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Abstract Objective: Successful 
resuscitation of the brain requires 
complete microcirculatory reperfu- 
sion, which, however, may be im- 
paired by activation of blood 
coagulation after cardiac arrest. 
The study addresses the question of 
whether postischemic thrombolysis 
is effective in reducing cerebral no- 
re flow phenomenon.  
Design: 14 adult normothermic cats 
were submitted to 15-rain cardiac 
arrest, followed by cardiopulmonary 
resuscitation (CPR) and 30 rain of  
spontaneous recirculation. The CPR 
protocol included closed-chest car- 
diac massage, administration of 
epinephrine 0.2 mg/kg,  bicarbonate 
2 m E q / k g  per 30 rain, and electrical 
defibrillation shocks. 
Interventions." During CPR, animals 
in the treatment group (n = 6) 
received intravenous bolus injec- 
tions of  100 U/kg  heparin and 
I mg /kg  recombinant tissue type 
plasminogen activator (rt-PA), 
followed by an infusion of  rt-PA 
1 mg /kg  per 30 rain. 
Measurements and results." Microcir- 
culatory reperfusion of the brain 
was visualized by labeling the cir- 
culating blood with 300 mg /kg  of 
15 % fluorescein isothiocyanate 
albumin at the end of the recircula- 
tion period. Areas of  cerebral no- 
reflow - defined as the absence of  

microvascular filling - were iden- 
tified by fluorescence microscopy at 
eight standard coronal levels of 
forebrain, and expressed as the per- 
centage of total sectional area. One 
animal in the treatment group was 
excluded from further analysis 
because of intracerebral hemorrhage 
due to brain injury during trepana- 
tion. Autopsy revealed the absence 
of  intracranial, intrathoracic, or in- 
tra-abdominal bleeding in all the 
other animals. In untreated animals 
(n = 8), no-reflow affected 28 + 13 % 
of total forebrain sectional areas, 
and only 1 out of  8 animals 
showed homogenous reperfusion 
(i.e., no-reflow < 15% of total 
forebrain sectional areas). Throm- 
bolytic therapy (n = 5) significantly 
reduced no-reflow to 7 + 5 %  of  
total forebrain sectional areas and 
all treated animals showed homo- 
geneous reperfusion at the micro- 
circulatory level. 
Conclusions: The present data dem- 
onstrate that thrombolytic therapy 
improves microcirculatory reperfu- 
sion of  the cat brain when ad- 
ministered during reperfusion after 
cardiac arrest. 
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Introduction Materials and methods 

I n j u r y  to the bra in  fol lowing a pe r iod  o f  c i rcula tory  arrest  
depends  no t  on ly  on the du ra t ion  o f  i schemia  bu t  also on 
var ious  pos t i schemic  events which aggravate the p r i m a r y  
lesion. Two forms o f  pos t i schemic  d is turbances  can be 
di f ferent ia ted:  h e m o d y n a m i c  d is turbances  which in- 
terfere wi th  h o m o g e n e o u s  reoxygena t ion  o f  the  brain,  
and  me tabo l i c  d i s turbances  which may  cause delayed 
neurona l  dea th  in vulnerable  b ra in  regions [1]. In  ani-  
mals,  delayed neurona l  dea th  is p robab ly  o f  lit t le signifi-  
cance, because  neuro logica l  recovery is only  sl ightly im- 
pa i red  if  the ischemic lesion is restr ic ted to selectively 
vulnerable  b ra in  regions [ 2 - 4 ] .  However, there  is s t rong 
evidence tha t  h e m o d y n a m i c  d is turbances ,  such as the  no- 
ref low p h e n o m e n o n  [ 5 - 8 ]  and  the pos t i schemic  hypo-  
pe r fus ion  syndrome  [1, 8], are o f  cons iderab le  impor -  
tance, because  these d is turbances  result  in d a m a g e  to cor- 
t ical  neurons,  which are ma in ly  respons ib le  for the  poo r  
neuro logica l  ou t come  [9, 101. 

