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Exocrine, but not endocrine, tissue is 
susceptible to microvascular ischemia/ 
reperfusion injury following pancreas 
transplantation in the rat 

Abstract While post-transplant 
pancreatitis is still a frequently oc- 
curring complication of whole pan- 
creas transplantation, dysfunction of 
the endocrine tissue is rarely ob- 
served. Given that microcirculatory 
disorders play a major role in the 
pathogenesis of pancreatitis, we hy- 
pothesized a dissociation of endo- 
crine and exocrine microvascular 
control in pancreas transplantation 
(cold ischemia-reperfusion) and 
studied this dissociation quantita- 
tively, analyzing the pancreatic mi- 
crocirculation after heterotopic iso- 
geneic pancreaticoduodenal trans- 
plantation in rats by means of fluo- 
rescence microscopy. Functional 
capillary density (FCD) of both 
exocrine and endocrine tissue of 
pancreatic grafts after 1 h of cold 
storage in HTK solution did not dif- 
fer when compared to sham-operat- 
ed, time-matched controls. Inter- 
mittent capillary perfusion, which is 
absent under sham control condi- 
tions and which is proposed to be 
operative as a compensatory mech- 
anism to counteract malperfusion, 

was observed in 52 YO of the exo- 
crine, but in only 8 YO of the endo- 
crine, tissue studied 0, < 0.0.5). In 
contrast, cold storage of pancreatic 
grafts for 6 h in HTK resulted in a 
complete loss of intermittent capil- 
lary perfusion in exocrine tissue and, 
consequently, marked exocrine per- 
fusion failure (decrease in FCD), 
while FCD of pancreatic endocrine 
tissue was preserved without any 
significant change in the incidence 
of intermittent capillary perfusion. 
Thus, our results indicate a higher 
susceptibility of the exocrine pan- 
creas to cold ischemiaheperfusion 
events that is associated with signifi- 
cant alterations in nutritive perfu- 
sion and, thus, with limitations of 
the oxygen supply to the tissue. This 
may lead to inflammatory tissue re- 
actions in the clinical setting of pan- 
creas transplantation. 
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Introduction 

Pancreas transplantation is presently the only estab- 
lished method to achieve long-term nornioglycemia in 
patients with diabetes mellitus. In the last decade, the 
technical success rate of pancreatic grafting has marked- 
ly improved and now approaches the results of other 
solid organ transplants [27, 29, 301. This is due to im- 

proved surgical techniques (2, 24), progress in organ 
procurement and preservation [4], and new types of im- 
munosuppression [ 18, 251. However, vessel thrombosis 
and graft pancreatitis with the risk of acute graft failure 
are still major problems in pancreas transplantation. 
While graft thrombosis occurs in 10 %-30 Yo of reported 
cases, requiring removal of the gland, the incidence of 
post-transplant graft pancreatitis can range anywhere 



51 

from 17 % [5,  61 to 22 Yo [8] to 35 YO [26] to 87.5 % [ 3 ] ,  
and it can lead to the loss of an otherwise viable organ 
in 20 YO-100 ‘/o of cases [20], depending on the severity 
of the disease. The clinical picture of post-transplant 
pancreatitis is ascribed to microvascular damage caused 
by ischemia and/or preservation of the organ, followed 
by reperfusion [3]. In contrast to inflammatory compli- 
cations of the exocrine gland, ischemia/reperfusion-in- 
duced dysfunction of the endocrine tissue is rarely ob- 
served [31]. To elucidate this dissociation in the postis- 
chemic response, we studied the exocrine and endocrine 
tissue microcirculation using a rat model of pancreas 
transplantation and intravital fluorescence microscopy. 

Materials and methods 
The experimental protocol met the criteria established by German 
legislation on the protection of laboratory animals and set forth in 
the “Principles of laboratory animal care” (NIH publication No. 
86-23, revised 1985). 

