reduced blood flow through the vessel flumen, and if

that is severe enough, it can cause stasis of blood proximal to the constriction.
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As we know, stasis is a strong predisposing factor for the formation of thrombi
within any gi\}en blood vessel. Once a microthrombus is formed it can either re-
main at the same size, or increase in size and occupy a longer segment of the
arteriolle through the phenomena 6f thrombus propagation. This explains the two
~ types of microthrombi we encountered in this study (Fig. 9-12). The observation‘
that microthrombi were detected mainly at the proximal end of the constricted
segments perfectly support this hypothesis. On the other hand, microthrombi
can also cause or potentiate the formation of microvasospasm (Okada,
Copeland et al. 1994; Park, Yamaguchi et al. 2004). Platelets activation and ag-
gregation which occur at the site of microthrombi lead to release of
thromboxanes (Juvela 1990; Juvela, Kaste et al. 1990; Juvela, Kaste et al. 1990;
Juvela, Ohman et al. 1991) and other potent vasoconstrictors such as ADP, ser-
otonin and PDGF (Okada, Copeland et al. 1994; Park, Yamaguchi et al. 2004)
from platelets into the surrounding, and these are carried distal to the thrombus,
where the vasoconstrictions occur. The host likely scenario is that
oxyhemoglobin induced NO depletion causes both microvasospasm and vaso-
constriction, and both then act in a synergistic manner to potentiate each other.
This hypothesis is supported by our findings and the findings of others, which
showed that there is a strong correlation between the distribution of both
microvasospasms and microthrombi (Honma, Clower et al. 1989; Yamamoto,
Clower et al. 1991; Stein, Browne et al. 2006) and the presence of perivascular
or subarachnoid blood, and also by the fact that the status of coagulation after

aneurismal subarachnoid hemorrhage correlates well with the amount of sub-
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arachnoid blood as shown in many studies (Fujii, Takeuchi et al. 1995; Morga,

Czepko et al. 2007).

4.4. Perivascular blood and the etiology microvasospasm and microthrombosis

The second aim of the intra-vital microscopy study was to investigate the role of
perivascular hemoglobin in the etio]ogy of NO depletion that will eventually re-
sults in microvasospasm and microthrombosis, by es-timating the degree of cor-
relation between the distribution of mirovasospasms and microthrombi and the
presence of perivascular blood. Our findings showed a very strong correlation
between the presence of microvasospasm and microthrombi in the blood ves-
sels and the presence of perivascular blood adjacent to the vessel wall. The
contents of perivascular blood were examined by Pluta and colleagues in a
model of subarachnoid hemorrhage where they plaée clotted arterial blood over
the right middle cerebral artery in monkeys. They found the levels of
oxyhemoglobin and deoxyhemoglobin in the perivascular fluid increase during
the development of delayed cerebral vasospasm (Pluta, Afshar et al. 1998). De-
spite the limitations of the model used in comparison with the endovascular per-
foration model, and their focus on delayed cerebral vasospasm, the results of
their study provide a strong link between elevated level of perivascular hemo-
globin concentration and cerebral vasospasm. Our study is the first to describe a
closer correlation between acute microcirculétory ischemic changes and the

presence of perivascular blood in direct contact with the adventitia of blood ves-
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sels. By establishing this strong link between perivascular blood and the devel-
opment of microvasospasm and microthrombi, and taking into account the pres-
ence of normal plasma hemoglobin levels at the time of these observations, we
add to the evidence supporting the theory that, blood and blood products, pre-
éent in the perivascular space and coating cerebral arterioles, play a causative
role in the etiology of microvasospasm, and microthrombi, leading to occlusion
of cerebral microcirculation, which is ultimately responsible for post hemorrhagic
cerebral ischemia in patients with SAH. These findings are consistent with those
of Fisher and Kistler et al. who have shown, in two consecutive studies, that the
volume and distribution of blood within the subarachnoid space determine the
distribution and the severity of vasospasm in patients with SAH (Fisher, Kistler
et al. 1980; Kistler, Crowell et al. 1983; Findlay, Macdonald et al. 1991). They
concluded from their studies that, by quantifying the subarachnoid blood volume
on the CT scan of these patiénts we can accurately predict whether or not they
are going to develop vasospasm and, accordingly, ensure appropriate prophy-
lactic measures against cerebral vasospasm. In their famoﬁs autopsy study;
Stein et al. found a strong correlation between the presence of microthrombi and
the overlying subarachnoid blood (Stein, Browne et al. 2006). The extent of acti-
vation of the coagulation and fibrinolytic cascade, which is seen early after aneu-
rismal subarachnoid hemorrhage is also shown to be proportionate to the
amount of subarachnoid blood identified on the CT scans of these patients (Fuijii,
Takeuchi et al. 1995; Morga, Czepko et al. 2007). There is further evidence in

