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Intrathecal Fibrinolytic Therapy after 
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ABSTRACT: Because of the naturally low fibrinolytic activity of CSF many erythrocytes entrapped in subarachnoid 
blood clot undergo hemolysis in situ, releasing vasogenic oxyhemoglobin (OxyHb) in high concentrations around the 
basal cerebral arteries. In order to promote more rapid clearance of erythrocytes from the basal subarachnoid cisterns 
we are currently investigating intrathecal thrombolytic therapy with human, recombinant, tissue plasminogen activator 
(rt-PA) in a primate model of subarachnoid hemorrhage (SAH) and cerebral vasospasm (VSP). In the present study 16 
monkeys were divided into 4 groups of 4, and each group received a different dose of sustained-release gel rt-PA at the 
time of experimental SAH. Cerebral angiography seven days later showed that whereas no VSP occurred in the groups 
receiving 0.5 or 0.75 mg of rt-PA, mild to moderate VSP occurred in the groups receiving 0.125 or 0.25 mg of rt-PA. 
Analysis of the combined 2 smaller dosage groups revealed significant (P<0.05) reduction of lumen caliber in the clot-
side internal carotid (C3 and C4), proximal anterior cerebral (Al) and middle cerebral (MCA) arteries. Gross subarach
noid clot remained in all of the animals in the 0.125 and 0.25 mg dose groups, in 2 of the animals in the 0.5 mg dose 
group, and none of the animals in the 0.75 mg dose group. It was concluded that 0.75 mg of gel rt-PA is sufficient to 
completely lyse a 4.25 ml SAH and prevent VSP in our primate model. The literature on fibrinolysis and erythrocyte 
clearance in cerebrospinal fluid (CSF) is reviewed. 

RESUME: Therapie fibrinolytique intrathecal apres une hemorragie sous-arachnoidienne: Etude posologique 
chez un primate et revue de la litterature A cause du bas niveau naturel d'activite fibrinolytique du LCR, plusieurs 
erythrocytes isol6s dans un caillot sanguin sous-arachnoidien s'hemolysent in situ, liberant de l'oxyhemoglobine 
(OxyHb) tres concentree autour des arteres de la base du cerveau. Afin de favoriser l'elimination plus rapide des ery
throcytes des citernes sous-arachnoidiennes de la base, nous etudions presentement une therapie thrombolytique 
intrathecale avec un activateur du plasminogene tissulaire humain, produit par technique de recombinaison (rt-PA), 
utilisant comme modele un primate avec homorragie sous-arachnoidienne (HSA) et vasospasme cerebral (VSP). Dans 
cette etude, 16 singes ont ete repartis en 4 groupes de 4 sujets et chaque groupe a recu une dose differente d'une prepa
ration retard sous forme de gel de rt-PA au moment de l'HSA experimentale. Une angiographic cerebrale pratiquee 
sept jours plus tard a montre qu'aucun VSP ne s'est produit dans les groupes recevant 0.5 ou 0.75 mg de rt-PA, alors 
qu'un VSP leger a modere s'est produit dans les groupes recevant 0.125 ou 0.25 mg de rt-PA. L'analyse des donnees 
combinees des 2 groupes recevant les doses les plus faibles a montre une reduction significative (P < 0.05) du calibre 
de la lumiere de la carotide interne (C3 et C4), de la cerebrale anterieure proximale (Al) et de la cerebrale moyenne 
(ACM) du cote du caillot. Un caillot sous-arachnoidien macroscopique persistait chez tous les animaux des groupes 
recevant 0.125 et 0.25 mg, chez 2 des animaux du groupe recevant 0.5 mg et chez aucun des animaux du groupe rece
vant 0.75 mg. Nous avons conclu que 0.75 mg de gel rt-PA est une dose suffisente pour lyser completement une HSA 
de 4.25 ml et prevenir un VSP chez notre modele animal, un primate. Nous revoyons la litterature sur la fibirnolyse et 
l'elimination des erythrocytes du LCR. 

Can. J. Neurol. Sci. 1989; 16: 28-40 

A major complication of aneurysmal subarachnoid hemor- and severity approximately one week after aneurysm rupture, 
rhage (SAH) is a form of cerebral arterial narrowing most com- VSP and the resultant reduction in cerebral blood flow may lead 
monly referred to as vasospasm (VSP). Peaking in incidence to ischemia and infarction in the territories of the affected arter-
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ies. The development of VSP depends upon the presence of 
thick blood clots in the subarachnoid cisterns lying in sustained 
contact with the external cerebral arterial wall. Lysis of erythro
cytes within the clot liberates oxyhemoglobin (OxyHb), which 
is a principal mediator of the pathological process. The primate 
model of SAH and VSP developed at the University of Alberta 
closely mimics the human condition and has proved valuable in 
exploring the pathogenesis,1-5 and testing potential treatments,6-" 
of VSP. One promising treatment currently under investigation 
is intrathecal thrombolytic therapy with human, recombinant, 
tissue plasminogen activator (rt-PA).I2-'3 The administration of 
this fibrinolytic enzyme into cerebrospinal fluid (CSF) has been 
effective in promoting rapid clearance of subarachnoid 
hematoma from the basal cisterns and thereby preventing the 
development of VSP. Here we report the results of a dosage 
study using a new, sustained-release formulation of rt-PA, and 
review the theoretical basis of intrathecal thrombolytic treat
ment after SAH. 

MATERIALS AND METHODS 

Details of the procedures for microsurgical exposure of the 
basal subarachnoid cisterns, induction of subarachnoid hemor
rhage, cerebral angiography and animal sacrifice used in our 
primate model have been published elsewhere,12 and will only 
be outlined here. The protocol was evaluated and approved by 

the University of Alberta's Animal Ethics Review Committee, 
and experiments were conducted with strict adherence to the 
standards of the Canadian Council on Animal Care. 