We recent ly  observed tha t  resusci ta t ion o f  the hear t  via 
c losed-chest  massage  and  in t ravenous admin i s t r a t ion  o f  
ep inephr ine  af ter  card iac  arrest  caused severe no-ref low 
o f  the  b ra in  [i 1]. This  d i s tu rbance  is reversible when car- 
d i o p u l m o n a r y  resusci ta t ion  (CPR)  star ts  wi th in  5 rain 
af ter  in i t ia t ion  o f  c i rcu la tory  arrest ,  bu t  it  persists  when 
card iac  arrest  is p ro longed  [11]. Factors  tha t  m o d u l a t e  the 
severity o f  no-ref low are the  du ra t ion  o f  i schemia  [6, 7, 
11], r eper fus ion  pressure [7, 12], swelling o f  endo the l i a l  
cells [13], and  h e m o c o n c e n t r a t i o n  [14]. There  are also in- 
d ica t ions  tha t  the ac t iva t ion  o f  the coagu la t ion  cascade 
after  i schemia  p romotes  the  deve lopment  o f  no-ref low 
[ 1 5 - 1 7 ] .  In  fact, it was demons t r a t ed  tha t  f ib r inogen  
levels decrease [16, 18] and  p l a s m a  clot t ing t imes increase 
[16] fol lowing cerebral  i schemia  induced  by either ar ter ia l  
inf low occlus ion or  card iac  arrest .  This ac t iva t ion  may  
lead to the  en t r apmen t  o f  plate le ts  wi th in  the  cerebral  mi-  
c roc i rcula t ion  [17] and  may  cause the f o r m a t i o n  o f  
mic ro th rombi  in the pia l  vessels o f  the cortex [15]. 

The  pa thophys io log ica l  i m p o r t a n c e  o f  coagu la t ion  
d is turbances  is suppo r t ed  by the observa t ion  tha t  the  
qual i ty  o f  e lec t rophys io logica l  recovery is inversely 
related to the severity o f  pos t i schemic  coagu lopa thy  [161. 
Ef for t s  have, therefore,  been  m a d e  to prevent coagulo-  
pa thy  by hepa r in  t rea tment .  In  fact, benef ic ia l  effects o f  
hepa r in  t r ea tmen t  were found  if  the  drug  was ei ther  ap-  
pl ied before  the i nduc t ion  o f  i schemia  [19] or  the dura-  
t ion o f  i schemia  was rest r ic ted to  a m a x i m u m  of  7 min  
[20]. A m e l i o r a t i o n  o f  i schemic  d a m a g e  by hepar in ,  how- 
ever, cou ld  no t  be detected when i schemia  was p ro longed  
to 15 rain [21]. Obviously,  the  fai lure o f  hepa r in  to im- 
prove bra in  in jury  af ter  p ro longed  i schemia  is due to the  
fact  tha t  this drug  is not  able to disaggregate  fo rmed  
thrombi .  We, therefore,  supp lemen ted  hepar in  with re- 
c o m b i n a n t  t i ssue- type  p l a sminogen  ac t iva tor  (r t-PA) to 
improve  cerebral  reper fus ion  af ter  p ro longed  card iac  ar- 
rest and  resusci ta t ion.  

Animal preparations 

The experiments were carried out according to the Society for Neu- 
roscience guidelines for the use of animals in neuroscience and were 
approved by the ethicaI committee of the local authorities. 

After overnight fasting and free access to water, 14 mongrel cats 
(2.5-4.6 kg) were premedicated with an intramuscular injection of 
ketamine 10mg/kg. The animals were anesthetized using 1.0~ 
halothane in 70O7o nitrous oxide and 30o70 oxygen via a face mask. 
The trachea was intubated and the ventilator was adjusted to 
achieve an arterial partial pressure of carbon dioxide of 30 mmHg, 
which reflects the normal value in cats. A 5 F triple-lumen catheter 
was inserted into the left femoral vein for continuous monitoring of 
central venous pressure and for drug administration. Both femoral 
arteries were cannulated to measure aortic and left ventricular 
pressures. The left ventricle was cannulated retrograde using a 3 F 
single-lumen pigtail catheter. With the insertion of the venous line, 
an infusion of Ringer solution (4ml/kg per h) was started and 
maintained during the entire study period before and after cardiac 
arrest. Heparin administration during the preparation and control 
periods was strictly avoided in all animals; arterial lines were 
flushed with Ringer solution. The animals were kept at a rectal tem- 
perature of 37 ~ using a feedback-controlled heating system. 

The animal's head was mounted in a stereotactic frame. Two 
cranial windows of 5-mm diameter were prepared on the left side 
over the frontal and the parietal region using a dental drill. The 
dura remained intact over both windows. Two plexiglas cylinders 
were attached watertight to the skull with dental cement. The fron- 
tal cylinder was connected to a pressure transducer (Kombidyn, B. 
Braun Medical, Melsungen, Germany) by a catheter filled with lac- 
tated Ringer solution for measurement of intracranial pressure. A 
laser-Doppler-flow probe (Pf2b, Perimed, Stockholm, Sweden) was 
inserted into the parietal cylinder for continuous monitoring of 
cerebral blood flow (CBF). Two ffontoparietal screw electrodes were 
used to monitor the electroencephalogram (EEG). The electrocar- 
diogram (ECG) was recorded from bipolar esophageal electrode us- 
ing differential amplifiers (Low Level Amplifier 122, Tektronic, 
Portland, CA, USA). 

