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Despite numerous experimental and clinical investigations, there is no unifying concept on pathophysiology
and pathogenesis of chronic pancreatitis. Defining the interplay between pancreatic microcirculation and
parenchymal tissue, we will provide a basis for the better understanding of pancreatic fibrogenesis using
in vivo high-resolution multifluorescence microscopy in dibutyltin chloride (DBTC)-exposed rats. Pancreatic
microcirculation at days 3 and 7 after DBTC revealed leukocyte activation with a two-fold higher fraction of
rolling cells and a nine- to 10-fold increase of cells firmly adherent to the endothelial lining, followed by
subsequent transendothelial migration into tissue, as given by chloracetate esterase histology. In vivo staining
of acinar tissue with bisbenzimide presented single cells exhibiting nuclear chromatin condensation and
fragmentation. Apoptotic cell death was confirmed by immunohistochemical staining for active caspase-3 as
well as by TUNEL analysis. Necrotic cells were found dispersed throughout the exocrine tissue under
observation. Both modes of cell death were found highest in extent at days 3 and 7 with 15–20 cells/mm2, but
progressively decreased below 10 cells/mm2 up to 28 days after DBTC. By means of in vivo microscopy yellow-
green autofluorescent collagen deposits were found at day 7 and progressively increased up toB12% at day 28
after DBTC. Concomitantly, density of capillaries progressively decreased and capillaries failing to conduct
blood flow became apparent. Present on-line analysis indicates an early inflammatory response with acinar cell
death, most probably triggering progression of disease with collagen deposition, capillary rarefication and
manifestation of perfusion failure. These temporal and spatial multiparameter measurements of the in vivo
microenvironment provide new insights into the pathological processes of pancreatic fibrogenesis.
Laboratory Investigation (2005) 85, 193–204, advance online publication, 15 November 2004; doi:10.1038/labinvest.3700212

Keywords: apoptosis; autofluorescence; caspase-3; collagen; inflammation; necrosis; nutritive perfusion; organ
remodeling

Chronic pancreatitis is a progressive disease char-
acterized by irreversible destruction of exocrine
pancreatic tissue and extensive fibrosis. Despite
the identification and characterization of stellate
cells as potential effector cells in pancreatic fibro-
sis,1–4 the understanding of the pathogenesis of
chronic pancreatitis is still limited, partly due to
the lack of appropriate animal models. Several
theories, most notably the ‘toxic-metabolic’ or the
‘protein plug’, have been suggested in the past,5,6 but
could not be unequivocally confirmed by experi-
mental data. Another concept based on relapsing
acute hemorrhagic-necrotizing pancreatitis was pre-
sented by Klöppel and Maillet.6–8 Strong support for
this ‘necrosis-fibrosis’ concept came from morpho-
logical data in a clinical long-term study, implying

an evolution from severe acute pancreatitis to
chronic pancreatitis.9

While microcirculatory deteriorations are well
established as important in both the initiation and
progression of acute pancreatitis,10–12 the pancreatic
microcirculation has not systematically been stu-
died during development of chronic pancreatitis.
Thus, the implication of observations, such as
decreased pancreatic blood flow during chronic
disease,13 is unclear. Microangiography has proved
useful in demonstrating changes of the vasculature
in pancreatic fibrosis;14,15 however, this technique is
suited neither for the investigation of dynamic
alterations in the microvascular function nor for
the direct assessment of the close inter-relation
between the pancreatic microcirculation, parenchy-
mal cell integrity and organ function.

In addition to acute pancreatitis, the organotin
dibutyltin dichloride (DBTC) has been reported to
induce a chronic course of inflammation accompa-
nied by the development of pancreatic fibrosis in
rats in dependence on the time and dose after single
treatment of the animals.16,17 Thus, this model seems
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to be ideally suited to combine several applications
of intravital multifluorescence microscopy for the
comprehensive assessment of microvascular, cellu-
lar and morphological aspects during the process of
pancreatic fibrogenesis.