Sixteen female cynomolgous monkeys (Macaca fascicu-
laris), weighing between 3.5 and 4 kg were divided into 4 
groups of 4. The members of the first group received 0.125 mg, 
the second group 0.25 mg, the third group 0.50 mg, and the 
fourth group 0.75 mg of intraoperative, intrathecal sustained-
release gel rt-PA. The gel is a specially formulated 
hyaluronidase preparation containing rt-PA, 1 mg/ml, which 
goes into solution and releases rt-PA over a several day period 
(Genentech Inc., South San Francisco, CA, USA). 

After baseline cerebral angiography the animals underwent a 
right fronto-temporal craniectomy for opening of the basal cis
terns, exposure of the cerebral vessels and placement of 4.25 of 
autogenous blood clot into the subarachnoid space (Figure 1). 
Prior to dural closure gel rt-PA was injected into the subarach
noid space in the vicinity of the Sylvian fissure, the dosage as 
described above. 

The animals were followed for the development of any com
plications or delayed neurologic deficits. 

Seven days after SAH and rt-PA administration the animals 
underwent repeat cerebral angiography and were killed by 
exsanguination. The brains were removed and photographed, 
and any remaining subarachnoid clot weighed. 
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Figure 1 — Primate model of subarachnoid hemorrhage and chronic cerebral vasospasm. With the animals under anesthesia and controlled ventila
tion a right frontotemporal craniectomy is performed (left). After arachnoid is dissected free of the major anterior cerebral vessels (upper right) 
the subarachnoid space is filled with autogenous arterial blood clot (lower right). 
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Cerebral vessels were measured 4 times with a calibrated 
optical micrometer, and a mean value obtained. The arteries 
were measured bilaterally at the following points: extradural 
internal carotid artery (C3), intradural internal carotid artery 
(C4), precommunicating segment of the ACA (Al), sphenoidal 
segment of the MCA, azygous distal anterior cerebral artery, the 
first part of the PCA, basilar artery and vertebral arteries. 

All data were coded, entered into a computer, and edited. 
Data for angiographic vessel caliber change within treatment 
groups between days 0 and 7 were compared by a paired t-test, 
and intergroup comparisons were made with a t-test for 
unpaired variables. Analysis of other measured indices was 
done with either a t-test or an analysis of variance where appro
priate. The level of significance for all tests of comparison was 
p<0.05 unless otherwise stated. 

RESULTS 

Comparisons between the 4 dosage groups showed no signif
icant differences in day 0 or day 7 values in body weight (mean 
weight, 3.31 kg; SD, 0.32 for all 16 animals), heart rate (mean 
beats per minute, 110; SD, 15 for all 16 animals), or PaC02, 
which was always adjusted to between 36 and 42 mmHg at the 
time of cerebral angiography. The clinical condition of all ani
mals remained good throughout the study period and there were 
no delayed neurologic deteriorations. 

Mild to moderate VSP (between 10 and 50% reduction in 
vessel caliber compared to baseline) was seen in the C3, C4, Al 
and MCA vessels in the 0.125 and 0.25 mg dose groups, and 
this reduction was statistically significant in the case of C4 and 
the MCA in the 0.25 mg group (p<0.05) (Table 1). The small 
number of animals in each group (4) appeared to preclude sig
nificance in the 0.125 mg group. When the 8 animals in the 2 
smaller dosage groups were combined, significant narrowing 
(P<0.05) was evident in all of the clot-side anterior cerebral 
arteries: C3, C4, Al and the MCA. No VSP was observed in the 
0.5 and 0.75 mg groups, alone or in combination (Figure 2). 

Gross clot remained in the subarachnoid space of all 8 ani
mals in the 0.125 and 0.25 mg dose groups and in 2 of the 4 in 
the 0.5 mg group. The animals in the 0.75 mg group were all 
free of clot (Figure 3). These differences were statistically sig
nificant. 

DISCUSSION 

Cerebral Vasospasm 
In cases of aneurysmal SAH complicated by VSP the arterial 

narrowing is usually maximal 5 to 10 days after rupture.14-15 

The incidence and severity of VSP increases with greater vol
umes of blood clot present in the basal cisterns after SAH as 
demonstrated by computerized tomography,16'17 but the overall 
incidence among survivors of aneurysm rupture has been esti
mated to be about 50%.18 Vasospasm can affect arteries and 
arterioles of all caliber, but it is most striking in the larger arter
ies which course through the subarachnoid cisterns on the ven
tral surface of the brain. These are the same arteries upon which 
saccular aneurysms arise and consequently those which have 
greatest exposure to thick blood clot after aneurysm bleeding. 
The relative rarity of VSP complicating other etiologies of SAH 
(e.g. trauma or arteriovenous malformation rupture) is probably 
due to the infrequency of large cisternal blood clots in these 
conditions. There have been rare reports of symptomatic cere
bral arterial narrowing following clipping of unruptured 
aneurysms,19 or presenting months after successful clipping of 
ruptured aneurysms,20 but such unusual cases suggest an arteri-
opathy fundamentally different than VSP as defined here. 