Surgical procedure 

Inbred male Sprague Dawley rats weighing 200-250 g were used 
throughout the study as either donors or recipients. After overnight 
fasting, but with free access to tap water, the animals were anesthe- 
tized with chloralhydrate (36 mg1100 g body weight i.p.). Sponta- 
neous respiration was facilitated by tracheotomy, and body temper- 
ature was maintained between 36°C and 37°C by placing the ani- 
mals in the supine position on a heating pad. PE 50 catheters were 
inserted into the left carotid artery and left jugular vein for sani- 
pling of arterial blood and continuous monitoring of arterial blood 
pressure and heart rate, as well as for intravenous injection of fluo- 
rescent dyes. Transplantation of the pancreas was performed ac- 
cording to the technique described in detail by Benetti et al. [l], 
anastomosing the graft’s arterial supply and venous outflow to the 
left renal vessels of the recipient. After simultaneous release of the 
clamps, the pancreatic graft was gently exteriorized on a specially 
designed stage for microscopic analysis. To keep the exteriorized 
pancreas moist and to exclude the effect of ambient oxygen, the 
pancreatic surface was covered with oxygenimpermeable Saran 
wrap. Reperfusion of the pancreas was allowed for a period of 2 h. 

Experimental protocol 

A total of 17 recipient animals were divided into three groups. An- 
imals in group 1 received grafts stored for 1 h in histidine-tryp- 
tophane-ketoglutarate (HTK) solution at 4°C (n  = 7). Grafts 
from group 2 were similarly stored in HTK, but for a period of 6 h 
(n  = 5).  Nontransplanted animals with exteriorization of the pan- 
creas served as controls (n = 5 ) .  

Intravital fluorescence microscopy 

At 15, 60, and 120 min after the onset of reperfusion, in vivo mi- 
croscopy of pancreatic exocrine and endocrine tissue was perform- 
ed using a modified Leitz-Orthoplan microscope (Leitz, Wetzlar, 
Germany) with a 100-watt mercury lamp attached to a Ploemo- 

Pak illuminator with an IZi3 blue filter block (excitation wavelength 
450-490 nm, emission wavelength 515 nm, Leitz). For contrast en- 
hancement, fluorescein-isothiocyanate (F1TC)-labeled dextran 
(MW 150000; SO pgikg body weight) was injected intravenously. 
The observations were recorded by ineans of a charge-coupled de- 
vice video camera (COHU FK 6990: Prospective Measurements, 
San Diego, Calif., USA) and transferred to an S-VHS video re- 
corder (AG-7350-E, Panasonic, Tokyo, Japan) for off-line evalua- 
tion. Using a water immersion objective (W 25~10.60, Leitz), a fi- 
nal magnification of x.820 was achieved on the video screen 
(PVM 2042 QM. diagonal 500 mm, Sony, Munich, Germany). The 
time of recording was 60 s per observation field. 

Microcirculatory analysis 

Quantitative analysis of the microcirculation of pancreatic exo- 
crine and endocrine tissue included the determination of function- 
al capillary density and intermittency of capillary perfusion, as well 
as measurement of capillary red blood cell velocity and capillary 
diameters. 

As previously described [ 19, 351, functional capillary density 
(FCD), which is defined as the length of all blood cell-perfused nu- 
tritive capillaries per observation area (400 pm x 350 pm) and ex- 
pressed in cmicm’ (cm-’), was assessed in three endocrine and five 
to seven exocrine observation areas per time point in accordance 
with the method described by Schmid-Schoenbein et al. [23]. A 
grid system with a grid width of 41 mm, representing 50 pm, was 
superimposed 011 the video screen. By counting the number of in- 
tersections between the grid and the capillaries (NJ FCD for 
each observation area was calculated in accordance with the equa- 
tion FCD = ~ 1 2 .  NJL [cm-’1, where L represents the total length 
of the grid system. Red blood cell velocity in capillaries was mea- 
sured by frame-to-frame analysis. Intermittent capillary perfusion 
was defined as the alternate cessation of capillary blood flow (red 
blood cell velocity = 0 mmk) and onset of capillary perfusion (red 
blood cell velocity > 0 mmis), and its frequency is given in cycles 
per minute (cpm). 

Statistical analysis 

In accordance with the statistical procedure recommended by Loo- 
ney and Stanley [ 161, data were first proven to fit the assumption of 
normality. After a multivariate analysis of interaction between 
time and group, differences between groups were tested by an 
analysis of variance, followed by an appropriate multiple post hoc 
comparison. To test for time effects separately for each group, a 
multivariate ANOVA for repeated measures was carried out, fol- 
lowed by the paired Student’s t-test, including the correction of 
the x-error according to the Bonferroni probabilities for repeated 
measurements. All values are given as means f SEM, and statisti- 
cal significance was set at P < 0.05. 

