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endothelial cells of the graft. Their 
activation and the consequent al- 
teration of the organ's microcircula- 
tion lead to the destruction of the 
xenograft. Microhemodynamic 
changes occurring during this pro- 
cess are still poorly characterized. 
The aim of this study was to analyze 
the microcirculation during xeno- 
geneic ex vivo hemoperfusion of rat 
livers and to monitor the impact of 
treatment strategies using intravital 
fluorescence microscopy. In contrast 
to the isogeneic control group, 
blood flow almost completely stop- 
ped within the first minutes of xeno- 
perfusion. Simultaneously, perfu- 
sion pressure increased and bile 
production was reduced. Acetylsali- 

tivating factor antagonist WEB 2170 
improved the microcirculation and 
function of the xenoperfused liver. 
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R.Friedrich. D.Seehofer ' cylate (Aspisol) and the platelet-ac- 

The combination showed a syner- 
gistic effect. After apheresis of pre- 
formed xenogeneic antibodies, the 
parameters measured were compa- 
rable with those seen in isogeneic 
experiments. Complement degrada- 
tion with cobra venom factor re- 
vealed a minor improvement in per- 
fusion. A rapid, extensive, and irre- 
versible leukocyte accumulation in 
terminal portal vessels was observed 
in all xenogeneic experiments. 
Blood counts of the perfusate con- 
firmed the early trapping of leuko- 
cytes and platelets in the xenoper- 
fused liver, indicating nonimmuno- 
logical, cellular involvement in this 
rejection process. 
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Introduction 

Animal organs, especially those of pigs, could one day 
compensate for the increasing shortage of allografts for 
humans. The mechanisms underlying hyperacute xeno- 
geneic rejection after discordant xenotransplantation 
remain a central topic of research. Investigations using 
different combinations of species indicate that donor 
endothelial cells (EC) play a key role in the discordant 
xenogeneic rejection process. E C  are activated by xe- 
noreactive natural antibodies and/or the complement 
system [2, 11, 221. Activated E C  change their physio- 

logical behavior with regard to vascular integrity and 
cell interaction by switching their anticoagulant surface 
to a coagulant condition, which leads to a complete 
breakdown of the microcirculation of the graft [23, 311. 
Specific inhibition of these humoral factors, particularly 
the complement cascade, using cobra venom factor 
(CVF) or the transgenic expression of complement reg- 
ulatory proteins by ECs of xenogeneic organs seems to 
prevent the initial step of the rejection process and to 
prolong graft function [S, 2.51. In comparison with the re- 
jection process after allotransplantation, where altera- 
tions in microhemodynamic parameters are well docu- 
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mented [18,19,26,27], the microcirculatory changes oc- 
curring during xenogeneic graft rejection and the effica- 
cy of treatment have not been reported. Strategies in 
different animal models, e. g., studying the influence of 
acetylsalicylate [l] and platelet-activating factor antago- 
nist [16] on platelet function, or the inhibition of the 
complement system using CVF [33], or the removal of 
antibodies [13], have resulted in only limited prolonga- 
tion of graft survival. 

The aim of the present study was to analyze microcir- 
culatory changes occurring during xenogeneic liver per- 
fusion and to quantify the efficacy of treatment strate- 
gies. We used a modification of the well-established iso- 
lated rat liver perfusion system [20] and applied intravi- 
tal microscopy (IVM) for 45 min while livers were xeno- 
perfused with human blood. 

Materials and methods 
Animal preparation 

All experiments were performed in accordance with the German 
legislation on the protection of animals. Livers of Spraque-Dawley 
(SD) rats weighing 250-300 g (Charles River, Germany) were mobi- 
lized in situ under intraperitoneal pentobarbital anesthesia (60 mg/ 
kg). The common bile duct, the portal vein (as the influx), and the 
thoracic inferior vena cava (as the drain) were cannulated. Both 
the abdominal vena cava and aorta were ligated and the rats anti- 
coagulated with 200 IU heparin. During flushing of the livers with 
30 ml of 25 "C lactated Ringer's solution at a hydrostatic pressure 
of 12 cm, rats were euthanized with an overdose of pentobarbital. 