To avoid potentially adverse side effects of halothane on cardiac 
function, the halothane concentration was terminated after surgery 
in a stepwise fashion and replaced by infusions of alfentanil 
(0.3 mg/kg per h) and midazolam (0.75 mg/kg per h). EEG, ECG, 
and CBF, aortal, left ventricular, central venous, and intracranial 
pressures were recorded continuously or an eight-channel polygraph 
(5525C Dynograph, Beckman Instruments, IL, USA). EEG analysis 
and data acquisition were carried out using a Macintosh II fx com- 
puter (Apple, Cupertino, CA, USA), an analog/digital converter 
(Macadios, GW Instruments, Sommerville, MA, USA), and the 
appropriate software (Superscope, Macadios, GW Instruments, 
Sommerville, MA, USA). Traces of 30-s duration were recorded 
with a sampling rate of 125 Hz, processed, and written to a 
database. For each trace period, the EEG amplitude, the median 
frequency of the power spectrum, and the relative power of the 
alpha, beta, theta, and delta frequency bands were determined. 
Every 30-s arterial, central venous, and intracranial pressures were 
averaged. Left ventricular and aortic diastolic pressures were de- 
fined as the minimum values of each trace. Cerebral perfusion 
pressure was calculated from the difference of the mean arterial 
blood pressure and the higher value of either the intracranial or the 
central venous pressure. Myocardial perfusion pressure was 
calculated from the difference between diastolic aortic and diastolic 
left ventricular pressure. To determine left ventricular inotropy, left 
ventricular pressure was differentiated and the maximum of dp/dt 
was calculated. 
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Experimental protocol 

After a control period of 30 min, cardiac arrest was induced at 
37 ~ by internal electrical stimulation via a bipolar esophageal 
electrode (50 Hz, 5 mA, 70 V). At the same time, ventilation and in- 
fusions were stopped and the heating system was switched off. After 
15 min of ventricular fibrillation, CPR was started using closed- 
chest cardiac massage at a compression rate of about 120/min. Ven- 
tilation with 100% oxygen was resumed at a ventilation rate of 
140% of control. Epinephrine 0.2 mg/kg was injected and an infu- 
sion of bicarbonate 2 mEq/kg per 30 rain was started. Four minutes 
later, the first defibrillation (Melacard Econ, Mela, Mt~nchen, Ger- 
many) was attempted to restore sinus rhythm. If the countershock 
failed, additional epinephrine 0.1 mg/kg was injected, followed by 
2 min of closed-chest cardiac massage and the next defibrillation at- 
tempt. After restoration of spontaneous circulation, a 30-min 
period of recirculation was allowed. If mean arterial blood pressure 
decreased below 80 mmHg, dopamine (5-10 pg/kg per min) and 
epinephrine (0.05-0.2 gg/kg per min) were infused, as required. 

Experimental groups 

Cerebral microcirculatory reperfusion was investigated in two 
groups of animals. Group 1 (untreated animals, n = 8) received 
standard resuscitation procedures as described above. Group 2 
(treated animals, n = 6) additionally received an intravenous bolus 
injection of rt-PA 1 mg/kg (Thomae, Biberach, Germany) and 
heparin 100 U/kg immediately after initiation of closed-chest car- 
diac massage, which was followed by a continuous infusion of rt-PA 
I mg/kg per 30 min [22]. 

Measurement of cerebral no-reflow 

The severity of no-reflow was assessed 30 min after the return of 
spontaneous recirculation in both groups. The circulating blood 
was labeled by an intravenous bolus injection of 300 mg/kg fluores- 
cein isothiocyanate (FITC) albumin in 2 ml/kg Ringer solution, as 
described elsewhere [11]. The technique of FITC-dextran injection 
is efficient for staining all existing capillaries in rat brain within 5 s 
[23]. In our study, however, we allowed dye circulation for 2 rain to 
guarantee staining of all perfused capillaries, even under conditions 
of severely reduced flow rates [7]. Then the animals were killed by 
intravenous injection of 1 mmol/kg KC1. The brains were im- 
mediately removed, fixed in 4~ formalin, and cut into standard 
coronal sections of 200 gm thickness [5, 7, 11]. Eight standard cor- 
onal levels of forebrain at Horsley-Clark coordinates A26-P2, with 
an interslice gap of approximately 4 ram, were investigated. No- 
reflow was defined as complete absence of capillary dye filling, 
whereas all other regions, even those showing abnormal staining of 
capillaries, were defined as reperfused tissue. Using these defini- 
tions, the whole slices were scanned by fluorescence microscopy 
(Axiovert 10, Zeiss, Oberkochem, Germany) at magnifications of 
50- to 200-fold to identify areas of no-reflow, To avoid fading ar- 
tifacts, the outlines of no-reflow were marked on light microscopy 
photographs of the same sections, the corresponding areas were 
measured using the processing software Image (National Institutes 
of Health, Bethesda, MD, USA), and the results were expressed as 
a percentage of the total sectional area. In sham-operated control 
cats previously investigated by the same method, all brain regions 
were completely perfused [11]. 

