
Gut 1994; 35:401-407

Origin and development of exocrine pancreatic
insufficiency in experimental renal failure

MM Lerch, P Hoppe-Seyler, W Gerok

Abstract
Chronic renal failure affects the physiological
function of many organ systems. One of them
is the exocrine pancreas. Although varying
degrees of pancreatic insufficiency are the
dominating clinical characteristic of uraemic
pancreatic disease, it remains unclear whether
this disease should be regarded as a manifesta-
tion ofchronic pancreatitis, arising from recur-
ring attacks ofacute pancreatitis, or represents
a distinct entity. The exocrine pancreas was
studied in a model of experimental renal
failure. The pancreas was removed from each
rat at selected time points over eight weeks
after subtotal nephrectomy and from a
standard rat model of pancreatitis for compari-
son. The data show that the in vitro secretory
response is considerably changed in renal
failure (increased during early acute and
decreased during chronic renal failure). While
the pancreatic content of digestive enzymes
progressively declines, DNA and protein
synthesis increase over time. Acinar cell
deletion is increased and accompanied by an
increased rate of mitosis. This increased
cellular turnover is not associated with tissue
oedema, pancreatic fibrosis, inflammatory
changes, autophagocytosis or subcellular
redistribution of lysosomal hydrolases, all of
which are characteristic for pancreatitis. The
ultrastructural changes of uraemic pancreatic
disease bear no resemblance to the changes
seen in pancreatitis. It is concluded that the
morphological and biochemical changes in
early uraemic pancreatic disease are quite
distinct, correspond with toxic damage of the
pancreas, and are dominated by functional
impairment and an increased cellular turnover.
(Gut 1994; 35: 401-407)
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While chronic renal failure (CRF) is associated
with a significant incidence of chronic pancreatic
disease' the introduction of haemodialysis into
clinical practice has done little to reduce the
pancreatic abnormalities found in CRF patients.
The occurrence of pathological necropsy find-
ings in the pancreas from patients who died
during the haemodialysis era is even higher than
during the preceding years when dialysis was not
available and life expectancy after the onset of
CRF was much shorter.2 The most common

clinical presentation of this phenomenon is
exocrine pancreatic insufficiency,3 but recurring
attacks of pancreatitis45 and an imaging appear-
ance resembling chronic pancreatitis6 are not
uncommon. From experimental animal studies
that attempted to mimic the clinical situation
of CRF, a variety of morphological and bio-
chemical findings have been reported7 8; some of

them closely resemble while others distinctly
differ from those characteristic of acute and
chronic pancreatitis.
We have investigated the exocrine pancreas

over the first eight weeks of experimentally
induced renal failure in rats. Our data show that
the secretory response to hormone stimulation
is considerably impaired during CRF and that
an accelerated cell death and regeneration
characterise this model of uraemic pancreatic
disease.

Material and methods

INDUCED RENAL FAILURE
Female Sprague-Dawley rats (Jovanowas,
Kissleg, Germany and Charles River Lab,
Boston, Ma) weighing 150-180 g are anaesthe-
tised with pentobarbital (60 mg/kg, intraperi-
toneally). Under sterile conditions the abdomen
was entered through a midline incision. Renal
failure was induced by resection of the complete
left kidney and the cranial and caudal third of the
right kidney.9 Animals recovered from anaes-
thesia within three hours and were kept on
standard laboratory chow with free access to
water until the end of the experiment. Groups of
five animals were killed at selected time intervals
up to eight weeks after subtotal nephrectomy.
Sham operated animals whose fatty tissue was
removed from the pole caps of either kidney
served as controls and were pair fed to exclude
nutritional effects.

SECRETAGOGUE INDUCED PANCREATITIS
As a standard for the comparison of changes
induced by experimental renal failure with
those of pancreatitis, we studied a number of
characteristic phenomena that seem to be
common in all experimental models of pan-
creatitis. These are, in particular, the develop-
ment of pancreatic oedema, the formation of
intracellular autophagic vacuoles, and the redis-
tribution of lysosomal hydrolases from their
original lysosomal fraction into the zymogen
granule enriched subcellular fraction.'0 As a
model of pancreatitis we used a mild, non-lethal,
oedematous form, which is induced by supra-
maximal stimulation with the cholecystokinin
analogue caerulein. " In brief, animals were
supplied with jugular venous catheters and
infused with a saline solution containing
caerulein (5 Rg/kg/h, Farmitalia, Freiburg,
Germany) for four hours. This period of supra-
maximal caerulein stimulation was sufficient to
induce massive pancreatic oedema, formation of
autophagic vacuoles in acinar cells, and the
redistribution of lysosomal cathepsin B. Longer
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periods of treatment did not increase the magni-
tude of these signs of secretagogue induced
pancreatitis. The pancreas from pancreatitis
animals were used in parallel with the renal
failure group for all experiments outlined below.