Preparation of perfusion medium 

For isogeneic control perfusion, blood was taken by puncturing the 
aorta of SD rats under pentobarbital anesthesia. Human blood 
from two volunteers (blood group 0, Rh-negative) was taken for 
xenoperfusion. The blood was anticoagulated with heparin 
(100 IU/ml) and diluted with 6 % is0 oncotic hydroxyethyl starch 
(Fresenius, Germany) to a hematocrit (Hct) of 30 YO to provide an 
optimal combination of blood flow and oxygen transport capacity 
while maintaining physiological perfusion pressures in the system 
used [29]. 

Perfusion system and experimental design 

The in situ livers were hemoperfused for 45 min at a constant phys- 
iological flow rate of 1.15 ml/min per gram. The closed perfusion 
circuit consisted of a reservoir, a peristaltic roller pump (IPSS 8, Is- 
matec, Germany), silicone tubes (ID 2 mm), a bubble trap, a blood 
filter (60 pm, Millipore, Ireland), and a membrane oxygenator 
with thin-walled silicone tubing (ID 1 mm, wall thickness 0.2 mm, 
Detakta, Norderstedt, Germany) coiled around a warming core. 
Temperature and pH of the perfusate were kept in physiological 
ranges and the perfusion pressure was monitored continously with 
a pressure transducer (Ohmeda DTxx, Germany) and monitor 
(Siemens Sirecust 304, Germany). The priming volume of the 
whole system was 10 ml, and the starting volume in the reservoir 
was SO ml. 

To investigate the efficacy of different treatment strategies dur- 
ing rat liver hemoperfusion, the following groups (n = 6) were ana- 
lyzed: 

Control groups administered a perfusate consisting of 

1. isogeneic rat blood (ISO), Hct 30% 
2. xenogeneic human blood (XENO) Hct 30% 

Experimental groups, perfusate consisting of human blood, Hct 
30 %, in addition to: 

3. acetylsalicylate (Aspisol; 0.1 mg/ml', Bayer, Leverkusen, Ger- 
many; ASP) 

4. Platelet-activating factor antagonist (WEB 2370, 0.033 mglml', 
Boehringer Ingelheim, Germany; WEB) 

5. a combination of ASP and WEB (COMB) 
6. cobra venom factor (1 pg/ml'; CVF), a gift of Dr. D.white, 

Cambridge, England 
7. removal of antibodies (IgG and IgM) using sepharose apherese 

columns coated with polyclonal antihuman IgGiIgM antibodies 
(Therasorp, Germany; ABR). 

Intravital microscopy (IVM) 

For IVM, blood was stained with fluorescein sodium (4.5 pg/ml, 
Sigma, Germany) to enhance the contrast of plasma. Rhodamine 
6G (0.6 yg/ml, Sigma) was used to identify leukocytes and plate- 
lets. The mobilized right liver lobe was investigated during perfu- 
sion using a fluorescence microscope (Leica, Germany) with epi-il- 
lumination. A water immersion objective and different filter blocks 
were employed to distinguish the distinct fluorescent dyes. The mi- 
croscopic pictures were transferred via a CCD camera (Pieper 
Fk 6990, Switzerland) to a monitor (Sony Trinitron PVM 2043, Ja- 
pan) and recorded with an SVHS video recording system (Panaso- 
nic 7350, Japan). A video timer (VTG-33, FOR-A, Japan) placed 
between the camera and monitor allowed for a time-related inter- 
pretation of the video sequences. During the observation period 
of 45 min, 10-12 liver fields, 10-12 postsinusoidal venules, and 
5-10 terminal portal venules were randomly selected and recorded 
for 50 s (magnification x 800 on the monitor). It is known that the 
microscopic investigation of individual liver lobules for 30-60 s 
does not result in deterioration of the microcirculation due to light 
exposure [37]. After 45 min of perfusion, the lobe was scanned 
transversally and 30-50 acini were recorded at a lower magnifica- 
tion (magnification x 400 on the monitor) to determine the acinar 
perfusion. 