Laboratory analysis 

Samples of arterial blood were withdrawn for assessment of blood 
gases, pH, serum sodium, serum potassium, serum osmolality, 
hematocrit, plasma glucose, and plasma Iactate concentrations at 
15-rain prearrest, and after 5, 15, and 30 rain of spontaneous recir- 
culation. Blood gases, potassium, and sodium were measured using 
the Combi Analysator MT55 (Eschweiler, Kiel, Germany), glucose 
using the Glucose Analyzer 2 (Beckman Clinical Inst., Fullerton, 
CA, USA), lactate using Model 27 (Yellow Springs Instruments, 
Yellow Springs, OH, USA), and osmolality using the Vapour 
Pressure Osmometer (Wescor, Logan, OH, USA). At the same time 
points, a detailed analysis of the coagulation system was performed 
in all treated animals. For this purpose, an additional 2 ml of blood 
was withdrawn into a syringe containing 0.2 ml of 3.8% sodium 
citrate. The probe was centrifuged at 4700 rpm for 30 rain. Three 
aliquotes of plasma were prepared and stored at -80 ~ until anal- 
ysis. Levels of a2-antiplasmin (Kabi, Essen, Germany), fibrinogen 
(Baxter, UnterschleiBheim, Germany), thrombin-antithrombin III 
complex (TAT) (Behring, Marburg, Germany), antithrombin III 
(IL, Kirchheim, Germany) were measured to detect hemostatie 
changes. These coagulation data were compared to those obtained 
from six additional untreated cats subjected to 15-rain cardiac ar- 
rest and the same resuscitation protocol. Before animal experiments 
were started, we performed qualitative in vitro experiments which 
demonstrated a thrombolytic activity of human rt-PA in cat blood. 
At rt-PA concentrations above 101xg/ml, clots began to disag- 
gregate. Consistent with our findings, Korninger and Collen [24] 
observed a 60~ activity of human rt-PA in cat plasma. 

Statistical analysis 

All data are expressed as means_+SD. Differences between groups 
or time points were analyzed for significance by the Z2-test, Mann- 
Whitney U test, Student's t-test, or ANOVA, followed by Fisher's 
PLSD test for multiple comparisons. Statistical significance was 
assumed for p < 0.05. 

Results 

One an imal  in the rt-PA-treated group (group 2) was 
excluded from data  analysis because of intracerebral 
hemorrhage  due to iatrogenic bra in  in jury  dur ing prear- 
rest t repanat ion.  In  all other animals,  autopsy did not  
detect any intracranial ,  intrathoracic,  or in t ra -abdomina l  
bleeding. 

H e m o d y n a m i c  variables 

Dur ing  prearrest steady-state, the hemodynamic  variables 
of animals  in bo th  the untreated (group 1) and  the rt- 
PA-treated (group 2) animals  were in  the physiological 
range. Differences between the groups were no t  be ob- 
served, except for a slightly lower myocardial  perfus ion 
pressure in group 2 (Table 1). In  all animals,  ventr icular  
f ibr i l la t ion was achieved within 45 s and prompt ly  caused 
circulatory arrest (Fig. 1). Dur ing  closed-chest cardiac 
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Table 1 Hemodynarnic variables before cardiac arrest, during car- 
diopulmonary resuscitation, and after restoration of spontaneous 
circulation ROSC.  Values are means• ( M A P  mean arterial 
blood pressure, C V P  central venous pressure, I CP  intracranial 

pressure, CPP cerebral perfusion pressure, CBF cerebral blood 
flow measured with laser-Doppler, L VDP left ventricular diastolic 
pressure, M P P  myocardial perfusion pressure, CPR cardiopul- 
monary resuscitation, N D  not determined) 

Experimental Time MAP CVP ICP 
group (mmHg) (mmHg) (mmHg) 

CPP CBF LVDP MPP dt/dt max 
(mmHg) (070 of (mmHg) (mmHg) (mmHg/s) 

control) 

Untreated 
(n = 8) 

rt-PA lysis 
(n = 5) 