From the foregoing it is evident that the pathogenesis of VSP 
lies in the subarachnoid clot and in its effect on the cerebral 
arterial wall. Subarachnoid clot breakdown, which consists of 
lysis of both its cellular and fibrin components, releases a num
ber of chemical substances which have been considered poten
tial "spasmogens".21 The concentration of these substances is 
maximal near the adventitial surface of the arteries travelling 
through the subarachnoid cisterns, and their access to the vari-

Table 1: Change in Clot (right) 
Dosage Groups 

Vessel 
Change t 

C3 
C4 

Al 
MCA 

Weight of 
Remaining 
Clot 
(gm ± standard 
deviation) 

0.125 mg 

-14% ± 16% 
-20% ± 20% 

-30% ± 34% 
-22% ±21% 

0.2250 
±0.031 

Side Vessel Caliber and Remain 

Dosage Group* 

0.25 mg 

-11%± 9% 
-22% ± 13% 
(P = 0.043) 

-38% ±19% 
-25% ±13% 
(P = 0.035) 

0.1375 
±0.118 

0.5 mg 

-1%±14% 
+ 1%±18% 

-7% ±18% 
-6% ±15% 

0.0675 
±0.122 

ng Clot in the 4 

0.75 mg 

+ 1%± 4% 
- 1%± 7% 

+ 15% ±15% 
+ 4%± 9% 

0 

*4 animals in each group. 
fValues are percentage change in vessel caliber (mm), day 7 compared to day 0, ± 
standard deviations, for the right (clot)-sided cerebral arteries. Where the change is 
statistically significant, the P value is given. 
C3 = extradural internal carotid artery; C4 = intradural internal carotid artery; Al = 
precommunicating segment of anterior cerebral artery; MCA = sphenoidal segment 
of middle cerebral artery. 
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Figure 2 — Examples of day 0 (left) and day 7 (right) anteroposterior cerebral angiograms from a monkey in each dosage goup. The right (clot-side) 
middle cerebral (MCA), proximal anterior cerebral (Al), intradural internal carotid (C3) and extradural internal carotid (C4) arteries are labeled 
in the day 0 angiogram of the 0.125 mg dosage group example. Note the presence of vasospasm in these vessels after 7 days in the 0.125 mg and 
0.25 mg examples (arrows), in contrast to the normal appearing day 7 angiograms in the 0.50 and 0.75 mg group examples. 
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'Of 

0.50mg 

0.75mg 

Figure 3 —All eight monkeys in the 0.125 and 0.25 mg dosage groups had gross subarachnoid blood clot remaining on the ventral surface of the 
brain at necropsy (M5 to MI2), and some clot was present in 2 animals in the 0.50 mg group (M2 and M4). All 4 monkeys in the 0.75 mg group 
were free of clot (MI3 to MI6). 
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Figure 4 — Hemolyzing erythrocytes entrapped 
in periarterial subarachnoid clot expose the 
external cerebral arterial wall to a high con
centration of oxyhemoglobin (OxyHb), which 
is the principal mediator of vasospasm. A 
number of mechanisms have been proposed 
to explain the effect of OxyHb on the vessel 
wall, including: I. a direct vasoconstrictive 
activity, 2. the generation of vasoactive and 
vasotoxic free radical species following auto-
oxidation of OxyHb to methemoglobin 
(MetHb), 3. the generation of vasoactive 
prostaglandins or leukotrienes, and 4. the 
production of bilirubin, which may also be 
vasogenic (see text for references). 

ous layers of the vessel wall may be facilitated by adventitial 
stomas and pathways that communicate with the subarachnoid 
space.122 Of the many putative spasmogens liberated by the 
decaying subarachnoid clot, there is now considerable evidence 
that hemoglobin (Hb) is the most important in the induction of 
VSP. The oxygenated form of the Hb molecule, oxyhemoglobin 
(OxyHb), is released gradually over a number of days from the 
red blood corpuscles enmeshed in the periarterial subarachnoid 
clot, and its appearance in the CSF after SAH correlates roughly 
with the time course of VSP.23 As reviewed by Weir,24 numer
ous studies have demonstrated that red blood cell hemolysates 
induce prompt and sustained cerebral arterial vasoconstriction 
in vitro and when applied topically to exposed cerebral arteries 
in vivo. Intact red blood cells are not vasoactive,25 and methe
moglobin (MetHb), the spontaneous auto-oxidation derivative 
of OxyHb that appears late and in relatively small concentra
tions in the CSF after SAH, is considerably less vasoactive than 
OxyHb.26-27 More recently, it has been shown that erythrocytes 
are the sole ingredient of whole blood responsible for chronic 
VSP in a cat28 and porcine29 model of SAH. Although Boullin 
et al30 failed to induce prolonged VSP in baboons with a single 
cisternal injection of pure OxyHb, the dosage of pigment used 
was small and probably substantially diluted by CSF. Given the 
correlation between VSP and the presence of a large SAH, it is 
likely that a high periarterial concentration of OxyHb over sev
eral days is necessary to induce VSP (as would be provided by a 
thick, hemolyzing cisternal blood clot). Ohta et al31 analyzed 
Hb concentrations in CSF and periarterial subarachnoid 
hematoma in patients with aneurysmal SAH. They considered 
even the maximum concentration of Hb seen in bloody CSF, 
approximately 5 g/dl, too low to produce VSP, wheras the con
centration of Hb in periarterial clot, found as high as 30 g/dl, 
did appear to correlate with the incidence of VSP. 

It is not yet clear exactly how OxyHb induces VSP in the 
cerebral arterial wall, although a number of mechanisms have 
been proposed (Figure 4). Although OxyHb itself induces a 
direct smooth muscle contractile response,32 its release into the 
extracellular milieu of the subarachnoid clot might also lead to 
the generation of various vasoactive free radicals ,3 3 
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prostaglandins,34-35 and leukotrienes.36 Hemoglobin, as well as 
bloody CSF obtained from patients with SAH, inhibits endothe-
lial-dependent relaxation in canine cerebral arteries,37 suggest
ing another mechanism in the development of VSP. 