the literature which can explain the mechanisms by which perivascutar hemo-
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globin can cause NO depletion. Intense NOS activity has been detected in the
nerve endings in the adventitia of cerebral vessels of monkeys (Pluta, Thomp-
son et. al. 1996), rats and humans (Nozaki, Moskowitz et al. 1993), adding an-
other important source of NO for the vessel wall. These adventi.tial NOS con- '
taining nerves mediates neurogenic cerebral vasodilatation (Toda and Okamura
1990; Todé and Okamura 1991; Nozaki, Moskowitz et al. 1993; Pluta, Thomp-
son et al. 1996). It has been shown that these nerve endings are damaged in
vessels exposed to blood or oxyhemoglobin (Toda and Okamura 1990}). Fur-
thermore, more recent reports confirmed the disappearance of NOS activity from
the édventitial nerve endings in cerebral vessels in spasm, while at the same
time immunoreactivity of endothelial NOS was preserved in these vessels
(Pluta, Thompson et al. 1996) . This will clearly suggest the loss of vasodilatory
input from the adventitia in response to the presence of blood in the perivascular
space, is a key element in the etiology of post hemorrhagic cerebral vasospasm.
These findings, together with the findings of Fisher and Kistler et al. of a rather
localized nature of post hemorrhagic cerebral vasospasm, mostly in areas with
subarachnoid blood, are inconsistent with an exclusively intravascular origin for
the etiology for vasospasm, as intravascular pathologies are more likely to be
more generalized. The results of our two studies together, i.e. the strong corre-
lation between the presence of perivascular blood and the development of
microvasospasm and microthrombosis, and the observation of normal plasma
hemoglobin level at the time of vasospasm and microthrombosis, are also in-

consistent with an intravascular pathology. Hence, NO depletion after subarach-
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noid hemorrhage is uniikely to be due inhibition of endothelial NO synthase by
increased intravascular hemoglobin. Perivascular hemoglobin, scavenging the
available NO and, at the same time, inhibiting NOS in the adventitial nerve end-
ings leading to depletion of NO from the vessel wall, seems to be, in our opinion,
the more likely mechanism of NO depletion, which is thought to be responsible
for acute cerebral vasospasm after subarachnoid hemorrhage. The potential
therapeutic implication of the extra-vascular pathogenesis of post hemorrhagic
cerebral vasospasm is that any therapeutic agent has to be able to reach the

perivachIar space to have the desired effects.

45, Oxyhemdglobin: the principle agent responsible for vasospasm

The hemogldbin metabolites which have been linked with a.possible role in cer-
ebral vasospasm are oxyhemoglobin, bilirubin_and methemoglobin.
Methemoglobin.is a product of autoxidation of oxyhemoglobin, while bilirubin is
the result of enzymatic breakdown of oxyhemoglobin. Several studies have
s;hown bilirubin does not possess vasospasmatic action on cerebral arteries in
vitro (Macdonald and Weir 1991). Although elevated levels of bilirubin have
been detected in CSF of patients with SAH, these Ievel§ were not associated
with vasospasm (Suzuki, Muramatsu et al. 2003). Most in vivo studies on
methemoglobin concluded that it has no vasoconstriction effect on cerebral ar-
~ teries (Macdonald, Weir et al. 1991). Oxyhemoglobin, on the other hand,