Off-line video analysis 

To quantify sinusoidal perfusion failure during hemoperfusion, the 
sinusoidal perfusion rate was calculated as the number of perfused 
sinusoids per total number of sinusoids. To quantify the perfusion 
status of the whole liver, taking into consideration the distribution 
of perfusion failure, an acinar perfusion index was calculated. A to- 
tal of 30-50 acini were categorized according to hepatocellular up- 
take of fluorescent dyes and sinusoidal flow as: not perfused (no 
staining, no flow), irregularly perfused (patchy staining, flow only 
in parts of the acinus), and regularly perfused (homogeneous stain- 

The dosage used was determined with the help of previous ex- 
periments [l, 8, 101 in preliminary dose finding experiments. 
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Table 1 Perfusion pressure during ex vivo liver perfusion as mean f SEM in mmHg 

Group (treatment) Time (rnin) 
0 5 15 30 45 

IS0  11.9 f 0.9 10.9 f 1 .O* 10.3 f 1.4" 09.8 f 1.2 09.7 f 1.0 
XENO 11.5 f 2.7 20.9 f 3.1** 19.2 f 3.9** 12.2 f 2.2 11.2 L 2.6 
ASP 10.5 f 2.4 13.9 f 2.0* 13.4 f 1.4* 10.5 f 1.7 09.0 f 1.9 
WEB 09.4 f 1.3 14.9 f2.0". *" 14.3 f 1.6** 12.2 f 1.4 09.4 f 1.4 
COMB 11.4 k 0.8 15.3 f 0.8". ** 11.4 f 0.7" 09.5 f 0.9 08.1 k 1.1 
CVF 09.0 f 0.8 17.7 f 1.6"" 14.4f 1.3** 12.4 f 1.0 11.9 k 0.9 
ABR 08.3 f 1.0 09.6 f 1.4* 12.0 f 3.1" 10.7 f 2.9 09.2 f 2.4 

' P < 0.05 vs XENO perfusion group; **  P < 0.05 vs I S 0  control group 

ing and flow). The index of acinar perfusion was calculated using 
the formula: Index (acinar perfusion) = [ N  (regular perfus- 
ed) + 0.5 N (irregular perfused)]/N (total). 

Additional parameters 

Bile flow, as an indicator of liver function, was measured before the 
start of the experiment (basal bile flow) and at 15-min intervals 
during perfusion, calculated as flow (PI) per gram of liver per mi- 
nute. 

Blood samples for hematological (Hct, Hb, WBC, RBC, and 
platelets) and biochemical (AST, LDH, potassium, sodium, and 
calcium) analysis were taken at given time intervals (0, 5 ,  15, 30, 
and 45 min). Serum complement activity after CVF treatment was 
tested with the CH-50 method. After incubation of blood with 
1 pl/rnl CVF for 2 h, the complement activity was completely abol- 
ished without any signs of hemolysis. Preformed natural antibodies 
(PXNA) were quantified by agglutination of rat erythrocytes, as 
described elsewhere [7]. Apheresis of PXNA resulted in a decrease 
of 95% of total IgM and of 85% of total IgG [34]. At the end of 
liver perfusion, specimens were fixed in 7 YO formalin and embedded 
in paraffin. Sections ( 3 4  pm) were stained with hematoxylin and 
eosin. Histological findings were graded according to the degree of 
damage: grade 0, no damage; grade 1, portal and sinusoidal hypere- 
mia: grade 2, parenchymal lesions; grade 3, complete necrosis. 

Statistical analysis 

The data are expressed as means f SEM. Normality was tested with 
the Kolmogorov-Smirnov test. All data were analyzed with the one- 
way ANOVA and the all pairwise multiple comparison method Stu- 
dent-Newman-Keuls test, using Sigmastat I .O. A difference was re- 
garded as significant when the Pvalue was less than 5 %. 

Results 

Portal perfusion pressure 

The portal pressure of the isogeneic control group at a 
constant blood flow of 1.15 ml/min per gram ranged 
from 11 (& 0.9) mmHg at the beginning and 9.7 (+ 1.0) 
mmHg at the end of perfusion. In contrast, there was a 
significant increase in pressure in the xenogeneic con- 
trol group (XENO) in the first 5 rnin to 20.9 (+. 3.1) 

mmHg, followed by a slow decrease to an almost normal 
value of 11.2 (+. 2.6) mmHg at 45 min. In livers treated 
with WEB (0.033 mg/kg) or ASP (0.1 mg/kg), the portal 
pressure was reduced significantly at the 5 and 15 rnin 
observation times. The best portal pressure was seen in 
the combined group with 11.4 (+ 0.7) mmHg at 15 min. 
After removal of antibodies, almost normal values of 
between 8.3 (f 1.0) and 12 (+ 3.1) mmHg were main- 
tained throughout the entire perfusion. Portal pressure 
after CVF treatment remained unexpectedly high: 17.7 
(+ 1.6) and 14.4 (+ 1.3) mmHg at 5 and 15 rnin of the ob- 
servation period, respectively (Table 1). 