Finally, it has recently been shown that another breakdown 
product of Hb found in subarachnoid clots and CSF after SAH, 
bilirubin, can result in pathological changes similar to VSP 
when applied topically to cat and baboon basilar arteries over a 
period of 4 hours.38 

Management strategies for VSP can be grouped under the 
following headings: (1) pharmacologic prevention or reversal of 
the arterial narrowing, (2) hemodynamic augmentation of blood 
flow through the narrowed and collateral cerebral circulation, 
(3) cerebral cytoprotection from ischemia, (4) mechanical 
dilatation of the narrowed arteries by transluminal angioplasty, 
and (6) prevention of vasospasm through the removal of sub
arachnoid clot from the subarachnoid space. It is likely that 
many of these approaches will have a place to play in the over
all management of this condition, but thus far the only proven 
method to prevent VSP has been subarachnoid clot removal. 
Clinical studies have suggested,39 and experimental studies in 
primates have shown,8'9 that thorough surgical clot evacuation 
up until about 48 hours after SAH will reduce or prevent VSP, 
but beyond this time the clot-vessel wall interaction has pro
gressed to a point where some degree of VSP is inevitable. 
Although surgery within this time-frame for definitive 
aneurysm clipping to prevent rebleeding is becoming increas
ingly popular, vigorous clot removal is difficult and dangerous 
after significant subarachnoid bleeding, and it is not attempted 
by most neurosurgeons today. We grew interested in developing 
a nonmechanical way of promoting clearance of intact erythro
cytes from basal subarachnoid cisterns in order to prevent VSP. 
The rationale of fibrinolytic therapy for SAH is best considered 
after reviewing the natural history of subarachnoid bleeding into 
the subarachnoid space. 

Coagulation in the CSF 
The blood-brain barrier (BBB) largely excludes clotting fac

tors from the cerebrospinal fluid (CSF), resulting in mean CSF 
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values for these proteins ranging from 1-5% to that of blood.40 

Barabas41 observed that diluting whole blood with CSF up until 
approximately a 1:10 ratio of blood to CSF resulted in more 
rapid clotting than whole blood alone, and he attributed this to 
the presence of a "clotting accelerating factor" in CSF. The 
thromboelastographic analyses of CSF-plasma mixtures by 
Hindersin et al42 verify this coagulation-promoting effect of 
both normal and pathological CSF, and these authors felt it was 
due to the presence of tissue thromboplastins in CSF. A suffi
cient volume of whole blood entering the subarachnoid space 
readily clots, the intrinsic pathway of the coagulation cascade 
being triggered by contact activation with collagen in the arach
noid trabeculae,43 and the extrinsic pathway activated by throm-
boplastic factors released from vessel wall, leptomeninges and 
parenchyma. The strong activation of the coagulation system in 
the subarachnoid space immediately after SAH was demonstrat
ed by Kasuya et al,43 who followed the CSF level of 
fobrinopeptide A (a peptide released in the formation of fibrin) 
by radioimmunoassay. The clotting process utilizes platelets, 
plasma clotting factors and fibrinogen entering the CSF as com
ponents of the hemorrhage. The volume of hemorrhage from a 
ruptured aneurysm varies greatly, ranging from a small leak 
which fails to clot to a massive bleed which not only congests 
the subarachnoid spaces but also spreads into brain and ventri
cles. The total volume of CSF in adults is approximately 150 
ml, and the volume of the basal subarachnoid cisterns is roughly 
one-third of this. The frequent finding of free erythrocytes in 
CSF after SAH which fail to clot or which form a "halo" on 
blotting paper (as opposed to red blood cells in plasma, which 
readily clot) is not due to a CSF inhibitory effect, but is simply 
due to the dilution of coagulation proteins beyond a blood-CSF 
ratio which can support the coagulation cascade at sites distant 
from the hemorrhage. 

Fibrinolysis in the CSF 
The fibrinolytic system is responsible for dissolution of fib

rin clots and thrombi, and is comprised of a number of serine 
protease enzymes. These proteases have a similar basic struc
ture, and in particular demonstrate extensive homologies in the 
vicinity of the three amino acid residues directly involved in 
peptide bond hydrolysis (the catalytic site).44 The active 
enzymes consist of two disulfide-linked chains.45 The longer 
chains possess disulfide triple-loop bridging patterns, the so-
called "kringle structures", that contain lysine-binding sites for 
fibrin. The smaller chain contains the catalytic site, the speci
ficity of which is imparted by nearby amino acid sequences and 
secondary structures. Central to the fibrinolytic system is the 
proenzyme plasminogen.46 Synthesized in the liver, it circulates 
in plasma in relatively high concentrations of 10 to 20 mg per 
100 ml.47 It possesses five kringle structures which impart high 
affinity for fibrin, and it is adsorbed onto fibrin polymers as 
they form, moving from the unbound "soluble-phase" to the fib
rin-bound "gel-phase".48 Plasminogen is converted to the active 
enzyme plasmin by the selective splitting of a single arginine-
valine peptide bond, resulting in the two-chain structure of the 
active enzyme. The smaller chain's catalytic site is then free to 
hydrolyse susceptible fibrin arginine-lysine peptide bonds. 
Plasmin has a fairly broad range of specificity, hydrolyzing in 
addition to fibrin its proenzyme plasminogen, fibrinogen, coag
ulation factors V, VII and VIII, serum complement components 

and certain other plasma proteins.49 The physiologic signifi
cance of some of these reactions is uncertain, but several mech
anisms are in place to compensate for this lack of specificity: 1. 
plasmin is cleaved from plasminogen primarily in its gel-phase, 
making it inaccessible to other susceptible proteins, and 2. any 
plasmin that is free in plasma is rapidly inactivated by circulat
ing plasmin inactivators, most importantly a 2-antiplasmin and 
a 2-macroglobulin.50 Plasmin activated on the fibrin surface is 
protected from reaction with these and other circulating 
inhibitors. 