Materials and methods

Animal Model

After approval by the local animal welfare commit-
tee (LVL M-V/310-4/7221.3-1.1-046/03), experiments
were performed in accordance with the German
legislation on protection of animals and the ‘Guide
for the Care and Use of Laboratory Animals (NIH
publication no. 86–23, revised 1985). Under brief
ether anesthesia, 28 male Lewis rats (Charles River,
Fa. Wiga, Sulzfeld, Germany) weighing 160–180 g
were injected with dibutyltin dichloride (DBTC,
8mg/kg, dissolved in 100% ethanol/glycerol 2 : 5 v/
v; Sigma-Aldrich, Deisenhofen, Germany) via the tail
vein, as previously described.17 Animals that re-
ceived equivalent volumes of solvent only served as
vehicle-treated controls (vehicle, n¼ 12). Additional
animals without any intervention served as untreated
controls (control, n¼ 3). After awakening, animals
were kept one per cage on a standard light cycle and
had free access to standard laboratory chow and
water ad libitum.

In Vivo Studies

At 3, 7, 14 and 28 days after the application of DBTC
(n¼ 7 animals per time point) or solvent (n¼ 3 per
time point), intravital fluorescence microscopy of
the pancreas was performed. For this purpose,
animals were anesthetized with pentobarbital
(50mg/kg body wt ip) and placed in supine position
on a heating pad. After tracheotomy to facilitate
spontaneous breathing, the right carotid artery was
exposed and cannulated for heart rate and blood
pressure monitoring (PE-50; ID 0.58mm; Portex,
Hythe, UK). An additional catheter (PE-50) in the
right jugular vein served as a route for administra-
tion of fluorescent tracers. After transverse lapar-
otomy and dissection of the omentum from the
greater curvature of the stomach, the tail and parts of
the corpus of the pancreas were gently exteriorized
on a plasticine stage, allowing ideal placement of
the tissue, which guaranteed adequate homoge-
neous focus level and minimal respiratory move-
ment for the microscopic procedure.12 To keep the
exteriorized pancreas moist and to exclude effects of
ambient oxygen, the pancreatic surface was covered
with an oxygen-impermeable Saran wrap.12

Intravital Fluorescence Microscopy

Using a Zeiss Axiotech microscope equipped with a
100W HBO mercury lamp and different filter blocks

for epi-illumination (Zeiss, Oberkochen, Germany;
blue: 450–490/4520nm excitation/emission wave-
length, green: 530–560/4580nm, and ultraviolet:
330–380/4415nm), microscopic images were re-
corded by a charge-coupled device video camera (FK
6990-IQ, Pieper, Berlin, Germany) and transferred to
a video system for off-line evaluation. With the use
of � 10, � 20, and � 40 objectives (Zeiss), magnifi-
cations of � 208, � 418, and � 807 were achieved
on a 17-in video screen.

Using blue fluorescence epi-illumination, micro-
fluorographic images of autofluorescence of the
pancreatic surface (10 observation areas (1226�
917 mm2) per animal) were taken, which allowed for
detection of extracellular matrix composites due to
emission maxima of collagen above 435nm.18–20

Subsequently, contrast enhancement for assessment
of capillary perfusion was achieved by intravenous
injection of 2% fluorescein-isothiocyanate (FITC)-
labeled dextran (MW 150000; 0.1ml/100 g body
weight; Sigma, Deisenhofen, Germany) and blue
light epi-illumination. Leukocyte–endothelial cell
interaction was documented after in vivo staining of
white blood cells by 1% rhodamine-6G (0.1ml/100 g
body weight iv) and green light epi-illumination.
Intravital microscopic analyses of the microcircula-
tion included the determination of capillary dia-
meter, red blood cell (RBC) velocity in capillaries
(RBC-velocitycap), functional capillary density (FCD)
as a parameter of nutritive perfusion and hetero-
geneity of nutritive perfusion.12,21 Moreover, we
assessed microvascular leukocyte count and flow
behavior of leukocytes in postcapillary venules,
classified according to their interaction with the
endothelial lining as adherent, rolling or free-
flowing (nonadherent) cells.12,22 For analysis of
apoptotic cell death, in vivo staining of acinar cell
nuclei was achieved by intravenous injection of
1% bisbenzimide (Hoechst 33342; 0.1ml/100 g
body weight; Sigma) and ultraviolet epi-illumina-
tion.23–25 Intravenously applied 1% propidium
iodide (0.1ml/100 g body weight) served for staining
of necrotic acinar cells by failure of exclusion of the
dye due to irreversible cell damage.26