Results 

Reperfusion was successful in all animals, with the pan- 
creata returning to their normal pink color and the anas- 
tomosed vessels pulsating. 

Quantitative analysis of the endocrine tissue in pan- 
creatic grafts stored for 1 h revealed values of functional 
capillary density in the range of 450-500 cm-’ without 
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Fig.1 Functional capillary density of rat exocrine tissue after 
whole pancreas transplantation, assessed by means of intravital 
fluorescence microscopy after either 1 h (square; n = 7 )  or 6 h (tri- 
angle, n = 5 )  of cold storage in 4°C HTK solution and 30, 60, and 
120 rnin of reperfusion. Nontransplanted animals with exterioriza- 
tion of the pancreas served as controls (circle; n = 5).  Values repre- 
sent means i SEM. * P < 0.05 vs controls; ** P < 0.05 vs 30 rnin of 
reperfusion by ANOVA, multiple post hoc comparison 

significant changes during the 120 rnin of reperfusion 
(Table 1). Intermittent capillary perfusion was observed 
in only 7.9 % of the islets studied during the 120 rnin of 
reperfusion (Table 2), presenting a frequency of 
2.0 -t 0.3 cycles/min (mean cessation time 6.7 k 2.3 s; 
mean perfusion time 24.0 * 1.7 s). Prolongation of graft 
storage to 6 h did not cause impairment of nutritive per- 
fusion within the insular tissue (Table 1). In addition, 
the incidence of intermittent capillary perfusion re- 
mained low (6.6 YO ; Table 2) and did not change in terms 
of frequency. Overall, the capillary network density of 
islets in pancreatic grafts was found to be slightly, but 
not significantly, lower than that of sham-operated con- 
trol animals (Table 1). Intermittent capillary perfusion 
was not apparent in islet tissue of sham-operated con- 
trols (Table 2). 

Quantitative microvascular analysis of the exocrine 
tissue in pancreatic grafts stored for 1 h revealed a 
mean functional capillary density of 459 + 3.7cm-' at 
30 min of reperfusion, that only slightly decreased dur- 
ing the 2-h observation period (Figs. 1,2A). These abso- 
lute values of functional capillary density were not dif- 
ferent from those of sham-operated controls (Fig. 1). 
However, cold-stored and reperfused exocrine tissue 
frequently displayed intermittency of capillary perfu- 
sion (52.0%) which, in contrast, was not detectable in 
any exocrine observation areas of control animals (Ta- 
ble 2). Intermittent capillary perfusion in the exocrine 
tissue was characterized by a mean cessation time of 
4.4 + 0.7 s and a mean perfusion time of 14.6 * 2.1 s, re- 

Fig.ZA, B Intravital fluorescence microscopic images of rat exo- 
crine tissue afterA 1 h andB 6 h of cold storage in 4°C HTK solu- 
tion and 120min of reperfusion in a model of whole pancreas 
transplantation. Note the remarkable perfusion deficits after the 
prolonged storage time of 6 h in contrast to the homogeneous per- 
fusion pattern of the exocrine tissue after 1 h cold storage (magnifi- 
cation x 170) 

sulting in an average frequency of 3.3 % 0.3 cycleslmin. 
After 6 h of cold storage, intermittency of capillary per- 
fusion was apparent in only 6.2 YO of all exocrine obser- 
vation areas studied during the 120 rnin of reperfusion 
(Table 2). As a consequence, pancreatic exocrine tissue 
revealed marked perfusion deficits, as reflected in a 
functional capillary density of only - 290-320 cm-' dur- 
ing the first 60 min of reperfusion and a further decrease 
to 158 +_ 68 cm-' after 120 min of reperfusion (Figs. 1, 
2B). In endocrine and exocrine tissue, capillary diame- 
ters and red blood cell velocities were found in a range 
of 5.5-9.0 ym and 5.0-7.5 ym, and 550-880 ym/s and 
340-780 pmls, respectively, and they did not differ be- 
tween the groups. 
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Table 1 Functional capillary density (cm-I) of rat pancreatic endo- 
crine tissue after whole pancreas transplantation. Values given re- 
present mean & SEM 