Since plasminogen becomes a normal clot component the 
regulation of fibrinolysis is exerted primarily through the avail
ability of plasminogen activators. Locally generated and 
released endogenous activators include high fibrin affinity tis
sue plasminogen activator (t-PA) and low fibrin affinity single-
chain urokinase plasminogen activator (scu-PA).44 Each type of 
activator exists in several forms, but the active enzymes all 
appear to once again consist of a longer polypeptide chain pos
sessing kringle structures and a shorter chain containing the cat
alytic site. The most important endogenous plasminogen activa
tor is t-PA, which is synthesized by endothelial cells of arteries, 
veins and capillaries.51 Its release is triggered by a wide variety 
of stimuli, such as injury, ischemia, occlusion and the applica
tion of certain platelet-derived vasoactive agents.52 Tissue plas
minogen activator circulates in only nanomolar levels in the 
blood where it complexes with a fast acting inhibitor and is 
cleared primarily by the liver. Its active circulating half-life is 
less than 10 minutes.49 Released on demand at the site of vessel 
injury and thrombus formation, t-PA's activity is protected by 
protein Ca, which neutralizes the plasma inhibitor of t-PA.53 

The kringle stuctures again serve to impart a strong affinity for 
fibrin, so that released t-PA diffuses into the thrombus, binds to 
fibrin polymers and proceeds to hydrolyse and activate the near
by fibrin-bound plasminogen into plasmin, which in turn 
cleaves fibrin and dissolves the clot. Minor plasminogen activa
tor pathways employ factor XII, prekallikrein, and high-molec
ular weight kinogen, and descriptions of these as well as the 
precise molecular mechanisms of activation have recently been 
presented.44.47-54 

Considerably more study has been devoted to the subject of 
fibrinolysis than to coagulation in the CSF, owing primarily to 
the interest in preventing aneurysm rebleeding after SAH with 
antifibrinolytic agents. Early studies, such as those by Porter et 
al55-56 and Takashima et al57 relied upon biological assays for 
measuring fibrinolytic activity (FA) of the CSF. In such assays 
the presence of plasminogen activator is detected through its 
conversion of plasminogen to plasmin on unheated fibrin plates, 
resulting in zones of lysis.58 Lysis on a heated fibrin plate indi
cates the presence of a free plasmin in the test sample, since 
heating destroys the plasminogen native to the fibrin plate. In 
the following studies fibrinolytic activity refers to plasminogen 
activator activity. These studies have shown that normal CSF 
lacks FA, although Takashima et al found that some FA could 
be detected after pneumoencephalography. Using Todd's histo-
chemical method59 these authors also found that the endothelial 
cells of the brain and meninges appeared to be the source of FA. 
Porter's conclusion that the CSF contained a plasminogen 
"proactivator", the activity of which would be completed by the 
addition of streptokinase or the euglobulin component of plas
ma, are unfounded in light of their own or subsequent data. 
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More recent studies employing immunoassays for fibrinolytic 
enzymes have confirmed the impressions of these earlier stud
ies. Kun-yu Wu et al60 found that normal CSF contains no or 
only trace amounts of plasminogen, but that plasminogen could 
be found in the CSF of patients with breakdown of the BBB 
related to various disease conditions, correlating with a general 
increase in CSF protein levels. Similarly, Hindersin and 
Endler42 found physiologic CSF contains no plasminogen or t-
PA using immunoassay. 

Whereas normal CSF does not contain fibrinolytic enzymes, 
the CSF obtained from patients with SAH has in some instances 
been shown to contain FA. In an early study Tovi et al61 exam
ined FA by the fibrin plate method and fibrin degradation prod
uct (FDP) content of CSF samples taken at various times from 
aneurysmal SAH in 11 patients. Fibrinolytic activity was pre
sent in 7 of these patients at some point in time, and FDPs were 
seen in the CSF of all the patients within 3 days of the hemor
rhage. Hassler and Fodstad, using Todd's technique, found that 
tiny vessels in the adventitia of both ruptured and unruptured 
aneurysms produce plasminogen activator, pointing to one pos
sible source of FA after SAH.62 The development of simple 
radioimmunoassays for FDPs led to a number of reports demon
strating rapid and large increases in the concentrations of these 
fragments in CSF after SAH,63 although not all investigators 
felt that their presence reflected fibrinolysis in the CSF alone. 
Anderson et al64 felt the coexistence in CSF of FDP fragments 
D and E with other low molecular weight proteins (plasminogen 
and factor IX), but not with larger proteins (fibrinogen and fac
tor V), was more consistent with FDP leakage from the 
meninges or plasma into the CSF across a damaged BBB due to 
aseptic meningitis. Steinmetz and Grote concurred with this,65 

and were unable to demonstrate any CSF plasmin or t-PA using 
sensitive enzyme kinetic and immunological methods in 14 
patients after SAH. Vermeulen et al66 measured CSF FDPs 
between days 9 and 15 after SAH in 22 patients receiving an 
antifibrinolytic agent and 26 patients given placebo. Although 
rebleeding was significantly reduced in the former group, no 
difference was found in FDP levels between groups nor was any 
relationship evident between FDP levels and rebleeding. These 
authors also concluded that FDPs in the CSF reflect a damaged 
blood-CSF barrier rather than fibrinolysis in the subarachnoid 
space alone. 