Quantitative Microcirculatory Analysis

For assessment of collagen, autofluorescent struc-
tures were determined planimetrically with subse-
quent automatic calculation of the area of positive
deposits in percent of the whole area of observation
(1226� 917 mm2). Capillary diameter (mm) was as-
sessed in 10 individual capillaries per observation
field and 10 observation fields per animal. Within
these capillaries, RBC-velocitycap was analyzed
using the line-shift method.27 FCD (given as
cm/cm2) was defined as the length of all RBC-
perfused nutritive capillaries per observation area
(614� 462 mm2) and assessed in 10 randomly se-
lected observation areas using a computer-assisted
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image analysis system (CapImage; Zeintl, Heidel-
berg, Germany). To assess the degree of nutritive
perfusion inhomogeneities, the coefficient of varia-
tion (relative dispersion) of FCD was calculated by
the formula: CVFCD¼ s.d./FCDmean� 100 (%), where
s.d. represents the standard deviation and FCDmean

the mean value of FCD obtained from all observation
areas.12 To address aspects of organ remodeling,
density of capillaries was assessed by counting the
number of microvessels irrespective of conductance
of flow, which intersected a line 200 mm in length.20

In postcapillary venules, leukocyte flux was
determined by counting all cells passing the vessel
segment under investigation. Adherent leukocytes
were defined in each vessel segment as cells that did
not move or detach from the endothelial lining
within an observation period of 20 s and are given as
number of cells per mm2 of endothelial surface,
calculated from diameter and length (100 mm) of the
vessel segment studied, assuming cylindrical geo-
metry. Rolling leukocytes were defined as those
white cells moving at a velocity less than 2/5 of that
of erythrocytes in the centerline of the microvessel
and are given as percentage of nonadherent leuko-
cytes passing through the observed vessel segment
within 30 s.12,22 Apoptotic cell death was analyzed
within 10 observation fields per animal by counting
the number of cells which showed apoptosis-
associated condensation, fragmentation and cres-
cent-shaped formation of chromatin (given as cells/
mm2 observation field).23–25 Necrosis was assessed
by counting the number of propidium iodide
positive cells within 10 observation fields (given as
cells/mm2 observation field).26

Routine Histology and Immunohistochemistry

At the end of each experiment, pancreatic tissue was
fixed in 4% phosphate-buffered formalin for 2–3
days and then embedded in paraffin. From the
paraffin-embedded tissue blocks, 4 mm sections were
cut and stained for conventional tinctorial stains,
that is, hematoxylin–eosin for routine histology and
a trichromatic stain for assessment of interstitial
tissue (Ladewig staining). Interstitial tissue was
scored in 50 high-power fields (HPF; � 400 magni-
fication) from 0 to 4, where none and minimal
(o10% of the observation area)¼ 1; mild (10–30%
of the observation area)¼ 2; moderate (30–50% of
the observation area)¼ 3 and severe (450% of the
observation area)¼ 4. Leukocytes were stained by
the AS-D chloroacetate esterase (CAE) technique
and were identified by positive staining and
morphology in 50 consecutive HPF.

To confirm apoptotic cell death, we studied active
caspase-3 by immunohistochemistry. For this pur-
pose, 4mm sections of paraffin-embedded pancreatic
tissue were mounted on poly-L-lysine slides and
incubated overnight at room temperature with a
rabbit polyclonal anticleaved-caspase-3 antibody

(1 : 25; Cell Signaling Technology, Frankfurt,
Germany). This antibody detects endogenous levels
of the large fragment (17/19 kDa) of activated
caspase-3, but not full-length caspase-3. A horse-
radish peroxidase-conjugated anti-rabbit/anti-mouse-
Ig-antibody was used as secondary antibody (Dako
Envision Link, Doublestain system, Hamburg, Ger-
many). 3,30 diaminobenzidine was used as chromo-
gen. The sections were counterstained with
hemalaun and caspase-3-positive cells were counted
within 50 HPF (given as cells per HPF). In addition,
4mm sections of pancreatic tissue were exposed to an
apoptosis-specific staining kit (indirect in situ DNA
nick end labeling (TUNEL) assay; ApopTag, CHEMI-
CON International, Inc., Temecula, CA, USA) accord-
ing to the manufacturer’s instructions. Quantitative
analysis was performed by counting the number of
TUNEL positive tissue-confined cells within 50 HPF
(given as cells per HPF).