showed definite spasmodic action when applied to cerebral arteries (Macdonald,
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Weir et al. 1991), and its levels were elevated in the perivascular fluid of cere-
bral arteries affected by vasospasm (Pluta, Afshar et al. 1998). Therefore, of all
the hemoglobins, oxyhemoglobin is regarded as the principal pathogen respon-
sible for alteration of vascular physiology after subarachnoid hemorrhage
(Asano ; Kajikawa H Fau -‘Ohta, Ohta T Fau - Yoshikawa et al. ; Macdonald,
Weir et al. 1991; Pluta, Oldfield et al. 1997). The mechanisms by which
oxyhemoglobin causes vasospasm, are not fully understood. Possibilities in-
clude: scavenging (Goretski and Hollocher 1988; Ignarro 1990; Sehba, Schwartz
et a-l. 2000) and decrease production (Martin, Villani et al. 1985; Sehba,
Schwartz et al. 2000) of NO, the release of free radicals (Misra and Fridovich
1972; Gao, Ding et al. 2009; Munakata, Ohkuma et al. 2011), the initiation and
propagation of lipid peroxidation causing increased production of vasoactive
eicosanoids and endothelins (endothelin 1) from arterial wall (Toda 1990), induc-
tion of structural_damage to the arterial wall (Ostrowski, Colohan et al. 2006),
stimulation of neuronal apoptosis (Cabhill, Calvert et al. 2006; Cheng, Wei et al.
2009), and evoking of an inflammatory reaction through increased expression of
 cell adhesion molecules which leads to rolling, adhesion and extravasation of
leukocytes (Momin, Schwab et al. 2009). These actions are complex and closely
connected and ultimately result in imbalance of the autoregulation of the vascu-

lar tone in favor of vasoconstriction.
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4.6. Clinical trials against vasospasm

The mechanisms of action of oxyhemoglobin, which are proposed to explain its
role in the etiology of vasospasm, have been the basis of clinical trials looking
for effective therapies that can reduce the incidence of post hemorrhagic cere-
bral vasospasrﬁ and improve the outcome of patients with aneurismal subarach-
noid hemorrhage. The most recent example is the endothelial receptor antago-
nist, clazosentan, clinical trials (Vajkoczy, Meyer et al. 2005; Macdonald, Kassell
et al. 2008; Macdonald, Higashida et al. 2011). These trials are based on the
observations that oxyhemoglobin causes increased production of endothelin -1,
which is a potent vasoconstrictor protein (Kasuya, Weir et al. 1993), and the
findings of elevated levels of endothelin-1 in the cerebrospinal fluid of human
and animals with post hemorrhagic cerebral vasospasm (Pluta Rm Fau - Boock,
Boock Rj Fau - Afshar et al. ; Seifert, Loffler et al. 1995; Zimmermann and Sei- |
fert 1998). The latest report on these trials is phase 3 of randomized double-
bl‘ind, placebo- controlled trial of the endothelin-1receptor antagonist,
clazosentan (Macdonald, Higashida et al. 2011). This is a large multi-center clin-
ical trial involving 1157 patients with aneurismal subarachnoid hemorrhége, in
27 countries, over a period of 18 months. Despite significant reduction of the in-
cidence of moderate to severe vasospasm in patients treated with clazosntan in
this trial, there was no significant improvement in morbidity or mortality or func-
tional outcome. This efficacy against angiographic vasospasm, which did not
translate into improved clinical outcome, have prompted the investigators in this

clinical trial to conclude that, factors other than delayed cerebral vasospasm
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contribute to ischemic brain injury and poor functional outcome after aneurismal
subarachnoid hemorrhage. These factors, in their opinion, are likely to be micro-
circulatory dysfunction and early brain injury. The findings of our current study
point towards a similar conclusion; i.e. microcirculatory failure, due to vaso-
spasm and thrombosis across cerebral microcirculation in the acute stages of
subarachnoid hemorrhage, is a major contributor to ischemic brain injury and

poor functional outcome after aneurismal subarachnoid hemorrhage.

Other clinical trials based on other mechanisms of action of oxyhemoglobin have
also been unsuccessful in improving patients’ outcome. Tirilazad, a free radical
scavenger and an inhibitor of lipid peroxidation, was used in five randomized,
double-blind and placebo-controlled clinicai trials fo assess its effects on unfa-
vorable outcome, symptomatic vasospasm and cerebral infarction after aneu-
rismal subarachnoid hemorrhage (Kassell, Haley et él. 1996; Haley, Kassell et
al. 1997; Lanzino and Kassell 1999; Lanzino, Kassell et al. 1999). The resulits
from these trials showed that although tirilazad did decrease the incidence of
angiographic vasospasm, it did not improve the clinical outcome of patients with
aneurismal subarachnoid hemorrhage (Jang, llodigwe et al. 2009). Statiné,
which have an anti-inflammatory effects and upregulate endothelial NO syn-
thase, have also been used in clinical trials to test its efficacy against angio-
graphic vasospasm and poor functional outcome after aneurismal subarachnoid
hemorrhage (Lynch, Wang et al. 2005; Tseng, Czosnyka et al. 2005; Tseng,
Hutchinson et al. 2007; Chou, Smith et al. 2008; Vergouwen, de Haan et al.