After experimental SAH in rabbits Fodstad et al demonstrat
ed that the meninges were a source of plasminogen activator, 
although no controls were included in this study to allow com
parison of meningeal FA in normal versus SAH animals.67 

Fodstad and Nilsson did study 41 patients with recently rup
tured aneurysms and found that CSF plasminogen activator 
activity measured by fibrin plate assay increased after 1 week in 
the 20 not treated with the antifibrinolytic agent tranexamic 
acid.68 

In summary, it appears that modest fibrinolytic activity is 
sometimes seen in the CSF after aneurysmal SAH as well as in 
other conditions that irritate the meninges.69 This is due to the 
release of t-PA from endothelium of small vessels in the 
meninges and perhaps the adventitia of major cerebral vessels 
and the aneurysm sac itself. Plasma protein leakage across a 
damaged BBB as well as leukocytes and platelets contained 
within the subarachnoid thrombus are additional sources of 
plasminogen activators.42 These plasminogen activators diffuse 

into subarachnoid clot, bind to fibrin, and activate plasminogen 
that was carried into the subarachnoid space as part of the hem
orrhage and which became incorporated into the developing 
coagulum. Because of the affinity of t-PA for fibrin, t-PA activi
ty measured in the CSF may not always detect the presence of 
local fibrinolysis in subarachnoid clot. Fibrin degradation prod
ucts released into the CSF are derived from both subarachnoid 
clot lysis and a meningitic reaction. The elevation of FDPs cor
relates with the size and severity of SAH, and hence also with 
the risk of VSP.70 Despite the near absence of plasmin inhibitors 
in normal or blood-stained CSF,42 the relatively meager supply 
of t-PA released allows fibrinolysis to proceed slowly in the 
subarachnoid space, as evidenced by the longevity of blood 
clots deposited in the cisterns. The clearance of subarachnoid 
clot is not dependent upon fibrinolysis, however, and it is fre
quently accompanied by a degree of fibrous tissue reaction.71 

As shall be discussed, the cellular elements of the clot may be 
eliminated in situ by hemolysis or phagocytosis. In the future, 
application of extremely sensitive enzyme-linked immunoab-
sorbent assays for t-PA in large numbers of patients will more 
precisely define the CSF fibrinolytic response to SAH. 

Clearance of Erythrocytes from the CSF 

Since CSF is slightly hypertonic compared to plasma, ery
throcytes extravasated into the subarachnoid space immediately 
become crenated.72 Deprived of plasma glucose, their sole ener
gy source, as well as membrane-stabilizing plasma lipids and 
proteins, red blood cells are unable to maintain integrity of their 
cell membrane and begin hemolysing in CSF. Xanthochromia 
describes the color of CSF imparted by liberated heme pig
ments, and its presence within hours of SAH was recognized by 
Froin at the turn of the century as a valuable means of differen
tiating a "bloody tap" from a spontaneous subarachnoid hemor
rhage.73 It appears that erythrocytes which escape to circulate 
freely in the CSF have a shorter life-span than those which 
become enmeshed in subarachnoid clots or clumped and 
trapped in the leptomeninges.72-74 Examining necropsy material 
from 53 patients who had died at various intervals after 
aneurysmal SAH, Hammes74 noted that blood in the subarach
noid space elicited a prompt outpouring of polymorphonuclear 
leukocytes, followed by the appearance of lymphocytes and 
large mononuclear phagocytes derived from the arachnoid. Red 
blood cell phagocytosis in the basal meninges was at its peak 
towards the end of the first week after SAH. In a similar study 
of 20 cases of SAH Alpers and Forster71 found that even up to 
35 days from the hemorrhage clumps of red cells remained 
within organizing subarachnoid connective tissue in the basal 
subarachnoid cisterns. 

Using absorption spectrophotometry as well as biochemical 
analysis of the CSF, Barrows and colleagues75 measured 
OxyHb, MetHb and bilirubin in 31 patients after subarachnoid 
or ventricular hemorrhage. Oxyhemoglobin accounted for the 
orange xanthochromia seen within two hours of hemorrhage, 
and its level plateaued on the third or fourth day. At that time 
bilirubin could also be detected in the CSF, and its level 
increased over the ensuing week while the level of OxyHb grad
ually declined, imparting a yellow tinge to the CSF. The amount 
of bilirubin formed was felt to correlate with the number of ery
throcytes hemolysed and the amount of OxyHb released, and 
bilirubin persisted in the CSF for up to 2 to 3 weeks after the 
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hemorrhage. In this study MetHb was not detected in the CSF 
after SAH. In an in vitro experiment they found that whole 
blood left to incubate in CSF released OxyHb that converted to 
MetHb; bilirubin never appeared, suggesting that the action of 
living cells is necessary for its production. In a similar study of 
62 patients after SAH, Tourtellotte et al23 confirmed the rapid 
appearance of OxyHb in CSF, although they found that its 
increasing and then declining level over days became associated 
with an increasing proportion of MetHb as well as bilirubin. 
They found that the clearance of erythrocytes and pigments was 
highly variable, ranging from 6 to 30 days. Slow clearing was 
associated with old age, diabetes, vascular disease, and greater 
size and severity of SAH. Patients with slow clearing of their 
CSF had a more delayed (typically 11 days), and far higher, 
plateau in OxyHb levels. Corresponding to their more severe 
SAH, these patients presented, and remained in poorer neuro
logic condition than "fast-clearers". 

Mathews et al72 found that 20 ml of whole human blood 
incubated in 10 ml of normal CSF releases hemoglobin that 
fails to become bilirubin as it does when released in CSF in 
vivo, the factors necessary for the transformation apparently 
being absent in the blood clot and CSF alone. 