The spatial relationship of activated pancreatic
stellate cells to pancreatic fibrosis was studied by
dual staining for alpha-smooth muscle actin (SMA)
plus Sirius Red. Paraffin sections of the pancreas
were prepared as described before and then incu-
bated at room temperature for 30min with the
mouse monoclonal anti-SMA primary antibody
(1 : 400; Sigma, Taufkirchen, Germany). A horse-
radish peroxidase-conjugated anti-rabbit/anti-mouse-
Ig-antibody was used as secondary antibody (Dako
Envision Link, Doublestain system, Hamburg, Ger-
many). 3,30 diaminobenzidine was used as chromo-
gen. The sections were further processed by
incubation with Sirius Red stain (Direct Red 80,
Sigma) for 1h at room temperature, followed by
counterstaining with hemalaun.

Serum Parameters

After intravital microscopic analysis of the pancrea-
tic microcirculation, arterial blood samples were
taken for spectrophotometric determination of ser-
um lipase, amylase and lactate dehydrogenase
(LDH) activities.

Statistics

All values are expressed as means7s.e.m. Since no
significant difference was measured in any of the
evaluated parameters between the vehicle-treated
animals at different time points, these were grouped
together for graphic representation and statistical
evaluation. Values of untreated control animals,
which served as physiological values and are
displayed in the graphs, however, were not con-
sidered for statistical analysis between groups.
After proving the assumption of normality and
homogeneity of variance across groups, differences
between the DBTC-exposed groups and the vehicle-
treated control group were calculated using the
unpaired Student’s t-test, including correction of the
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a-error according to the Bonferroni probabilities for
repeated analysis (SigmaStat, Jandel Corporation,
San Rafael, CA, USA). The criterion for significance
was taken to be Po0.05.

Results

Gross Findings

During the first week upon DBTC exposure, animals
did not gain weight (�1.373.1%) when compared
to vehicle-treated control animals (þ 7.970.2%).
Moreover, final gain weight in the DBTC-exposed
animals over the 28-day observation period was
found to be significantly lower (þ 23.371.9%,
Po0.05 vs vehicle: þ 63.076.9%). At gross inspec-
tion after laparotomy, pancreatic tissue at 14 and 28
days after DBTC presented with dilatation of the
pancreatic duct and marked atrophy in contrast to
normal macroscopic appearance of pancreatic
glands in vehicle-treated control animals. While
DBTC-exposed animals did not differ from vehicle-
treated animals with respect to hemodynamics, they
did show systemic leuko- and thrombocytopenia at
day 3 (Table 1). Depletion of systemic blood cell
counts was followed by supranormal values at days
7 and 14 after DBTC exposure (Table 1).

Intravital Microscopic Analysis

Coincident with systemic leukocytopenia, pancrea-
tic microcirculation at early time points after DBTC
was characterized by intrapancreatic leukocyte
accumulation with considerably high numbers of
cells interacting with the endothelial lining. As
assessed on days 3 and 7, DBTC caused a two-fold
increase in the fraction of rolling leukocytes (Figure
1a) and a nine- to 10-fold increase in the number of
firmly adherent leukocytes (Figure 1b). Calculation
of RBC-velocitycap revealed a 50% increase during
this time period after DBTC exposure, most probably

reflecting an inflammation-associated hyperperfu-
sion (Table 2).

Interaction of leukocytes with the microvascular
endothelium was followed by transendothelial
migration and massive tissue infiltration, as given
by the eight-fold increase of CAE-stained leukocytes
in pancreatic tissue at day 7 after DBTC (Figure 2).

Although still significantly higher than in vehicle-
treated control animals, venular leukocyte adher-
ence and tissue infiltration were found markedly
lower at days 14 and 28 when compared with early
stages after DBTC exposure (Figure 1b). However,
maintenance of increased rolling fraction of leuko-
cytes at 14–28 days after DBTC implied that
inflammatory stimulus is strong enough to sustain
loose interaction of cells with the endothelium
(Figure 1a).