30 min of 60 min of 120 min of 
reperfusion reperfusion reperfusion 

1 h of cold storage 456 i 29 478 i 2Y 463 i 31 

Controls 609 + 79 662 ? 84 621 ? 78 
6 h of cold storage 463 ? 71 448 ? 5s 454 i 51 

Table 2 Incidence of intermittent capillary perfusion (YO) in rat 
endocrine and exocrine pancreatic tissue after whole pancreas 
transplantation. Values given represent mean & SEM 

Endocrine tissue Exocrine tissue 
~ ~ 

1 h of cold storage 7.9 k 4.6 
6 h of cold storage 6.6 ? 6.6 6.2 & 6.2 
Controls 0.0 ? 0.0 0.0 ? 0.0 

52.0 i 10.6*, ** 

* P < 0.05 vs 6 h of cold storage and controls; ** P 4J.05 vs I h of 
cold storage (endocrine tissue) (ANOVA, Student-Newman-Keuls 
test) 

Discussion 

In the present study we demonstrated that 1 h of cold is- 
chemia followed by 120 min of reperfusion affected nei- 
ther exocrine nor endocrine tissue in terms of nutritive 
capillary perfusion. However, for maintenance of capil- 
lary blood flow, exocrine and endocrine tissue differed 
significantly. More than 50 % of acinar tissue displayed 
intermittent capillary perfusion while only - 8 % of the 
insular tissue did. After a 6-h period of cold storage 
and reperfusion, exocrine tissue failed to exhibit inter- 
mittent capillary perfusion; consequently, there was a 
significantly reduced nutritive blood flow, as indicated 
by a decreased functional capillary density. In contrast, 
endocrine tissue maintained continuous capillary perfu- 
sion after 6 h of cold storage and reperfusion. These re- 
sults strongly imply that, in terms of manifestations of 
microvascular injury, the graft’s endocrine tissue is less 
susceptible to prolonged periods of cold ischemia and 
reperfusion. 

Vascular mechanisms, defined as any impairment of 
pancreatic inflow and outflow or as disturbances of the 
pancreatic microcirculation, have been advocated as 
key elements in the initiation and progression of acute 
pancreatitis [lo, 11, 14,21, 361. In a previous study [19], 
we demonstrated that warm ischemia of the pancreas, 
followed by reperfusion, is associated with microcircula- 
tory derangements, i. e., capillary perfusion failure as 
well as activation and microvascular adherence of leu- 
kocytes, that are similar in nature to those observed in 
other organs like the liver [33, 341 and intestine [7]. 
Cold ischemia of the pancreas, followed by reperfusion 
and reoxygenation, is classically akin to the situation en- 
countered with pancreas transplantation. However, un- 

like the results after 1 h of warm ischemia and 120 min 
of reperfusion [19], cold storage of the pancreas for 1 h 
in the present study did not lead to a reduction in func- 
tional capillary density during reperfusion, which is 
probably due to the onset of intermittent capillary per- 
fusion. As previously shown for exocrine pancreatic tis- 
sue under hemorrhagic hypotension [35], the alternate 
cessation and onset of capillary perfusion is caused by 
arterial vasomotion and must be interpreted as a local 
regulatory component aimed at counteracting potential 
perfusion failure-associated curtailment of the oxygen 
supply to the tissue. It is common knowledge that pres- 
ervation of organs under cold conditions reduces tissue 
metabolic oxygen demand and, thus, allows longer peri- 
ods of ischemic storage. It is, therefore, not surprising 
that a 1-h period of cold ischemia (present study) but 
not of warm ischemia [19] appeared to be tolerated by 
the exocrine pancreas without any significant manifesta- 
tion of microvascular damage during the following 2 h 
of reperfusion. After prolongation of cold ischemia up 
to 6 h, however, the exocrine tissue failed to compensate 
further for limited reperfusion via intermittency of cap- 
illary perfusion. The ultimate result of this significant 
reduction in functional capillary perfusion is perma- 
nently unperfused tissue areas instead of intermittently 
perfused/oxygenated areas of exocrine tissue. 