Bile production 

Bile production in the I S 0  group during the first 15 rnin 
of perfusion reached 100 (+ 7) Yo of basal bile produc- 
tion and dropped slightly to 87.3 (+ 2.7) YO at 30 rnin 
and to  76.4 (+. 4.5) % at 45 rnin. In comparison, bile pro- 
duction in the XENO group remained at a significantly 
lower level: 63.1 (+3.6)Yo at the beginning and 
48.6 (+ 3.6) % at the end of the perfusion period. In the 
group treated with WEB or ASP, bile production was 
raised significantly, almost to values seen in the I S 0  
group. The best results were seen in the combined 
group: 91.3 (+ 5.2) Yo of basal bile production at the be- 
ginning and 67.8 (& 2.6) YO at the end of the experiment. 
After apheresis of antibodies, no significant differences 
with respect to the I S 0  group in the first 15 rnin of per- 
fusion could be observed. A more marked decrease to 
60.9 (f 4.7) YO was seen during the subsequent observa- 
tion time. Bile production after CVF treatment was the 
lowest of all groups, with 43.6 (+ 5.8) YO after 15 rnin of 
perfusion; however, it went back up to 68.9 (+ 2.6) YO by 
the end of perfusion (Table 2). 

Aspartate-aminotransferase (AST) 

A marked increase of 406.8 (-+ 53.7) % in AST was ob- 
served during xenogeneic perfusion, while values during 



Table 2 Rile production during ex vivo liver perfusion as 
mean i SEM in percent of basal bile production in the intact ani- 
mal 

Group Time interval (min) 
(treatment) 0-1 5 16-30 31-45 

I S 0  100 f 07.0* 87 f 02.7* 76 f 04.5* 
S E N 0  063 i 03.6** 48 f 02.7** 49 f 03.6** 

51 5 0 3 . 7 ~  ASP 
WEB 080 f 12.0" 71 f 11.P 68 f 10.0 
COMB 091 f 05.2* 82 f 02.6*, ** 68 f 02.6* 
CVF 044 k 05.8*, ** 55 f 15.0** 69 f 02.7* 
AB R 097 f 07.8* 66 f 04.7*. ** 61 i 04.7". ** 

P < 0.05 vs XENO perfusion group: '* P < 0.05 vs I S 0  control 
group 

081 2 06.4". ** 71 k 05.6"- ** 

isogeneic perfusion remained almost stable. Under all 
treatments, the increase in AST was reduced, but values 
remained at higher levels than in the I S 0  group (Ta- 
ble 3). 

Leukocytes and platelets during perfusion 

During the first 15 min of perfusion, a major reduction 
in the number of leukocytes (81.2%) and of platelets 
(88.7 YO ) in the perfusate was observed. This trapping 
of cells in the liver could not be influenced by any treat- 
ment used. In contrast. only a slight drop in cell counts 
was seen during isogeneic perfusion, the number of leu- 
kocytes falling by 33.3 YO and platelets by 13.1 YO. 

Quantification of microcirculation 

The calculation of an index of acinar perfusion as an in- 
dicator of the perfusion status of the livers showed the 
best correlation with the homogeneous isogeneic perfu- 
sion group (0.91) and the worst with the xenogeneic 
group (0.48) within the first minutes of perfusion. This 
indicated an almost complete breakdown in microcircu- 
lation with a lack of homogeneity of perfusion. Perfu- 
sion after modification of the perfusate with CVF, anti- 
body removal, or a combination of ASP and WEB im- 

proved significantly (Table 4). Evaluation of the perfu- 
sion of single sinusoids indicated homogeneous perfu- 
sion in the isogeneic group with 94% of the sinusoids 
being perfused but a markedly reduced perfusion of 
67 % of the sinusoids in the xenogeneic group. Where si- 
nusoidal perfusion failed, apheresis of antibodies im- 
proved it to 81% and combined treatment with ASP 
and WEB resulted in 82.5% perfused sinusoids. With 
CVF 74.5% of all observed sinusoids were perfused 
with a less homogeneous perfusion, indicating a weaker 
effect (Fig. 1). 