Analysis of acinar cell morphology/integrity by in
vivo fluorescence microscopy showed a significant
rise of apoptotic cells from less than 5 cells/mm2

under control conditions to 2172 and 1772 cells/
mm2 at days 3 and 7 after DBTC with a 50% decrease
to approximately 9 cells/mm2 at later time points
after DBTC exposure (Figure 3). Analysis of pan-
creatic necrosis revealed a comparable pattern with
the highest values at these early time points (Figure
4). Of interest, the majority of cells showing
apoptosis-associated condensation, fragmentation
and/or crescent-shaped formation of nuclear chro-
matin exhibited propidium iodide staining, indi-
cative of concomitant necrosis-associated cell
membrane damage (Figure 5).

Intravital observation of the pancreatic autofluor-
escence (330–390/4430nm) revealed an inhomoge-
neous distribution of nonfading autofluorescence
throughout the tissue under investigation,
consistent with collageneous deposits (Figure 6).
Quantitative analysis of the area of collagen
autofluorescence in chronic pancreatitis revealed a
progressive (Po0.05 vs control) increase to 1.471.4,
9.971.4 and 12.470.9% from days 7 to 28 after
DBTC exposure, whereas collagen autofluorescence

Table 1 Systemic hemodynamics, blood cell count and hematocrit in animals at 3, 7, 14 and 28 days after intravenous DBTC exposure

Control Vehicle After DBTC exposure

Day 3 Day 7 Day 14 Day 28

MAP (mmHg) 11073 10176 8678 8275 9176 8579

Heart rate (min�1) 328733 329712 304713 300721 300717 289724

Leukocytes (� 109/l) 6.470.4 5.570.5 2.970.5* 8.170.6* 8.971.0* 6.771.8

Thrombocytes (�109/l) 786790 837730 511761* 12547100* 1168797* 834787

Hematocrit (%) 4271 5071 4172* 4971 4477 4772

Animals that received equivalent volumes of solvent (vehicle) and animals without any intervention (control) served as controls.
Values are given as mean7s.e.m. DBTC animals, n¼7 per time point; vehicle-treated animals, n¼12, untreated control animals, n¼ 3. *Po0.05
vs vehicle.
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was not detectable in pancreatic glands of either
control animals or animals at day 3 after DBTC
exposure (Figure 6). Collagen deposition was paral-
leled by a decrease of capillary density (Figure 7a).
Besides capillary rarefication, perfusion failure
occurred, as given by the decrease in FCD from
approximately 400 cm/cm2 to 31078 and 3017
9 cm/cm2 at 14 and 28 days after DBTC exposure
(Figure 7b). Moreover, calculation of the CVFCD

indicated a high degree of perfusion inhomogene-
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Figure 1 Quantitative analysis of venular leukocyte–endothelial
cell interaction, that is, the fraction of rolling leukocytes (a) and
the number of firmly adherent leukocytes (b) within postcapillary
venules of pancreatic tissue in animals at 3, 7, 14 and 28 days
after intravenous DBTC exposure (n¼ 7 per time point). Animals
that received equivalent volumes of solvent (vehicle, n¼12) and
animals without any intervention (control, n¼3) served as
controls. Using intravital fluorescence microscopy and a compu-
ter-assisted analysis system for off-line analysis, measurements
were performed in green epi-illumination after injection of
rhodamine 6G for in vivo staining of leukocytes. Mean7s.e.m.,
*Po0.05 vs vehicle.
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Figure 2 Representative images of leukocytic infiltration of
pancreatic tissue after (a) vehicle-treatment or (b) at day 7 after
DBTC exposure. Original magnification �400. (c) Quantitative
analysis of CAE-positive leukocytes (given as cells per 50 HPF)
infiltrating the pancreatic tissue in animals at 3, 7, 14 and 28 days
after intravenous DBTC exposure (n¼7 per time point). Animals
that received equivalent volumes of solvent (vehicle, n¼12) and
animals without any intervention (control, n¼3) served as
controls. Mean7s.e.m., *Po0.05 vs vehicle.
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ities (Table 2). Additionally, capillaries were found
enlarged during the later course of DBTC pancrea-
titis (Table 2).

Laboratory Analyses

Analysis of serum lipase activities demonstrated
significant increases at day 3 with return to almost
physiological values at days 7, 14 and 28, indicating
distinct parenchymal cell damage during the early
period upon DBTC exposure (Table 3). Like lipase,
amylase activities showed a comparable pattern,
however, without statistical significant differences
due to high variation (Table 3). In addition, LDH
values reflected overall organ injury during the
course of pancreatic fibrogenesis (Table 3).