Prearrest 107 • 26 4 • 
2-min CPR 77• 40• 
4-min CPR 65•  34• 
4 min after ROSC 164• 8• 
14minafterROSC 126• 8• 
30min after ROSC 92• 7• 

Prearrest 100 • 31 5 +_ 
2-min CPR 64• 31• 
4-min CPR 57• 9** 26• 
4 •  after ROSC 138• 10• 
14min after ROSC 135• 9_+ 
30minafter ROSC 88• 7• 

3 4•  
10"* 17• 
12"* 15• 
6** 16• 
6** 9•  
4 5• 

2 8•  
19"* 16• 
11"* 15_+3"** 
3** 22• 
3** 16• 
3 5•  

10i• 100 7• 6 85• 3150• 903 
37• 50• 10• 8 37• 9** ND 
31• 39• 9• 7 37• ND 

147• 141• 14• 120• 3994• 
116• 28 149• 74 7• 8 97• 3465• 
85• 144• 57 3• 4 6 8 •  3267• 699 

93• 100 3• 3 62• 2688• 477 
32• 13'* 67• 7• 4** 32• 9** ND 
30• 15"* 62• 32** 9• 6** 24• 3*** ND 

117 • 25 * 173 • 72 9 • 10 102• 32** 4575 • 1187"* 
119• 20 174• 65 2 • 3 108 • 11 ** 4743 • 238*** 
81• 149• 0• 1" 68• 3897• 400 

* Significantly different from untreated animals (/)<0.05, Student's t-test); ** significantly different from prearrest control values 
(p < 0.05, ANOVA) 
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Fig. 1 Cardiopulmonary resuscitation after 15-min cardiac arrest 
in a cat treated with a bolus injection of rt-PA 1 mg/kg and heparin 
100 U/kg, followed by infusion of rt-PA I mg/kg per 30 • A 
polygraphic recording of the onset of cardiac arrest, closed-chest 
cardiac massage, defibrillation, and early reperfusion is shown. 
High central venous CKP and intracranial pressure ICP during 
closed-chest cardiac massage resulted in low cerebral blood flow 
CBF, measured by laser-Doppler, which, however, rapidly recovered 
to above prearrest levels after restoration of spontaneous circula- 
tion. EEG electroencephalogram, ECG electrocardiogram, S A P  
systemic arterial pressure 

massage the h e m o d y n a m i c  variables were comparab le  in 
bo th  groups. CBF reached 30 to 60% of  prearrest  values, 
and per fus ion  pressures o f  hear t  and brain were reduced 
to approximate ly  35~ of  prearrest  values (Table 1). 
Restorat ion o f  spontaneous  circulat ion was achieved in 
all animals  within 6 •  

Fol lowing successful defibri l lat ion,  a hypertensive 
episode o f  about  15-min dura t ion  was observed in all 
cats. Ar ter ia l  b lood  pressure then re turned to no rma l  
range, and was stabilized near  to prearrest  levels using low 
infusion rates o f  dopamine  and epinephrine.  Dur ing  
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recirculation, treated cats exhibited a significantly higher 
intracranial pressure which, in combination with a slight- 
ly lower arterial pressure, resulted in a significantly lower 
cerebral perfusion pressure. Laser-Doppler-flow, however, 
tended to be higher in the cerebral cortex of rt-PA-treated 
animals (Table 1, Fig. 2). Moreover, cardiac inotropy 
determined by the calculation of dp/dt max reached sig- 
nificantly higher levels in treated cats, which suggested an 
improvement in cardiac function due to the treatment 
strategy (Table l, Fig. 2). 

Blood variables 

During the prearrest control period, laboratory parame- 
ters in both groups were found to be within the normal 
range (Table 2). 

Cardiac arrest and CPR led to severe metabolic distur- 
bances, as evidenced by blood lactic acidosis and an in- 
crease in serum glucose. Arterial pH remained at about 
7.15 until the end of the recirculation period. Serum lac- 
tate and glucose slowly decreased during reperfusion but 
did not reach baseline levels. Treatment with rt-PA, how- 
ever, accelerated this decline significantly. Cardiac arrest 
and resuscitation caused hemoconcentration despite con- 
tinuous infusion of Ringer solution 4 ml/kg per h before 
and after cardiac arrest. The hematocrit increased in both 
groups after resuscitation and did not normalize within 
30 min of recirculation. In both groups, ventilation with 
pure oxygen caused an increase in the partial pressure of 
oxygen in arterial blood to about 300mmHg after 
resuscitation, indicating that pulmonary function was not 
severely disturbed by cardiac arrest and CPR. Increasing 
the ventilation rate to 140~ of control prevented hyper- 

capnia caused by bicarbonate administration in treated 
but not in untreated animals. 