EXOCRINE SECRETION
Acinar cell secretion was studied in a kinetic
perfusion model for pancreatic lobules as pre-
viously described."2 In brief, the pancreas was

rapidly removed and oxygenated Krebs-Ringer
medium containing glucose (12-9 mM), 3-
hydroxybutyrate (5 mM), aminoacids, and
electrolytes in equal molar concentrations to rat
serum was injected into the connective tissue of
the organ. Lobules were dissected with 27 gauge
needles under stereoscopic vision and perfused
with oxygenated buffer in a PVC chamber at a

rate of 1 ml/min. Perfusate was collected in 15
minute intervals for 120 minutes. Lobules were

perfused with medium containing cholecysto-
kinin (CCK, 1-4-8M; Kabi-Karolinska, Stock-
holm) to stimulate maximal pancreatic secretion
from the 10th to the 15th minute. The resulting
enzyme activity released into the medium was
calculated as enzyme secretion/minute and is
given as U/min/pg DNA minus basal secretion
from control lobules perfused without CCK
stimulation in the same experiment.

PROTEIN SYNTHESIS
Pancreatic lobules from animals after subtotal
nephrectomy and controls were perfused as
described above. 14C phenylalanine (0-25 [tCi/
ml, New England Nuclear, Boston, Ma) was

added to the perfusate for 10 minutes from the
start of the perfusion. A chase medium contain-
ing cold phenylalanine (4 ,umol) was perfused
for 90 minutes. Lobules were homogenised at
selected times by ultrasound in homogenisation
buffer and centrifuged (150 g for 15 minutes) to
remove unbroken cells and debris. Aliquots were
mixed with an equal volume of cold 20%
trichloroacetic acid and after incubation on ice
for 120 minutes to precipitate proteins, samples
were recentrifuged (4000 g, 30 minutes, 4°C).
The pellet was washed twice in 5% trichloro-
acetic acid and ethanol/ether (3/1, vol/vol) and
was finally dissolved in NaOH (0-2 M). Radio-
activity was measured using a Kontron MR
300 liquid scintillation counter after addition of
10 ml PPO/POPOP Toluol scintillation fluid.

Results were calculated in dpm/4g DNA and are

given in per cent of control lobules perfused in
the same experiments.

SUBCELLULAR FRACTIONATION
Subcellular fractions of pancreatic tissue were

generated as described and characterised pre-

viously.'3 Portions of the pancreas were quickly
removed, trimmed of fat, minced with scissors,
and homogenised with two strokes ofa Dounce B
glass homogeniser in iced buffer containing 3-
[N-morpholino] propanesulphonic acid (MOPS)
(5 mM), MgSO4 (1 mM) and sucrose (240 mM)
at pH 6-5. Unbroken cells, nuclei, and debris
were removed by low speed centrifugation (150
g, 15 minutes, 4°C) and the supernatant was

considered to contain 100% of enzyme content
for later calculations. This supernatant was

centrifuged (1300 g, 15 minutes, 4°C) and the
resulting zymogen granule enriched pellet was

resuspended in the above buffer. The resulting
supernatant was centrifuged again (12000 g, 12
minutes, 4°C) to obtain a lysosome and mito-
chondria enriched pellet and a supernatant that
contained microsomes and soluble components.
Cathepsin B activity in subcellular fractions was
measured according to McDonald and Ellis.'4
Remaining portions of the pancreas were used
for the subsequent assays.