Persistent perfusion failure of individual capillaries, 
the so-called “no-reflow”, results in prolongation of tis- 
sue hypoxia around those capillaries with increased sus- 
ceptibility of the gland to pancreatitis. Indeed, analysis 
of sequential biopsies of human pancreatic allografts 
confirmed both clinical and morphological signs of 
acute pancreatitis, making post-transplant pancreatitis 
a manifestation of ischemia-reperfusion injury [2, 31. 
Besides the disturbed integrity of structures within the 
acinar cells, which can clearly be attributed to the is- 
chemic insult, reperfusion-associated events are thought 
to account for other distinct cellular and metabolic re- 
sponses, including autophagocytosis, acceleration of cel- 
lular metabolism, and leukocyte activation/reaction. 
These, in turn, may lead to acinar cell necrosis [2,3]. Ac- 
cordingly, reperfusion of pancreatic transplants after 
6 h, but not after 1 h, of cold storage revealed classical 
pancreatitis-associated microvascular injury, i. e., the de- 
terioration of nutritive blood supply (no-reflow), lend- 
ing support to the role of ischemia/reperfusion-associat- 
ed mechanisms in the manifestation of acute post-trans- 
plant pancreatitis. The significance of preservation time, 
in terms of the nature and magnitude of postischemic 
reperfusion injury, has further been demonstrated in 
studies by Pi et al. [22]. They demonstrated that nitric 
oxide is produced during reperfusion as a function of 
preservation time, so that inhibition of nitric oxide syn- 
thase during pancreatic reperfusion protects exocrine 
tissue from becoming damaged, but only after quite 
short ischemic times. At the same time, cold ischemia 
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time was found to be a significant factor for inadequate 
perioperative release of pancreatic polypeptide and C- 
peptide, which reflect endocrine tissue damage [31]. 

Not only storage time, but also storage solution has 
been shown to significantly influence graft function. 
For the pancreas, HTK resulted in better postischemic 
organ function than Euro-Collins solution [12], how- 
ever, it was neither superior nor inferior to preservation 
with University of Wisconsin (UW) solution [13]. Dur- 
ing reperfusion, amylase levels, which are a prognostic 
factor for pancreatic graft function and survival [17, 
321, were significantly higher after 24-h preservation in 
EC solution than they were in UW or HTK solution, in- 
dicating poor organ protection by EC, but adequate 
preservation by both HKT and UW. Specific modifica- 
tions of the U W  solution have produced superior re- 
sults, not only in comparison to standard UW, but also 
to HTK [28], and have allowed the successful extension 
of cold storage preservation times [Y]. Further studies 
are needed to evaluate the role of extended preserva- 
tion times on microcirculatory disorders and the poten- 
tial effectiveness of different preservation solutions in 
counteracting this microcirculatory dysfunction. 

The significantly lower incidence of intermittent 
capillary perfusion in endocrine versus exocrine tissue 
after only 1 h of cold storage implies that endocrine tis- 
sue is far less challenged by the Ischemia-reperfusion 
event. This discrepancy in microvascular vulnerability 
became most obvious after the 6-h cold storage period, 

when exocrine tissue failed ro counteract malperfusion 
conditions by intermittent capillary perfusion and, thus, 
exhibited marked microvascular perfusion deficits. In 
contrast, perfusion of endocrine tissue was maintained 
without any change in either the incidence or frequency 
of intermittent capillary blood flow. To what extent the 
individual exocrine and endocrine arterial supplies and/ 
or the insulo-acinar portal system [15] are responsible 
for the dissociation of the tissues’ microvascular re- 
sponse to cold ischemia and reperfusion remains to be 
determined. 

It is clear from the present results that intermittent 
capillary perfusion is an intriguing mechanism that al- 
lows the maintenance of nutritive perfusion in trans- 
planted exocrine pancreatic tissue under distinct condi- 
tions. Our results also indicate a higher susceptibility of 
the exocrine pancreas to cold ischemia-reperfusion 
events that is associated with significant alterations in 
nutritive perfusion and, thus, with limitations of the oxy- 
gen supply. This fact might explain the relatively high in- 
cidence of inflammatory reactions of exocrine tissue in 
the clinical setting of pancreas transplantation. 
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