A massive accumulation of leukocytes in the termi- 
nal portal vessels was observed in the first 15 min of per- 
fusion in all xenogeneic groups. Their quantification 
was not possible due to the periportal overload of fluo- 
rochrome, caused by sticking leukocyte and platelet ag- 
gregates. As a result of the periportal trapping of leuko- 
cytes during xenogeneic liver perfusion, fewer postsi- 
nusoidal leukocytes were observed in the xenogeneic 
groups (Table 5 ) .  

Histology 

The damage to the livers detected in the histological 
sections was of grade 0-1 in all groups, with no obvious 
differences between the groups. 

Discussion 

The prerequisite for a vital xenograft is homogeneous 
hemoperfusion, on which its function is based. To inves- 
tigate rejection mechanisms and the efficacy of thera- 
peutic strategies, it is essential to have a method that al- 
lows the quantification of microhemodynamic changes. 
Techniques for studying hepatic microcirculation in 
small animals, e. g., the microsphere method, indicator 
dilution methods, hydrogen clearance, reflectance spec- 
trophotometry, and laser Doppler flowmetry, are descri- 
bed elsewhere [37]. Yet, these techniques are limited in 
their spatial resolution and particularly in their ability 
to register dynamic changes. In contrast, intravital mi- 
croscopy is a tool that permits the repetitive and contin- 

Time (min) Table 3 Aspartate aminotrans- Group 
ferase (AST) during ex vivo rat 

in percent of basal AST before 
start of perfusion 

(treatment) 

Iso 
XENO 103 k 13** 214 f 32** 303 f 40** 406 f 54** 

liver perfusion as mean i SEM 5 15 30 45 

012 f 07* 015 f 07'g 023 i 07" 032 f 07* 

ASP 089 t 07*. **  150 f 30*, ** 154 f 16*. ** 260 f 19*, _* 
WEB 104k 16** 186f 25** 230 f 26*. ** 310 f 27** 

'00 + 10*. ** 176 f 13". ** .. _ _  COMB 067 k 10". **: 1.10 f 93-1:. ** 
CVF 052*21*.** 107 f 26*. ** 161 f 35*, ** 170 & 30*. ** 
ABR 044 f lo*. ** 070 f 07*. ** 182 f 77*. ** 

* P < 0.05 vs XENO perfusion 
group; *- I' < 0.05 in vs Is0 
control group 033 5 08*. ** 
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Fig. 1 Sinusoidal perfusion rate (number of perfused sinusoids per 
total number of sinusoids observed) as meanf  SEM in percent 
after 30 min of liver perfusion. Sinusoidal perfusion failed signifi- 
cantly in the XENO group: no difference was observed between 
the ASP and WEB groups. The sinusoidal perfusion rate improved 
significantly after apheresis of antibodies and in the COMB group 
(ASP + WEB). The difference between the CVF and XENO 
groups was not significant. * P < 0.05 vs XENO perfusion group: 
** P < 0.05 vs I S 0  control group 

uous quantification of such microhemodynamic para- 
meters as sinusoidal/acinar perfusion rates, blood cell 
velocity, and leukocyte flux [21,28]. 

This study was the first effort to quantify microhemo- 
dynamic changes during liver xenoperfusion in order to 
analyze the impact of the treatments used. In contrast 
to histological findings, which could not prove obvious 
differences in tissue damage at the end of liver perfusion 
between the groups treated, intravital microscopy was 

Table 4 Acinar perfusion index as an indicator of the perfusion 
status of the whole liver, given as mean f SEM. Thirty acini were 
analyzed after a perfusion period of 45 min and the index calculat- 