ASSAYS
To estimate oedema the pancreas was removed,
trimmed of fat, and portions of the pancreas were
blotted dry, weighed, desiccated (48 hours,
160°C), and weighed again to permit calculation
of pancreatic water content as a percentage of
total pancreatic weight. Other portions of the
pancreas were minced, homogenised for 30
seconds, (Brinkman Polytron, Westbury, NY)
in buffer containing MOPS (5 mM), sucrose (250
mM), and MgSO4 (1 mM) at pH 6-5. Aliquots of
this homogenate were used to measure amylase
activity,'5 lipase activity,'6 DNA content,'7 and
protein concentration. 8 Serum measurements of
amylase, creatinine, and blood urea nitrogen
were performed in blood samples drawn from
the right ventricle at death and according to
standard protocols. The collagen content of
pancreatic tissue was determined with a cyto-
chemical micromethod as reported by Lopez-de
Leon and Rojkind.'9

All chemicals and reagents were of the highest

Biochemical parameters ofratsfrom the sham operated group (controls), after secreatogogue induced pancreatitis (pancreatitis),
and after subtotal nephrectomy on day one and after week one, three, and eight

Days after subtotal nephrectomy Controls 24 Hours 7 Days 21 Days 56 Days Pancreatitis

BUN mg/100 ml 40-1 (1-5) 334 (70)* 106 (5)* 108 (8)* 98 (13)* 49 (2)
Creatinine mg/100 ml 0 5 (0-1) 7-2 (1-3)* 31 (1-4)* 2-4 (09)* 18 (03)* 0-6 (01)
Serum amylase U/i 2262 (129) 3260 (571)* 2339(206) 2680 (176) 2581 (163) 19 753 (568)*
Amylase content U/4sg DNA 1186 (136) 1230 (186) 1030 (133) 863 (83)* 850 (86)* 1 472 (263)
Lipase content U/,ug DNA 1540 (123) 1620 (210) 1320 (160) 1140 (85)* 1090 (120)* 1739 (291)
DNA content ,ug/100 mg pancreas 264 (23) 253 (28) 323 (25)* 338 (31)* 320 (15)* 254 (25)
Protein content ,Ig/100 mg pancreas 7-6 (0-8) 7-8 (1-1) 7-7 (0 9) 7-9 (1-8) 7-6 (1-3) 7-6 (0 9)
Collagen content ,ug/mg protein 47 (4) 53 (2) 49 (5) 57 (3) 55 (2) 60 (7)
Celldeath%ofarea 0-01 1-1(0-5)* 3-4)1-3)* 4-1(1-3)* 3-2(1-8)* 12-3(3)*
Mitotic index 0 93 (0 28) 0-89 (0-31) 2-1 (0 8)* 5-4 (1-7)* 2-9 (1-3)* 0-89 (0-16)

Experiments and assays as described in the text. Data represent means (SEM) from four or more animals of each interval. *p<0.05 for
the statistical comparison with the respective control group. BUN=blood urea nitrogen.
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Origin and development ofexocrine pancreatic insufficiency in experimental renalfailure
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Figure 1: In vitro exocrine function of the pancreas. Stimulated amylase (A) and lipase (B)
secretionfrom isolated pancreatic lobules 24 hours after subtotal nephrectomy andfour hours
after the start ofa supramaximal secretagogue infusion. Lobules were prepared and perfused as

described in the text. Cholecystokinin (CCK), at a dose calculated to deliver a maximal
secretory response (I -4-8M), was added to the perfusion bufferforfive minutes after an initial
equilibration period of15 minutes. Data represent Ulmgproteinlmin minus basal secretion from
unstimulated control lobules mean (SEM)from four or more separate experiments. Symbols
show animals after subtotal nephrectomy (closed triangles), sham operated controls (open
circles), and animals with acute pancreatitis (closed squares).

purity available and purchased from either Sigma
(St Louis, Mo), Polysciences (Warrington, Pa)
or Merck (Rahway, NJ) unless shown otherwise.

MORPHOLOGY
Pieces from the head, body, and tail of the
pancreas were fixed for histological examination
in 10% neutral buffered formalin and 5 ,um
paraffin wax sections from embedded tissue were
stained with haematoxylin and eosin. To
evaluate the extent of tissue fibrosis we stained
paraffin wax sections with fast green FCF
(Fluka, Switzerland) and sirius red F3BA (Gurr,
BDH, UK).

Tissue for electron microscopy was cut to
blocks of 1 mm in length and immediately fixed
in 2% glutaraldehyde-4% formaldehyde in phos-
phate buffer (125 mM, pH 7 4) for 90 minutes,
rinsed extensively in the same buffer, and post-

fixed in 2% OS04. After dehydration in ethanol
and embedding in Epon 812 or Araldite,
semithin sections were stained with methylene
blue for selection of areas for detailed study.
Thin sections were cut on a LKB Ultratome,
picked up on uncoated copper grids, double
stained with uranyl acetate and lead citrate, and
examined on a Philips 400 transmission electron
microscope at 60 or 80 Kv. Sections were
compared with specimens from control animals
for light and electron microscopy.