The effects of cardiocirculatory arrest with and with- 
out thrombolytic therapy on the coagulation system are 
shown in Fig. 3. In untreated animals, the activation of 
the coagulation cascade after CPR is indicated by an in- 
crease in TAT levels and a decrease in fibrinogen concen- 
trations. Treatment with rt-PA and heparin diminished 
the increase in TAT levels after CPR. Fibrinogen concen- 
trations, however, decreased to a significantly lower level, 
indicating an unspecific fibrinogenolytic activity of rt- 
PA. The specificity of the in vivo effects of rt-PA and 
heparin in cats is reflected by decreasing concentrations 
of a2-antiplasmin. 

Electrophysiological observations 

During the prearrest control period, the animals exhibited 
the characteristic EEG pattern of alfentanil and midazo- 
lam anesthesia. The median EEG frequency was between 
4 and 6 Hz and the main EEG activity was in the frequen- 
cy range from 0.5 to 7 Hz. Following induction of ven- 
tricular fibrillation, the EEG flattened within 20 s in all 
animals. After cardiac arrest and CPR, EEG began to 
recover but did not normalize within the survival period 
of 30 min. In both groups, EEG power returned to only 
15~ of  prearrest control. The pupils completely dilated 
in all animals within 1 min after ventricular fibrillation. 
Fifteen minutes after successful resuscitation, the pupils 
began to constrict and two animals in each group demon- 
strated nearly complete miosis at the end of the experi- 
ment. 

Fig. 2 Mean arterial blood 
pressure, left ventricular in- 
otropy, intracranial pressure, 
and cerebral blood flow (mea- 
sured by laser-Doppler in the 
parietal cortex) during control 
period, closed-chest cardiac 
massage (CPR), and after 
resuscitation (recirculation). 
Note the absence of major dif- 
ferences between untreated and 
treated animals in cerebral 
blood flow, despite increased 
intracranial pressure in treated 
cats (treatment: bolus injection 
of rt-PA 1 mg/kg and heparin 
100 U/kg, followed by infusion 
of rt-PA i mg/kg per 30 min). 
Values are means_+ SD. 
* Significant difference be- 
tween treated and untreated 
animals (p<0.05, Student's 
t-test) 
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Severity of no-reflow 

In all untreated cats, cardiac arrest of 15-min duration 
followed by 30-min spontaneous recirculation caused 
severe disturbances of microcirculation, as indicated by 
no-reflow in 28_+ 13% of total forebrain sectional areas 
(Fig. 4). Postarrest combined treatment, using rt-PA and 
heparin, led to a significant reduction in cerebral no- 
reflow to 7 _+ 6~ of total forebrain sectional areas (Fig. 4). 
Regional evaluation of no-reflow revealed a significant 
reduction by this treatment in all parts of the brain: in 
cortex from 27_+14% to 8_+6~ in basal ganglia from 
63___26~ to 15_20%, and in brainstem from 26_+26% to 
2_ 3 O7o (Figs. 4, 5). All the treated animals but only one 
of eight untreated animals showed nearly complete reper- 
fusion of the brain (i.e., no-reflow < 15~ of total fore- 
brain sectional areas) (;~2-test, p <  0.01). 

Discussion 

This study clearly confirms our previous observation that 
cerebral microcirculatory reperfusion is severely disturbed 
soon after resuscitation from cardiac arrest in cats [11]. 
A postarrest treatment strategy, including thrombolytic 
therapy with rt-PA and heparin, significantly reduced the 
severity of cerebral no-reflow. In contrast to clinical 
observations which led to the contraindication of throm- 
bolysis after resuscitation from cardiac arrest, adverse 
side effects were not seen, except in one animal, where the 
brain was iatrogenically injured during surgical prepara- 
tion before administration of rt-PA. 