able to register the dynamic changes in microcirculation. 
Each of the treatment strategies used was shown to have 
some influence on the rejection mechanism. The best re- 
sults were achieved after the removal of antibodies, un- 
derlining the importance of xenoreactive antibodies in 
hyperacute rejection [4,24,36]. The effect of acetylsali- 
cylate and platelet-activating factor antagonist high- 
lighted the important role of arachidonic acid products 
in the pathogenesis of xenogeneic rejection [32]. Inacti- 
vation of the complement system using CVF was only 
partly able to influence the function of the graft. Com- 
pared with isogeneic results, the blood supply in the liver 
was better in the CVF group, although there was less 
homogeneous sinusoidal perfusion. CVF did not appear 
to influence other parameters (perfusion pressure, bile 
production), in contrast with documented prolongation 
of survival after liver transplantation under CVF treat- 
ment [8]. It must be remembered, however, that the sur- 
vival time of recipients, especially after xenogeneic liver 
transplantation, is not a sensitive measure of graft func- 
tion. It is known that an anhepatic rat can survive for sev- 
eral hours [38]. The reason for the high perfusion pres- 
sure and low bile production in the CVF group is not 
known. Toxic side effects or products of complement ac- 
tivation, such as anaphylatoxins C3a and C5a, are 
thought to influence the microcirculation [3]. These pro- 
ducts are developed during activation of the comple- 
ment cascade by CVF [6] and obviously play an impor- 
tant role in the xenogeneic rejection process [30]. 

None of the treatments used was able to influence 
the trapping of leukocytes or platelets. Histological 
findings in hyperacute rejected grafts have provided evi- 
dence of the involvement of platelets in the formation of 
thrombi [5] and the adhesion of leukocytes to xenogene- 
ic endothelial cells [9]. In vitro studies point to  an in- 
volvement of leukocytes, especially natural killer cells, 
in the early rejection phase [12]. Their actions and im- 
portance in vivo during hyperacute xenogeneic rejec- 
tion are not yet understood. We observed a massive 

ed according to the formula: Index = [N (regular perfused) + 0.5xN 
(irregular perfused)]/N (total) with N = number of observed acini 

IS0  XENO ASP WEB COMB CVF ABR 

Index of acinar 0.91 k 0.02% 0.48 f 0.05"* 0.53 f 0.02 0.57 f 0.02 0.62 f 0.02" ** 0.68 ? 0.03* ** 0.74 f 0.04* ** 
perfusion 

* P < 0.05 vs XENO perfusion group; *" P < 0.05 vs I S 0  control group 

Table 5 Number of sticking leukocytes in postsinusoidal venules as mean + SEM in number per mm2 endothelial cell surface 
I S 0  XENO ASP WEB COMB CVF ABR 

n celk/mm2 122 f 27* 55 f 13"" 68 f 17%" 65 & 27 71 f 2 2  61 f 14** 93 f 15* 

' P < 0.05 vs XENO perfusion group; *- P < 0.05 vs IS0 control group 



and rapid accumulation of leukocytes within the first 
10 min of perfusion, particularly in periportal areas. 
The main fraction of accumulated leukocytes was con- 
sidered to be granulocytes, as estimated from blood 
counts. It is not clear whether leukocytes were able to 
communicate via xenogeneic adhesion molecules and/ 
or cytokines in a normal, physiological manner. The ex- 
pression and distribution of vascular adhesion mole- 
cules in the liver is different in portal areas and sinu- 
soids. It is known, for example, that in the human liver 
ELAM-1 and CD62 are expressed in portal, but not on 
sinusoidal, endothelial cells [35]. This could explain the 
observed trapping of leukocytes in portal vessels, which 
are the first point of contact for xenogeneic leukocytes. 
Complement products, especially factor iC3b, are 
known to induce rapid neutrophil-endothelial adhesion 
[ 171. Mechanical, morphological, and rheological fac- 
tors have also been found to play a role in sinusoidal 
leukocyte accumulation [14]. Our results prove the trap- 

ping of leukocytes and platelets and all consequences of 
their activation in the early phase of rejection during xe- 
nogeneic liver perfusion. Further investigations are ne- 
cessary to identify the mechanisms of xenogeneic cell 
trapping, as leukocyte-endothelial cell interactions 
might initiate the delayed vascular rejection of xeno- 
grafts. 

In conclusion, intravital fluorescence microscopy is 
sensitive enough to quantify microhemodynamic chan- 
ges and to analyze the efficiency of immunomodulation 
during xenoperfusion of rat livers with human blood. In 
addition to specific humoral factors (XNA and the com- 
plement system), nonspecific cellular interactions of 
leukocytes and platelets with xenogeneic endothelial 
cells are thought to play a role in microcirculatory dis- 
turbances during the early xenogeneic rejection phase. 
This will be analyzed further in future investigations. 
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