Histology and Immunohistochemistry

To confirm apoptotic cell death after DBTC expo-
sure, active caspase-3 was studied by immunohis-
tochemistry (Figure 8). These experiments showed
positive staining of individual acinar cells with
highest values at 7 and 14 days (Figure 8).
Correspondingly, TUNEL staining of pancreatic
tissue revealed an increase of positive cells from
0.170.1 cells/HPF in controls to 1.170.1, 1.971.3
and 2.070.3 cells/HPF after 3, 7 and 14 days,
respectively, confirming the apoptotic mode of cell
death during early stages in DBTC pancreatitis. At

day 28, apoptosis was found reduced with only
0.570.2 TUNEL positive cells/HPF.

In line with kinetics of collagen deposition,
Ladewig staining confirmed the microscopically
assessed increase of interstitial tissue with a rise of
the scores from o2 in vehicle-treated controls to
almost 3 over the 28-day course of DBTC. Addition-
ally, dual staining technique of pancreatic tissue at
7, but in particular at 14 and 28 days after DBTC
exposure revealed a strong association between
activated stellate cells and fibrosis, as given by the
close vicinity of Sirius Red collagen staining and
SMA-positive cells (Figure 9).

Discussion

Etiology of human chronic pancreatitis comprises
alcoholic, hereditary, autoimmune, idiopathic, tro-
pical and other rare types, each differing in
phenoptype of fibrosis.28 Regardless of the fibrosis
pattern, sequelae of basic processes have been
postulated;28 however, so far they have not conclu-
sively been shown. This comprehensive analysis
now provides for the first time in vivo evidence for a
process of pancreatic fibrogenesis, as demonstrated
for other organs. Multiparameter assessment by in
vivo fluorescence microscopy of the pancreas in-
dicates an early inflammatory response upon DBTC
exposure with a concomitant increase in both
apoptotic and necrotic death of acinar cells,

Table 2 Capillary red blood cell velocity (RBC-velocitycap), coefficient of variation of functional capillary density (CVFCD) and capillary
diameter in animals at 3, 7, 14 and 28 days after intravenous DBTC exposure

Control Vehicle After DBTC exposure

Day 3 Day 7 Day 14 Day 28

RBC-velocitycap (mm/s) 41379 431717 480758 654758* 403726 408728

CVFCD 3.371.1 2.370.5 4.371.1 3.871.2 7.670.8* 7.471.2*
Capillary diameter (mm) 7.370.2 7.970.1 8.570.6 8.070.5 8.870.1* 9.070.1*

Animals that received equivalent volumes of solvent (vehicle) and animals without any intervention (control) served as controls.
Values are given as means7s.e.m. DBTC animals, n¼7 per time point; vehicle-treated animals, n¼ 12, untreated control animals, n¼3. *Po0.05
vs vehicle.

Table 3 Serum activities of lipase, amylase and lactate dehydrogenase (LDH) in animals at 3, 7, 14 and 28 days after intravenous DBTC
exposure

Control Vehicle After DBTC exposure

Day 3 Day 7 Day 14 Day 28

Lipase (U/l) 1473 1372 243791* 27714 1872 1572
Amylase (U/l) 26507461 2175774 375371021 14327227 17247181 25897185
LDH (U/l) 3117108 441735 10217299 11277488 8867269 619791

Animals that received equivalent volumes of solvent (vehicle) and animals without any intervention (control) served as controls.
Values are given as means7s.e.m. DBTC animals, n¼7 per time point; vehicle-treated animals, n¼ 12, untreated control animals, n¼3. *Po0.05
vs vehicle.
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followed by collagen deposition, microvessel rarefi-
cation and, thus, organ remodeling.

In vivo fluorescence microscopy of bisbenzimide-
stained parenchymal tissue and immunohistochem-

ical detection of active caspase-3 clearly revealed
apoptosis of single acinar cells in DBTC pancreatitis.
In parallel, necrotic cells were observed, under-
lining the fact that both modes of cell death may
occur simultaneously in pancreatic tissue. Although
pathways are not completely understood, there is
emerging hypothesis that the early phase of both
forms of cell death, that is, apoptosis and necrosis,
involves mitochondrial dysfunction.29 While then
high ATP levels might enable cells to undergo
apoptosis, mitochondrial deenergization in the
absence of caspase activation and ATP depletion
shift cells from apoptosis to necrosis.30,31 Thus, the
mixed and/or parallel form of acinar cell death, the
so-called necrapoptosis,25 might be best attributed to
the noxious stimulus exerted by DBTC.16,17 This
view is further underscored by the massive activa-
tion of leukocytes, interacting with the endothelial
lining, infiltrating into tissue and leading to tissue
damage, as indicated by the transient but marked
rise of serum amylase and lipase activities.