The beneficial effect of thrombolysis using rt-PA 
points to fibrin formation and microthrombosis in the 
pathogenesis of microcirculatory impairment after pro- 
longed cardiac arrest. In untreated cats, we observed ac- 
tivation of the coagulation system, shown by the increase 
in TAT and the decrease in fibrinogen levels. The delayed 
and only slight decrease in az-antiplasmin in the un- 
treated animals at the end of the 30-min recirculation 
period confirmed the moderate activation of endogenous 
fibrinolysis. These data are consistent with previous ex- 
perimental findings. Gaszynski [18] reported that platelet 
counts and fibrinogen levels decreased and plasma 
thrombin times shortened, indicating the development of 
disseminated intravascular clotting after cardiac arrest in 
rabbits. Standard CPR measures, including administra- 
tion of epinephrine and bicarbonate, did not reverse this 
activation of the clotting system [18]. These authors also 
observed signs of a less endogenous fibrinolytic activity 
[18]. Hekmatpanah demonstrated that increased clotting 
activity caused the formation of microthrombi in cortical 
pial vessels within 5 to 10 rain after the onset of cardiac 
arrest [15]. This may be a strong indication that the 
cerebral no-reflow phenomenon is caused, at least in part, 
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Fig. 3 Fibrinogen, thrombin-antithrombin III complex (TAT), 
az-antiplasmin, and antithrombin III during the control period 
and after resuscitation (recirculation). Note the activation of the 
coagulation cascade after CPR in untreated animals (n = 6), as in- 
dicated by decreased fibrinogen concentrations and increased TAT 
levels. Specific effects of thrombolytic therapy (bolus injection of 
rt-PA 1 mg/kg and heparin 100 U/kg, followed by infusion of rt-PA 
1 mg/kg per 30 rain) are reflected by decreasing levels of aa-anti- 
plasmin and fibrinogen (n = 5). Values are means_+SD. * Signif- 
icant difference between treated and untreated animals (p< 0.05, 
Student's t-test), e significant difference from control value within 
untreated animals (p<0.05, ANOVA), +significant difference 
from control value within treated animals (p < 0.05, ANOVA) 

by act iva t ion  o f  the coagu la t ion  system with subsequent 
micro thrombos i s .  

Recently, it has been demonstrated tha t  no-ref low in- 
creases with prolonged cardiac arrest and  may  affect  up 
to 70~ o f  the  to ta l  forebra in  sect ional  areas if  C P R  is 
started 30 min  af ter  induc t ion  o f  ventr icular  f ib r i l l a t ion  
[11]. Af t e r  cardiac  arrest  o f  15 min  or longer, these micro-  
c i rcula tory  disturbances persist for at least  30 ra in  o f  
recirculat ion,  which supports the hypothesis  tha t  no-  
reflow is one o f  the ma in  factors l imit ing pos t i schemic  
neuro log ica l  recovery [1, 11]. 

Several therapeutic measures have been proposed to 
overcome no-reflow and to ameliorate secondary ische- 
mic lesions of the brain. Extracorporeal circulation pro- 
vides normal reperfusion pressures during CPR [25-  27], 
prevents no-reflow [25, 26], and improves cerebral 
recovery [27]. Small volume resuscitation [28], which is 
effective in normalizing circulating blood volume and 
nutritional blood flow after resuscitation from hemor- 
rhagic shock [29], has also been shown to reduce cerebral 
no-reflow after cardiac arrest [30] and to hasten the 
return of neurological function after cerebral ischemia 
[31]. Although the pathogenetic role of leukocyte adhe- 
sion caused by increased expression of intercellular adhe- 
sion molecules during impaired reperfusion of the brain 
has been disputed [32], an increasing number of experi- 

Fig. 4 Severity of no-reflow in various brain regions, in total 
forebrain, and in eight standard coronal levels of brain after 15-min 
cardiac arrest. Values are expressed as percentage of sectional and 
slice areas (means _+ SD). Thrombolytic therapy (bolus injection of 
rt-PA 1 mg/kg and heparin 100 U/kg, followed by infusion of rt-PA 
1 mg/kg per 30 rain) caused a reduction in no-reflow in all brain 
regions, which reached statistical significance as indicated. 
*Significant difference between treated and untreated animals 
(p < 0.05, Mann-Whitney U test) 
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Fig. 5 Resuscitation from 
15-min cardiac arrest: severely 
disturbed microvascular reper- 
fusion in the caudate nucleus 
of an untreated animal left 
compared to homogeneous 
capillary filling in a cat after 
rt-PA and heparin treatment 
right. Fluorescence 
microscopy, magnification 
xl00 and x200 

mental studies on global or focal cerebral ischemia point 
to the beneficial effect of interventions that prevent or 
counteract the expression of  adhesion molecules [33, 34]. 
However, to the best of our knowledge such data are not 
yet available for brain resuscitation after cardiac arrest. 