Hemoglobin consists of two pairs of unlike polypeptide 
chains, each chain carrying an iron-containing heme moiety. 
The iron atom in Hb is in the ferrous form, which can bind oxy
gen reversibly and thus bestows Hb with its oxygen carrying 
capacity. Oxyhemoglobin, or oxygen bound Hb, becomes 
MetHb through loss of electrons (oxidation) from the ferrous 
ion, converting it to the ferric state. This is a spontaneous reac
tion in the presence of water, and occurs extracellularly in the 
CSF or within subarachnoid clot. Either OxyHb or MetHb can 
be catabolized within certain cells into protein (globin), iron, 
and biliverdin (the remainder of the heme molecule).76 This 
cleavage is accomplished by a microsomal heme oxygenase 
system. Biliverdin is rapidly reduced by biliverdin reductase 
into bilirubin. In an experimental model of SAH in rats Roost et 
al77 found that the enzymes necessary for bilirubin production 
after SAH in the central nervous system are found in arachnoid 
and choroid plexus. It is probable that macrophages migrating 
into the subarachnoid hematoma are also responsible for biliru
bin formation in the CSF.78 

Not all erythrocytes that escape entrapment in subarachnoid 
clot for freedom in the CSF undergo hemolysis. It has been 
shown that free erythrocytes in the subarachnoid space, which 
frequently reach levels of over one million cells per cubic mm, 
travel with CSF flow to the arachnoid granulations where they 
engorge the villi.79 It remains unclear whether or not there exist 
in man any open channels through the villi into dural sinuses 
large enough to allow passage of whole erythrocytes.80 

Ultrastructural examination of the arachnoid villi from several 
different animal species indicate that there is restricted passage 
of red cells into the circulation, many of the cells becoming 
entrapped in the central core of the villus to be digested by 
macrophages.81-82 These findings are in agreement with tracer 
studies using labelled red blood cells injected into the subarach
noid space, which show most erythrocytes remain fixed in the 
arachnoid.83 

In summary, clearance of erythrocytes from the CSF is 
accomplished by 3 basic mechanisms. The first is hemolysis, 
which begins immediately and reaches a plateau from 2 to 10 

days after SAH, depending upon the size of the hemorrhage. It 
is hemolysis which liberates spasmogenic OxyHb in highest 
concentration around the subarachnoid arteries. Larger hemor
rhages are associated with a more delayed (typically 7-11 days 
post-SAH) and much higher peak concentration in this pigment 
in the CSF, correlating with a higher risk of VSP.23 It is likely 
that there is an as of yet undefined OxyHb concentration and 
exposure time necessary for VSP to occur. The second mecha
nism is phagocytosis by macrophages, which occurs in the lep-
tomeninges irritated by the hemorrhage, in the arachnoid granu
lations which become engorged with erythrocytes, and within 
the subarachnoid clot by migrating phagocytes. These 
macrophages, along with arachnoid lining cells and choroid 
plexus epithelium, appear to be the site of Hb metabolism to 
bilirubin, which is also released into the CSF and may play a 
role in the genesis of VSP.38 CSF xanthochromia resulting from 
hemolysis in the subarachnoid space is quite variable in dura
tion, ranging from several to over 20 days. This time is depen
dent on a number of factors, but prominent among these is the 
volume of SAH. Direct passage of red blood cells across arach
noid villi into the venous circulation is of lesser significance in 
erythrocyte clearance from CSF. Normally, and in contrast to 
the situation with intravascular thrombi, the rate of spontaneous 
fibrinolysis in the CSF is too slow to substantially augment 
intact erythrocyte removal from the basal cisterns. 

Intrathecal Fibrinolytic Treatment after Aneurysmal SAH 
While intrathecal fibrinolysis after SAH is a new direction in 

managing patients with ruptured aneurysms, systemic antifibri-
nolytic therapy is not. Mullan et al84 observed that the plas
minogen and t-PA inactivator epsilon aminocaprioc acid pro
longed the duration of intraluminal clots in femoral arteries of 
dogs and reasoned that through the same mechanisms this agent 
might prevent dissolution of a thrombus sealing the rent in an 
aneurysm. Indeed, antifibrinolytic therapy has subsequently 
been shown to reduce the rate of rehemorrhage after aneurysm 
rupture, but the beneficial effect on outcome is negated by a 
concomitant increase in the incidence of VSP and delayed cere
bral ischemia.8586 One explanation for this is that inhibition of 
already limited CSF fibrinolytic activity further delays clear
ance of vasogenic, hemolysing erythrocytes from the basal cis
terns. Because of this risk, and because of the more widespread 
adoption of early aneurysm clipping to prevent rebleeding, 
antifibrinolytic agents no longer have a major role in the man
agement of aneurysmal SAH.87 

Provided the ruptured aneurysm has been secured surgically 
it would be desirable to empty the basal cistern of hemolysing 
erythrocytes in order to prevent clot-mediated VSP. Because of 
the technical difficulties and hazards of an aggressive surgical 
evacuation of diffuse subarachnoid clot, interest has grown in 
accomplishing this task enzymatically with a fibrinolytic agent. 
The literature on the use of thrombolytic (or fibrinolytic, the 
terms are interchangeable) agents for intravascular thromboem
bolic disease, including stroke is extensive.88"91 In addition, 
urokinase has been used to lyse intracerebral and intraventricu
lar hematomas in various experimental models.9293 The concept 
of intrathecal fibrinolytic treatment after SAH is to augment the 
normally limited fibrinolytic activity of CSF and promote rapid 
digestion of the fibrin structure of the subarachnoid thrombus. 
Disruption and dissolution of the hematoma, aided by the 
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Figure 5 — Fibrinolysis in the subarachnoid 
space (SAS) is mediated by tissue plasmino
gen activator (t-PA) released mainly from 
endothelial cells of irritated blood vessels in 
the leptomeninges. T-PA binds to fibrin and 
converts plasminogen into plasmin, which 
in turn proceeds to split fibrin into various 
degradation products (FDPs). Plasmin 
inhibitors, including a 2-antiplasmin (a 2 
API) and a 2-macroglobulin (a 2 MG), are 
absent in the cerebrospinal fluid. 
Antifibrinolytic agents, such as epsilon 
aminocaproic acid (EACA), inhibit plasmin 
formation and hence retard fibrinolysis. The 
goal of intrathecal fibrinolytic treatment is 
to augment t-PA supplies to the subarach
noid clot and promote rapid fibrinolysis, 
which would allow clearance of red blood 
cells (RBSs)from the basal cisterns prior to 
their hemolysis, release of oxyhemoglobin 
(OxyHb), and vasogenic effect on the cere
bral arterial wall. In order to prevent 
aneurysmal rebleeding, the aneurysm neck 
will have to be clipped prior to fibrinolytic 
treatment. 

mechanical pulsatile force of the brain, could allow clearance of 
previously entrapped erythrocytes by bulk CSF circulation or 
CSF drainage prior to their hemolysis and release of OxyHb in 
high concentrations near the subarachnoid arteries (Figure 5). 