The technique of intravital fluorescence micro-
scopy employed in the present study proved itself
useful in the simultaneous and serial in vivo
analysis of the course of morphological, microvas-
cular and cellular aspects and their relationship in
consecutive stages of pancreatic inflammation and
fibrosis. A remarkable inflammatory response and
acinar cell death preceded loss of capillaries and
pancreatic tissue fibrosis. This distinct time course
underlines the importance of understanding the
initial response to noxious stimuli, such as DBTC, in
particular in terms of reversibility of morphological
and functional destructuralization of the pancreas in
future studies.

Due to enormous improvements in cell and
molecular biological techniques, the pathobiology
of collagen deposition and the definition of humoral
factors and regulatory loops underlying both the
amplification and degradation pathways of collagen
during pancreatic fibrogenesis are reasonably well
characterized.32–34 In this context, pancreatic stellate
cells are considered to play a major role as primary
cells regulating not only synthesis,1,3,4,35,36 but also
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Figure 3 Representative intravital fluorescence microscopic
images of bisbenzimide-stained pancreatic tissue after (a) vehi-
cle-treatment or (b) at day 3 after DBTC exposure. Note the
marked increase of acinar cells exhibiting apoptotic signs, namely
condensation of nuclear chromatin, at day 3 after DBTC exposure.
Original magnification � 807. (c) Quantitative analysis of apop-
totic cells within pancreatic tissue of animals at 3, 7, 14 and 28
days after intravenous DBTC exposure (n¼7 per time point).
Animals that received equivalent volumes of solvent (vehicle,
n¼ 12) and animals without any intervention (control, n¼3)
served as controls. Using intravital fluorescence microscopy and a
computer-assisted analysis system for off-line analysis, measure-
ments were performed in ultraviolet epi-illumination after
intravenous injection of bisbenzimide. For further details in
analysis of apoptosis, see Materials and methods. Mean7s.e.m.,
*Po0.05 vs vehicle.
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degradation of extracellular matrix proteins.34 In the
normal rat pancreas, stellate cells do not stain for
SMA, indicating a quiescent, nonactivated state.37

However, injurious stimuli can activate pancreatic
stellate cells, which then undergo functional and
morphological changes with expression of cytoske-
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Figure 4 Representative intravital fluorescence microscopic
images of propidium iodide-stained pancreatic tissue after (a)
vehicle-treatment or (b) at day 7 after DBTC exposure. Note the
absence of propidium iodide positive cells under control
conditions (a), while there was an increase of necrotic cells upon
DBTC, as indicated by their failure to exclude propidium iodide.
Original magnification �807. (c) Quantitative analysis of necrotic
cells within pancreatic tissue of animals at 3, 7, 14 and 28 days
after intravenous DBTC exposure (n¼7 per time point). Animals
that received equivalent volumes of solvent (vehicle, n¼ 12) and
animals without any intervention (control, n¼ 3) served as
controls. Using intravital fluorescence microscopy and a compu-
ter-assisted analysis system for off-line analysis, measurements
were performed in green epi-illumination after intravenous
injection of propidium iodide. For further details in analysis of
necrosis, see Materials and methods. Mean7s.e.m., *Po0.05 vs
vehicle.