MITOTIC INDEX
Five ,tm sections were stained with haema-
toxylin and eosin. Mitotic counts were carried
out under oil immersion in square fields placed at
random with a graticule on tissue sections.
Differential counts of resting and dividing cells
were performed until a total of 1 200 nuclei/
animal was counted. The results were expressed
as accumulated frequency of mitotic figures as
percentage of total mononuclear acinar cells
scored. To avoid diurnal variations in mitotic
counts, animals evaluated for mitotic index were
all killed between 9 am and 12 noon.

MORPHOMETRY
Complete cross sections from the head, body,
and tail ofthe pancreas were divided into three or
four parts for light microscopic morphometric
evaluation. After fixation and staining as above
paraffin wax sections were photographed (x 40)
covering all areas of each cross section from at
least three different animals at every time
interval. Photomicrographs were printed on
heavy bonded paper. The prints were coded and
the areas of paper occupied by necrotic acinar
cells were marked, cut out, and weighed by a
morphologist familiar with pancreatic disease
but unaware of the experimental protocol used.
The results were expressed as per cent of total
acinar cell mass.
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Figure 2: In vitro amylase secretion and protein synthesis over eight weeks after subtotal
nephrectomy. Pancreatic lobules were prepared and perfused as described in the text. Amylase
secretion was stimulated as shown in Figure I legend and protein synthesis, determined as acid
precipitable protein after radioactive pulse labelling, was evaluated as described in the text.
Data show either the cumulative amylase activity in the perfusion buffer secretedfrom the time
ofCCK stimulus until the end ofstimulated response (closed circles) or radioactivity in dpm/tg
DNA (open squares) and are expressed in per cent ofrespective sham operated pairs. Data were

generatedfromfour or more animals at each interval and in each group. Error bars show SEM.

ETHICAL APPROVAL
All experimental protocols were approved by the
Institutional Animal Care and Use committee
and carried out according to the guiding
principles of the American Physiological
Society.

DATA ANALYSIS
The results reported in this study represent the
mean values for at least four different animals at
every time point. Error bars in the Figures show
SEM values and the absence of these error bars
point to SEM values too small to illustrate. To
evaluate the significance of the changes seen, we
used analysis of variance to compare the values
from the animals killed at different intervals with
their respective controls and pancreatitis
animals. If analysis of variance pointed to signifi-
cant differences, the means were evaluated by
the method of Tukey'0 as an additional test. The
differences were considered significant if a q
value was more than the critical value (a-0.05).
Asterisks in the Table show values significantly
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tissue collagen could be shown (Table). The
collagen content of the acute pancreatitis animals
remained equally unaffected.
The hormone stimulated secretory response of

pancreatic lobules during the early phase of acute
uraemia was increased by 88 and 95% for
amylase and for lipase respectively. In contrast,
the stimulated enzyme secretion from lobules of
caerulein pancreatitis animals was reduced to
basal values (Fig 1). This complete blockage of
secretion is believed to be caused by activation of

ZY LY SOL ZY LY SOL ZY LY SOL ZY LY SOL
Control Nephrectomy Nephrectomy Caerulein

day 1 day 21

Figure 3: Distribution oflysosomal cathepsin B in subcellularfractions ofthe pancreas. After
homogenisation ofthe pancreas subcellularfractions were generated as described in the text. The
first set ofbars represents the distribution ofcathepsinB in sham operated controls at day 1. The
fourth set ofbars reflects the redistribution ofcathepsin Bfrom its original lysosome enriched into
the zymogen granule enriched subcellular fraction after stimulation with a supraphysiological
dose ofsecretagogue (caerulein 5 pglkglh overfour hours). The second and third set ofbars
reflects the subcellular distribution ofcathepsin B at different intervals after subtotal
nephrectomy and is almost identical with the situation in controls. Values represent cathepsin B
activities in per cent oftotal means (SEM)fromfour or more animals in each group. *p<005
for the statistical comparison with the respective fraction ofthe control group.

different from control animals at the respective
time interval.