Kennady appears to have been the first to instill a fibrinolyt
ic agent into the subarachnoid space.94 He found that the addi
tion of "fibrinolysin" to an intrathecal irrigation system 
increased the efficiency of red blood cell removal from the CSF 
after experimental SAH in dogs. Peterson et al95 lysed an exper
imental subarachnoid clot in cats with a combination of strep
tokinase and streptodornase injected into the cisterna magna. 
They found that while this effectively cleared the hematoma it 
unfortunately produced a diffuse meningoencephalitis. Alksne 
et al injected plasmin into the cisterna magna of pigs one hour 
after the second injection of blood in a two hemorrhage model 
of experimental SAH and found that this reduced the severity of 
SAH-induced histological changes in cerebral arteries compared 
to controls.96 In an extension of this work these same workers 
have reported that delaying plasmin injection 2, 4 or 6 days 
after the second hemorrhage results in a progressive increase in 
the extent and severity of intimal proliferation,97 a presumed 
marker of VSP. Cerebral angiography was not done in these 
studies. Some Japanese investigators have infused urokinase 
into the ventricles of patients after SAH, with indeterminate 
results.98 

Our own work began with intrathecally administered rt-PA 
suspension into the basal cisterns of monkeys after experimental 
SAH. In a blinded, randomized, placebo-controlled trial it was 
found that 0.5 mg of rt-PA (a dose chosen on the basis of in 
vitro studies) injected into the subarachnoid space 3 times over 
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24 hours beginning 24 hours after SAH uniformly lysed a mean 
clot volume of 4.38 ml and virtually eliminated VSP measured 
at 7 days in the 12 treatment animals.12 In comparison, the 12 
placebo animals all had a large volume of subarachnoid clot 
remaining and significant VSP in the clot-side cerebral vessels 
on day 7. Intrathecal rt-PA did not alter the coagulation profiles 
of the animals nor did it have any adverse effect on the micro
scopic appearance of the brain or meninges. A subsequent safe
ty study using a much higher dose of intrathecal rt-PA, 10 mg, 
also failed to show'any adverse effect of the enzyme on neuro
logic condition of the animals, coagulation status or appearance 
of the brain on light microscopy.13 Two animals in this study 
and 2 in the previous study developed temporary wound hemor
rhages that were felt due to epidural leakage of the enzyme 
along the Ommaya catheter. 

We then evaluated the efficacy of unilateral intraoperative 
administration of rt-PA suspension (0.5 mg) plus sustained-
release gel rt-PA (1.25 mg) in clearing a bilateral 6 ml subarach
noid clot and preventing vasospasm in a randomized, placebo-
controlled trial with 8 monkeys in each group.13 As in the 
original study, 1 placebo animal developed a delayed cerebral 
infarct. There were no incisional hemorrhages. In the placebo 
group significant VSP occurred in all major right and left-sided 
cerebral arteries and gross clot was found in the subarachnoid 
space in all animals. No significant vasospasm occurred in the 
treatment group and a single animal had a small fragment of 
clot left at 7 days. The development of the sustained-release gel 
rt-PA proved a significant advance because it obviated the need 
for an Ommaya reservoir and postoperative intrathecal injec
tions. 
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In the study reported here a dosage study was performed 
using gel rt-PA alone. It was found that 0.5 and 0.75 mg of rt-
PA administered at the time of experimental SAH was effective 
in preventing VSP. Mild to moderate VSP was observed in all 
of the anterior cerebral vessels in the 0.125 and 0.25 mg groups 
on day 7. With an increasing dose of rt-PA there was a progres
sive decline in amount of clot remaining at 7 days. Two of the 4 
animals from the 0.5 mg group were free of clot, as were all of 
those in the 0.75 mg group. It is noteworthy that the amount of 
VSP and clot remaining in the smallest dosage groups (0.125 
and 0.25 mg) in this study was still significantly less than in the 
group of 12 nontreatment control animals reported previously (a 
mean 51, 33 and 19% reduction in vessel caliber for the MCA, 
C4 and C3 respectively, and a mean remaining clot weight of 
0.63 gm after a 4.67 ml volume SAH).12 This suggests that even 
partial clot lysis is effective in reducing the severity of VSP in 
our model. 

We remain optimistic that intrathecal thrombolysis with rt-
PA may prove to be effective preventative therapy for VSP after 
aneurysmal SAH. It will be necessary to employ it in conjunc
tion with early aneurysm clipping, and to avoid the promotion 
of intracerebral hemorrhage it should probable not be used in 
patients with significant cortical disruption due to either the pri
mary hemorrhage or surgery. In a recent Swedish study span
ning 34 months," such early surgery was possible in 71% of 
121 patients surviving transport to a neurosurgical center, and a 
similar percentage of these patients had thick localized or dif
fuse clot confined to the subarachnoid spaces. We are currently 
at work in our laboratory to determine the time interval after 
experimental SAH during which administration of rt-PA 
remains effective in significantly reducing the incidence of VSP. 
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