The data from this experimental study support the hy- 
pothesis that therapeutic interventions which prevent ac- 
tivation of the coagulation system or increase in fibrino- 
lytic activity improve microcirculatory reperfusion of  the 
brain. Consistent with the findings in this study, Crowell 
et al. and Crowell and Smith demonstrated that pretreat- 
ment with heparin or streptokinase before cardiac arrest 
dramatically improved the resuscitation success and neu- 
rological recovery in dogs [35, 36]. The protease inhibitor 
aprotinin, in combination with heparin, corrected, in 
part, the activation of the clotting system and improved 
short-term survival after CPR in rabbits [37, 38]. Heparin 
treatment after cerebral ischemia of up to 7 rain ac- 
celerated electrophysiological normalization and improv- 
ed neurological recovery [20]. However, when ischemia 
was prolonged, a beneficial effect of  postischemic 
heparin administration on cerebral resuscitation was not 
observed [211. This may be due to the fact that anti- 
coagulant treatment with heparin may prevent but does 
not reverse fibrin formation and microthrombotic ag- 
gregations. In contrast, rt-PA, like other thrombolytic 
agents, is able to dissolve even macroscopic thrombi, and 
therefore, is better suited to improve cerebral reperfusion 
under conditions of increased fibrin formation and 
microthombosis. In fact, Lin et al. [39] investigated the 

influence of streptokinase on cerebral reperfusion in a 
model of prolonged cardiac arrest. They demonstrated 
that a combination of streptokinase and dextran, but not 
dextran alone, ameliorated the delayed postischemic 
hypoperfusion syndrome and accelerated EEG recovery. 

Substantial evidence has been provided that functional 
recovery of the brain depends on complete reperfusion 
[19, 27, 31, 39, 40]. In the present study, neurological 
recovery could not be determined, because experiments 
were terminated shortly after the beginning of  recircula- 
tion. However, we found that in treated animals in- 
tracranial pressure was significantly elevated during the 
early reperfusion phase. Elevated intracranial pressure 
may cause a decrease in blood flow due to brain swelling, 
but it may also be an indicator of increased cerebral blood 
flow and intracranial blood volume. The latter is sup- 
ported by the findings that rt-PA increased laser-Doppler 
flow and reduced no-reflow. If  elevated intracranial 
pressure levels are caused by an increase in cerebral blood 
flow, it may correlate with improved neurological recov- 
ery, as demonstrated after experimental cerebral ischemia 
of 1-h duration [411. 

The surprising finding of increased laser-Doppler flow 
despite presence of  no-reflow phenomenon could be ex- 
plained by microcirculatory heterogeneities. No-reflow 
was mainly located in the depths of the sulci and basal 
ganglia, whereas the superficial regions of the cortex, in 
which laser-Doppler flow was measured, were less af- 
fected (Fig. 4) [11]. Also, some patent vessels in the 
cerebral cortex may be perfused at an increased flow rate, 
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resulting in increased laser-Doppler flow signal [11]. A 
similar dissociation has been observed after massive 
microembolizat ion where the vascular obstruct ion was 
also compensated  by an increased flow rate through non-  
occluded vessels [42]. 

The possible clinical relevance o f  our  findings is sup- 
ported by recent observations o f  BOttiger et al., who dem- 
onstrated marked activation o f  b lood coagulat ion after 
cardiac arrest in humans  which was not  adequately 
balanced by endogenous fibrinolysis [43]. I f  fibrin forma-  
t ion and microthrombosis  occur after cardiac arrest, 
thrombolyt ic  therapy may improve microvascular reperfu- 
sion. However, the clinical use o f  thrombolysis  during 
CPR is still contraindicated,  a l though there is growing 
clinical experience with thrombolysis  during and after 
CPR in patients suffering f rom fulminant  pu lmonary  em- 
bolism and myocardial  infarct ion [44-47] .  Remarkably, 
severe bleeding complicat ions which could be directly at- 
tr ibuted to C P R  procedures were rarely observed, even 
after prolonged heart  massage [44, 45]. B6ttiger et al. 
reviewed all published material on  a total o f  48 patients 
who received thrombolysis  during C P R  for the t reatment  
o f  massive pu lmonary  embolism and concluded that  
severe bleeding complicat ions are most ly  related to previ- 
ous surgical interventions and less to CPR procedures 

[46]. However, under  such conditions, lethal intracranial 
bleeding complications,  a typical but  rare complicat ion o f  
thrombolysis,  may  occur [46]. Weston and Avery de- 
scribed a higher risk o f  significant bleeding complica-  
tions in a small group o f  patients who received thrombol-  
ysis after CPR and concluded that  thrombolyt ic  therapy 
should be initiated after CPR only when there is over- 
whelming E C G  evidence o f  acute myocardial  infarction 
[47]. 

In conclusion, the data f rom the present study support  
the hypothesis that  thrombolyt ic  therapy in combina t ion  
with heparin improves cerebral recirculation after cardiac 
arrest. However, further studies are required to find out  
whether the potential  risk o f  bleeding, which is related to 
this treatment,  is outweighed by improved neurological 
recovery after long-term survival. 
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