2010). The results from these trials were conflicting, but overall it did not have
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beneficial effects on angiographic vasospasm or the patients’ outcome

(Vergouwen, de Haan et al. 2010).

4.7. Nitric oxide donors: promising therapeutic potential

The hypothesis that hemoglobin induced NO depletion is responsible for post
hemorrhagic cerebral vasospasmvhas gain support from the success of thera-
pies based on repletion of NO in tackling vasospasm and improving outcome of
patients with aneurismal SAH. Administration of nitric oxide, through various
routes, successfully ameliorates the development of vasospasm both in clinical
and experimental settings (Thomas Je Fau - Rosenwasser and Rosenwasser ;
Egerhen, Turker et al. 1993; Thomas, Nemirovsky et al. 1997; Pluta, Dejam et
al. 2005). Afshar et al. showed, in an experimental subarachnoid hemorrhage in
moﬁkeys, that intracarotid infusion of NO solution increases cerebral blood flow,
decreases vascular resistance and reverse angiographic vasospasm without
producing profound systemic hypotension (Afshar, Pluta et al. 1995). More re-
cently, Momin et al. implanted an NO donor molecule (diethylenetriamine
(DETA)/NO incorporated into ethylene/vinyl acetate (EVAc) polymers) into the
cisterné magna of mice that are genetically susceptible to post hemorrhagic
vasospasm (haptoglobin 2-2 mice), to evaluate the role of continuous delivery of
NO on vasospasm. In this study, they shown that controlied release of NO into
the subarachnoid space prevents vasospasm and, more importantly, minimizes

- neurological deficit in these mice (Momin, Schwab et al. 2009). These encourag-
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ing results of NO don_ors from experimental studies were translated into clinical
research, which is so far showing promising results.

Various preliminary clinical studies on small numbers of patients using
intrathecal or intraventrjcular sodium nitroprusside, an NO donor molecule, for
the treatment of severe post hemorrhagic vasospasm refractory to conventional
therapy have, indeed, shown good to excellent outcome {Thomas and McGinnis
2002; Pathak, Mathuriya et al. 2003; Agrawal, Patir et al. 2009). Raabe et al.
studied the effects of intraventricular administration éf sodium nitroprusside on
cerebral hemodynamics in 13 patients suffering from severe refractory vaso-
spasm following aneurismal subarachnoid hemorrhage (Raabe, Zimmermann et
al. 2002). In 6 of the 13 patients enrolled in the study, intraventricular sodium
nitroprusside produced a marked improvement in cerebral circulation time (CCT)
and brain tissue oxygenation (Pbro2), reflecting an improved cerebral blood flow:
(Raabe, Zimmermann et al. 2002). In another study, Thomas et al. studied the
effects of intrathecal sodium nitroprusside (ITSN) on treatment and prevention of
angiographic vasospasm and ischemic neurological deficit in 21 patients with
poor grade aneurismal subarachnoid hemorrhage (Thomas, Rosenwasser et al.
1999). In 12 patients in this study, iTSN was administered after the onset of se-
vere angiographic vasospasm and resulted in reversal of the vasospasm, de-
creased cerebral circulation time and improved clinical outcome. In 9 other pa-
tients ITSN was administered prophylaétiéally and was successful in preventing
vasospasm and ischemic neurological deficits. All the patients in this study have