Figure 5 Intravital fluorescence microscopic images after ultra-
violet (a) and green (b) epi-illumination of an identical pancreatic
tissue area, displaying apoptotic and necrotic cells at day 7 after
DBTC exposure. Note that most of the apoptotic cells (a) present
also as necrotic cells (b), indicating the mixed necrapoptotic type
of cell death. Original magnification �807.
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leton protein SMA, similarily as this has been
shown for hepatic stellate cells.38 Although not
systematically analyzed in serial sections, Sirius red
collagen staining was found in close vicinity with
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Figure 6 Representative intravital fluorescence microscopic
images of autofluorescent collagen deposits in pancreatic tissue
after (a) vehicle-treatment or (b) at day 28 after DBTC exposure.
Original magnification � 208. (c) Quantitative analysis of col-
lagen deposition of pancreatic tissue in animals at 3, 7, 14 and 28
days after intravenous DBTC exposure (n¼7 per time point).
Animals that received equivalent volumes of solvent (vehicle,
n¼ 12) and animals without any intervention (control, n¼3)
served as controls. Using intravital fluorescence microscopy and a
computer-assisted analysis system for off-line analysis, measure-
ments were performed in autofluorescent native pancreatic tissue
upon blue epi-illumination. Mean7s.e.m., *Po0.05 vs vehicle.
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Figure 7 Quantitative analysis of capillary density (a) and
functional capillary density (b) of exocrine pancreatic tissue in
animals at 3, 7, 14 and 28 days after intravenous DBTC exposure
(n¼ 7 per time point). Animals that received equivalent volumes
of solvent (vehicle, n¼ 12) and animals without any intervention
(control, n¼ 3) served as controls. Using intravital fluorescence
microscopy and a computer-assisted analysis system for off-line
analysis, measurements were performed in blue epi-illumination
after injection of FITC-dextran for contrast enhancement of the
microvasculature. Mean7s.e.m., *Po0.05 vs vehicle.
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SMA positive cells in the present study. This
finding corresponds with results from experimental
rat pancreatic fibrosis, demonstrating that Sirius red
staining was associated with SMA-positive cells,
which in turn colocalized with procollagen alpha1
mRNA expression.4 Thus, present immunohisto-
chemical analysis of pancreatic tissue may imply
the activation of pancreatic stellate cells with
subsequent extracellular matrix formation upon
DBTC exposure. Heterogeneous distribution of auto-
fluorescent collagen in vivo coincided with the
histological picture of patchy fibrosis and SMA
staining, implying a possible relationship between
pancreatic stellate cell activation and collagen
deposition. This speculation deserves confirmation
by application of more appropriate procedures to
exclusively study pancreatic stellate cells, which
however exceed the scope of the present study.
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Figure 8 Representative images of caspase-3 immunohistochem-
ical staining of pancreatic tissue after (a) vehicle-treatment or (b)
at day 7 after DBTC exposure. Original magnification � 400. (c)
Quantitative analysis of caspase-3-positive cells (given as cells
per HPF) in pancreatic tissue of animals at 3, 7, 14 and 28 days
after intravenous DBTC exposure (n¼7 per time point). Animals
that received equivalent volumes of solvent (vehicle, n¼12) and
animals without any intervention (control, n¼3) served as
controls. Mean7s.e.m.

Figure 9 Representative images of dual staining for SMA plus
Sirius Red in pancreatic tissue after (a) vehicle-treatment or (b) at
day 14 after DBTC exposure. While there were no SMA-positive
cells and only very faint Sirius Red collagen stain in pancreatic
tissue of the vehicle-treated animal, Sirius red staining was
associated with SMA-positive cells in the DBTC-exposed tissue,
implying occurrence of pancreatic stellate cell activation during
pancreatic fibrogenesis. Original magnification �400.
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Collagen deposition, as determined by intravital
microscopy, Ladewig as well as Sirius Red staining,
and stellate cell activation, as determined by SMA
expression, occur concomitantly with the reduction
of capillary density. The present study demonstrates
early onset with simultaneous and progredient
development of microvascular, cellular and fibrotic
alterations during the process of pancreatic fibrosis.
The fact that, in dependence to the increase of
autofluorescent collagen, capillary density is found
progressively decreased indicates fibrosis-asso-
ciated organ remodeling. Rarefication of microves-
sels comprises insufficient oxygen supply to tissue,
as given by the decrease in functional capillary
density, with the consequence of hypoxia-driven
tissue collapse and organ atrophy.

The present study shows a comprehensive puzzle
of the cellular, microvascular and morphological
aspects of pancreatic fibrogenesis, characterized by
an induction of single-cell apoptosis and necrosis,
leukocyte activation and tissue infiltration finally
with collagen deposition and tissue destruction. The
herein used model reflects the pathogenesis of
chronic pancreatitis and is thus ideally suited for
evaluation of newly developed therapeutic strate-
gies.
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