favorable outcome (Thomas, Rosenwasser et al. 1999). In a similar study
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Agrwal et al. used intraventricular sodium nitroprusside to treat 10 patients with
poor grade subarachnoid hemorrhage (Hunt and Hess grade 2 and higher) and
compared the outcome to 10 patients with similar grades who served as controls
(Agrawal, Patir et al. 2009). All 10 patients who received the IVSN showed im-
proved cerebral blood flow on transcranial Doppler studies,.and the overall clini-
cal outcome was good or excellent in 7 of those 10 patients (Agrawal, Patir et al.
2009) . Although a substantial vasodilation of large-caliber cerebral vessels in
response to SNP was demonstrated in these studies, its beneficial effects are
more likely to be due to its vasodilatory effects on small biood vessels at the lev-
el of cerebral microcirculation. This is reflected by improvement of collateral cir- |
- culation, shortening of circulation time, sometimes without dramatic change in
the diameter of the large-caliber vessels, which have aiso been noted after ad-
ministration of SNP in these studies (Thomés, Rosenwasser et al. 1999; Raabe,
Zimmermann et al. 2002; Agrawal, Patir et al. 2009). The predominant effect of
SNP on small blood vessel which is concluded from these studies is consistent
with the nature of NQ molecule as the smaliest biologically active molecule in
nature, making it capable of penetrating tissues directly (Thomas, Rosenwasser
et al. 1999). Relatively thinner walls of smaliler vessels render them more sus-
ceptible to the effects of NO donors adminisfered to the adventitia (in this case
intraventricular or intrathecal) causing them to respond faster, therefore improv-
ing cerebral blood flow (Thomas Je Fau - Rosenwasser and Rosenwasser ;
‘Raabe, Zimmermann-et al. 2002; Thomas and McGinnis 2002). In addition, the

NO molecule will also be able to penetrate the brain tissue and the subarach-
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noid clot and the perivascular blood that coats the blood vessels in order to
reéch the vascular wall and exert its desired effects. This is clinically very rele-
vant, because local administration via intrathecal or intraventricular route is not
only effeétive in reducing the risk of ischemié brain damage, but also minimizes
the hypotensive and other undesired side effects of NO donors which are more
likely to occur with systemic administration. It's also noted that continuous or re-
peated administration of SNP is more efficient and produce better outcome than
administration. of a single dose (Thomas, Rosenwasser et al. 1999). In some
cases vasospasm redeveloped a few hours following single dose administration
(Thomas, Rosenwasser et al. 1999). This has been explained by the fact that
oxyhemoglobin rapidly absorb the NO that is delivered with single dose admin-
istration, whereas intermittent or continuous administration will provide constant
subply of NO that overwhelms oxyhemoglobin scavenging capacity (Thomas,
Rosenwasser et al. 1999). Overall, the findings from nitroprusside studies and
those from experimental studiesi on NO donors for the treatment of vasospasm
points towards a key role for microcirculatory dysfunction in the etiology of is-
chemic brain damage and poor functional outcome after aneurismal subarac;h-
noid hémorrhage. The results of our current studie§ are in line with these find-

ings.

76



4.8. Weaknesses of the study

There are some limitations to our current study. Although the study showed evi-
dence of microcirculatory occlusion as early as one hour after the hemorrhage,
it's still unclear how soon after subarachnoid hefnorrhage these changes start to
occur. As the period immediately after subarachnoid hembrrhage has the high-
est montality rate (Pobereskin 2001; Macpherson, Lewsey et al. 2011), it will be
intriguing to study cerebral circulation immediately after subarachnoid hemor-
rhage i.e. as close to the moment of the hemorrhage as possible. If it's proven
that these changes occur right after the hemorrhage, as we expect, then that will
confirm the role of microcirculatory failure in the etiology of post hemorrhagic
cerebral ischemia throughout all the stages after subarachnoid hemorrhage.
Theoretically, that means that early microthrombosis and microvasospas‘m rep-
~ resent a target for noVe! therapeutics techniques that will lower the overall mor-
tality and morbidity from subarachnoid hemorrhage. More importantly, it will pro-
vide hope to lower the pre-hospital mortality (the highest mortality group) if any
therapy against vasospasm and thrombosis can be delivered to patients before
they reach medical care. On the other hand, if raised ICP is the reason behind
this high pre-hospital mortality, it will be practically impossible to address and
the mortality at this stage will remain high.

The other limitation of the study is that the technique only allows imaging of ves-
sels on tﬁe surface of the brain. It's not clear from the study if these changes oc-
cur in parenchymal blood vessels. Although we are not able to show it 'yet, we

expect these changes to affect the parenchymal vessels as well. Although it's
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not formaily and statistically proven in this study, we could notice from some im-
ages that perivasculariblood follows blood vessels as they leave the surface of
the brain heading deep into the parenchyma (Fig. 5). As perivascular blood is
shown to strongly associate with microthrombosis and microvasospasm on the
surface, it's expected that the same occur at the parenchymal level. Most of the
.studies that reported microthrombosis in patients with éneurismal subarachnoid
hemorrhage have shown these microthrombi mainly occur in the deep parts of
the brain (kivisaari, Salonen et al. 2001; Romano, Forteza et al. 2002;
Rabinstein, Weigand et al. 2005; Stein, Browne et al. 2006). We are not aware
“of any clinical study showing vasoconstriction in deep parenchymal blood ves-
sels, but most experimental studies so far describing microthrombosis have
shown that microthrombi are accompanied by microvasospasm in most cases

(Friedrich, Flores et al. 2010).
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CHAPTER 5

CONCLUSIONS & RECOMMENDATIONS FOR FUTURE
RESEARCH
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5.1. Conclusions

This study shows as early as one hour after subara;:hnoid hemorrhage there are
changes in cerebral microcirculation in the form of microvasospasms and
microthrombosis that are severe enough and extensive enough to cause cere-
 bral ischemia. The presence of these changes in cerebral blood vessels was
shown to strongly correlate with the presence of perivascular blood, suggesting
a causative role for blood and blood products that are in direct contact with the
adventitia of blood vessels in the development of microvasospasm and
microthrombosis after subarachnoid hemorfhagé. It's known from the literature
that oxyhemoglobin is the most important blood product in\)olved in the etiology
of vasospasm. The presence of normal plasma hemoglobin after subarachnoid
hemorrhage, along with the strong correlation between micrdvasospasm and
microthrombosis and the presence of perivascular blood, as shown in this study,
support the widely accepted theory that perivascular oxyhemoglobin is respon-
sible for the development of post hemorrhagic vasospasm through depletion of
nitric oxide from the vessel wall. These findings suggest that microcirculatory
failure plays a significant role in the etiology of the early brain injury that occurs
after aneurismal subarachnoid hemorrhage and accounts for the high mortality
and morbidity associated with the disease. NO deplétion from the vessel wall,
which is induced by perivascular oxyhemoglobin, is the most.likeI.y mechanism
responsible for acute microcirculatory failure and the early brain injury that fol-

lows and results in high morbidity and mortality after subarachnoid hemorrhage.
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5.2. Recommendation for future research
As expected with any experimental study, the findings from this study bring
some important questions. Based on the results of this study we can make the

following suggestions for future research:

1- Examination of the microcirculation deep in the brain‘ parenchyma after sub-
arachnoid hemorrhage

It will be very interesting to examine the parenchymal microcirculation to see if
microvasospasm occurs in parenchymal vessel as well, and to see if perivascu-
lar blood follows the cerebral vessels deep in the brain tissue. 'fhis can be
. achieved by using the intravital microscopy model as described here, with the
only modification being using two photon imaging modality, instead of the cam-

era we used in this study.

2- Investigation of the therapeutic potentials of NO donors and hemoglobin
scavengers

We conclude by supporting the role of adventitial oxyhemoglobin induced NO
depletion in the etiology of microvasospasm and microthrombosis which'is re-
sponsible for cerebral ischemia and early brain injury after subarachnoid hemor-
rhage. Therefore, in theory, in order to prevent or reverse vasospasm and
thrombosis, NO has to be constantly delivered to the vessel wall, ‘or

oxyhemoglobin completely removed from perivascular space.
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NO donors

NO donors that provide NO to the vessel wall have already been used in prelim-
inary clinical studies, and the results from these are so far encouraging. Larger
multicentre clinical trials are needed to test the efficacy of NO donors in revers-
ing vasospasm and improving clinical outcome in patients with aneurismal sub-

arachnoid hemorrhage.

Hemoglobin scavengers

Removél of oxyhemoglobin from perivascular space can, in theory, be achieved
either surgically or chemically. However, it's practically impossible to surgical
remove all the perivascular blood in cases of aneurismal subarachnoid hemor-
rhage because blood spread along blood vessels across both hemispheres, and
the obvious difficulfy of achieving this at hicrocirculatow level. The other option
is to chemically remove oxyhemoglobin from the perivascular space by deliver-
ing hemoglobin scavengers such as haptoglobin into the perivéscular space.
Haptoglobin is a naturally occurring plasma protein predominantly synthesized
in the liver as an acute response protein (Zhao, Song et al. 2009). lts main phys-
iological function is to bind and neutralized cell free hemoglobin (Boretti Fs Fau -
Buehler, Buehler Pw Fau - D'Agnillo et al. ; Asleh, Guetta et al. 2005; Levy,
Asleh et al. 2010). It has been shown that haptoglobin reverses the vascular
complications of cell freé hemoglobin seen in conditions associated with raised
intravascular hemoglobin such as sickle cell disease and cerebral malaria

(Boretti Fs Fau - Buehler, Buehler Pw Fau - D'Agnillo et al.). Haptoglobin is also
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broduced by oligodendroglial cells in the brain where it serve to protéct neurons
against the cytotoxic effects of hemoglobin through its powerful scavenging ef-
fect on cell free hemoglobin (Zhao, Song et al. 2009). Zhao et aIv. have shown
that pharmacological or genetic induction of the synthesis of haptoglobin in the
brain reduces the extent of brain damage after intracerebral hemorrhage in ani-
mals (Zhao, Song et al. 2009; Zhao, Song et al. 2011). |

Therefore, with the proven efficacy of haptoglobin against complications caused
by cell free hemoglobin in other diseases, further résearch can be conducted to
test the efficéCy of haptoglobin in reducing vasospasm and thrombosis in cases
of subarachnoid hemorrhage. In theory, there are two ways by which
haptoglobin can be delivered onto the adventitial site of blood vessels, where
the oxyhemoglobin is anatomically located: genetically or pharmacolqgical in-
duced overproduction ofl haptoglobin in the brain tissue, or surgical administra-
tion into the CSF circulation through the ventricle or subarachnoid cisterns.
However both techniques are likely to have some limitations to overcome in or-
_ der to produce any desired effects. Surgical administration will have the fimita-
tion caused by the fact that CSF circulation is disturbed in subarachnoid hemor-
rhage, which might hinder the delivery of CSF haptoglobin to areas of the brain
affected by vasospasm. Pharmacological induction of overproduction of
haptoglobin might be technically more feasible, but is expected to require time
before it produces sighificant increases‘ in hapfbéldbin levels in the brain tissue
that are capable of producing the desired effect. Nonetheless, these foreseen

limitations should not prohibit research into the therapeutic potential of
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haptoglobin and other hemoglobin scavenger in aneurismal subarachnoid hem-

orrhage, at least at experimental level.
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Appendix 1
Ethical approval

Royal College of Surgeons in Ireland

The Research Ethics Committee

12) S1.-Srephens Green, Dublin 2, Ireland.

Tel: 4353 1 4022373 Fax: +353 1 4022449 Email: recadmin@rcsi.ie

Dr. David Smith, Acting Chair
Mz. Stephanie O’Connot, Convenor

Roval College of Surgeons in Trelund
Coldiste Rioga wa Mdinled in Eirinn

21% October, 2010

Mr Khalid Abubaker,

Department of Neurodegeneration,
Royal Coliege of Surgeons‘in Ireland,
123 St. Stephen’s Green,

Duhlin 2.

Ireland

Ethics Reference No: | REC586

Project Title: | Mechanisms of brain damage following subarachnoid
haemorrhage

Researchers Name: | Mr Khalid Abubaker
Other Individuals Involved: | Professor Nikalaus Plesnila, RCSI
Professor Ciaran Bolger, RCS|

Dear Mr Khaild Abubaker,
Thank you for your well written Research Ethics Committee (REC) application.

We are pleased to advlse that ethical approval has been granted by the committee for this study.

This letter provides approva! for data collection for the time requested in your application and far an
additional 6 months. This is to allow for any unexpected delays in proceeding with data collection.
Therefore this research ethics approval will expire on 217 April, 2013,

Where data collection is necessary beyond this point, approval for an extension must be sought from the
Research Ethics Committee. -

This ethical approval is given on the understanding that: -

e All personnel listed in'the appraved application have read, understand and are thoroughly familiar
with all aspects of the study.

s Any person using an animal for scientific purposesis in possession of a valid license from the
Department of Health and Children for the project.

s A maximum number of 600 animals (mice) will be used for this study.

* Any significant change which occurs in connection with this study and/or which may alter its ethical
consideration, must be.reported immediately to the REC, and an ethical amendment submitted
where appropriate.

We wish you oll the best with your research.

Yours sincerely,

év\_
PP Ms. Stephanie O’Connor (Convenor)
Dr David Smith (Acting Chair)

1810- 2010 t

1. Shepben’s Gress
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Appendix 2 Animal license
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Ref. B 100/4341
02/09/2010

Dr Nikolaus Plesnila

Rogal College of Surgeons Ireland
123 St Stephens Green

Dublin 2

CRUELTY TO ANIMALS ACT, 1876

As amended by European Communities (Amendment of Cruelty to Aninvils Act 1876)
Regulation» 2-002 and 2005

A Chira

[ am to forward herewith a licence which has been granted to you by the Minister for
Health and Children to enable you to perform experiments on live animals under the
Cruelty to Animals Acl 1876 a5 amended. Certificates A & B have been noted.

Your licence now expires on the 27th August 2015 and if you require any further
licences it will be necessary for you to re-appIX before that time. Please allow
sufficient time for the application to"be processed. Any new experiment which has not
been detailed in your application for this licence will require re-application.

Mise le meas
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Environmental Health Unit
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Appendix 3

SAH Protocol
Department of Neurodegeneration, RCS/
Dr. Knalid Abubaker, Ref (8100/4299).
SAH protocol
Experiment: : Date
Protocol: : . | REC No:
586
Mouse No:
Sex: Male Female
Strain: C57 BI6 TIE2GFP ~ Thy1CFP
Weight: g
Start: . h End:___:  h
Anaesthesia: Isoflurane: ‘ concentration % duration sec
T‘riple combination (I.P) dose: Induction: ____ml maintenance: _ ml
Right temporal mini-craniotomy for ICP probe: StartTime: __ :  h End Time:
: h
ICP monitoring: Start Time: ___:_ hvalue: SAH Time: _:__h value:
End__ : hValue
Carotid preparétion: starttime: ___ : h endtime: ___ : h
Right femoral artery catheterization: Start: ___:_h End:___:__ h ABG sam-
pling: Y/N :

Cranial window:
IVM:
Brain extraction:

Specials:

Signature:
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Appendix 4

Protocot for measurement of plasma hemoglobin

Protocol for measurement of plasma hemoglobin
Anesthesia; triple combination

Surgery: supine position, Coronal incision below the diaphragm. Gentle dissection
while dissecting skin and opening the peritoneum to avoid bleeding and minimize tissue
trauma.

Make a small incision on the right part of the diaphragm. Extend the incision gently on
to the left side, care not to cause bleeding by damaging the inferior vena cava or the
heart. ‘

Isolate the heart and position it so the right ventricle is clearly seen.

Aspiration of blood: use appropriate needle size needle to avoid hemolysis, {(not too big
to cause trauma to the heart or too small to cause hemolysis while aspirating). Normally
size 23G.

The syringe is coated with heparin by installing one drop of heparin into it and rinsing
‘the whole length of it with this one drop and then aspirating to dryness ( So that no
drops of heparin left over in the syringe).

Aspirate blood from the heart very gently: avoid turbulence at any stage. Special atten-
tion when withdrawing the needle from the heart, make sure there is no negative pres-
sure in the syringe because this will cause turbulence and hence hemolysis.

Aspirate 500 to 600uL of blood in 1 ml syringe pre-coated with heparin as mentioned
above.

Remove the needle and gently empty the blood into heparin coated Eppendorf tube.

Pre-coat the Eppendorf tube by filling it with heparin and then aspirate to dryness (so
that no heparin drops are left behind).

Centrifugation:

1000 CPM for 10 min+ 1600 CPM for 20 min

Aspirate 50-100 pL of plasma into 1000 pL tube
Compléte to volume to 1000 QL by adding distilled water
Spectrophotometry:

Get the absorbance at 562, 578 , 598 wavelengths.
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Apply the results into this equation; 155XE578-81xE562-69XE598
Multiply the resuit by the dilution factor |

The result is plasma hemoglobin concentration in mg/dl.
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