Results
Subtotal nephrectomy induced a rapid increase
in serum creatinine and blood urea nitrogen
within 24 hours (Table), which gradually
declined to values of 200% above normal by the
end of the eighth week. No animal with renal
failure developed pancreatic oedema and pan-
creatic water content remained within the
normal range of between 71 and 73% water at all
intervals investigated. In contrast, rats with
caerulein induced pancreatitis reached a pan-
creatic water content of mean (SEM) 90 (2)%
after four hours of supramaximal stimulation.
Serum amylase in the pancreatitis group
increased dramatically and reached a maximum
of 19753 (568) U/i by the fourth hour. Animals
after subtotal nephrectomy were found to have
some hyperamylasaemia only after 24 hours
postoperatively. Over the remaining study
period the increase in serum amylase and lipase
(not shown) was not significant (Table). Amylase
and lipase activity in pancreatic tissue was

unchanged during the first week of renal failure
but was found significantly decreased after the
third week (Table). A progressive increment was
found in the measurements of pancreatic DNA,
the number of acinar cells that had had necrosis,
and the mitotic index of acinar cells. As
expected, a higher number of necrotic acinar
cells was found in animals with secretagogue
induced pancreatitis. To discover if the changes
in protein synthesis and DNA content were

because of a fibrotic response of the pancreas we
measured the tissue collagen content. Over the
eight weeks of our study period no increase in

.b -. 4

.. . Ak....

Figure 4: Morphological changes ofthe pancreas in
experimental renalfailure and pancreatitis. Animals were
treated by subtotal nephrectomy or supramaximal secretagogue
stimulation as described in the text and paraffin wax sections
from fixed pancreatic tissue were stained with haematoxylin
and eosin. Panels show representativefindings from at least
four animals in each treatment group. Calibration bars
indicate 100 [tm: (A) the normal acinar structure ofa control
pancreas. Sham celiotomy three days before death; (B)
unaffected acinar structure ofthe pancreas with occasionalfoci
ofacinar cell deletion (*). Subtotal nephrectomy seven days
before death; (C) as seen in (B) the histological architecture
has remained unaffected and without signs ofoedema,
inflammatory cell infiltration, autophagocytosis orfibrosis.
The number ofdividing cells is increased (arrows). Subtotal
nephrectomy three weeks before death; (D) to illustrate the
morphological appearance ofautophagocytosis (intracellular
vacuoles are shown with *) the section from an animal after
four hours ofsupramaximal caerulein stimulation is shown.
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Origin and development ofexocrine pancreatic insufficiency in experimental renalfailure

the low affinity state of the CCK receptor. After
only three days ofuraemia the secretory response
of pancreatic lobules to maximal CCK stimula-
tion decreased and reached a nadir at day five
with 33 (14)% of the amylase activity secreted by
lobules from sham operated control animals.
Although exocrine function recovered slowly
and in parallel with the recovery of renal
function, values remained below control values
until the end ofour study period (Fig 2). The rate
of protein synthesis, on the other hand, rapidly
increased and remained increased throughout
the eight weeks investigated (Fig 2). Protein
synthesis in lobules from pancreatitis animals
was not affected (not shown). The subcellular
redistribution of lysosomal cathepsin B in
controls and animals with caerulein pancreatitis
was found to be as previously reported,'3 in
controls most of the cathepsin was distributed
into the lysosom,. enriched fraction whereas in
caerulein induced pancreatitis it was shifted to

Figure 5: Ultrastructural changes of the pancreas in experimental renalfailure. Animals had
subtotal nephrectomy and pancreatic tissue was fixed at different postoperative intervals as

described in the text. The photographs illustrate findings representative of thosefound infour or

more animals at each interaL Calibration bars indicate [sm; (A) immature condensing
vacuoles in the post-Golgi (G) compartment of the cell with apparent fusion of their limiting
membranes (arrowvs). Subtotal nephrectomy 12 hours before death; (B)filamentous material
within the endoplasmic recticulum in different phases ofcondensation. The presumed sequence
ofaggregation that eventually results in theformation ofa myelin body is arbitrarily showvn with
numbersfrom I to 3. Subtotal nephrectomy one day before death; (C) acinar cell during necrosis
as shown by swollen mitochondria (M), the surroundingfragmentation of the endoplasmic
recticulum and the condensation ofthe nuclear chromatin to the nuclear envelope in the lower left
corner. Note multiple myelin bodies along the plasmalemma of the neighbouring, unaffected
cells (open arrows). Subtotal nephrectomy three days before death; (D) low powver micrograph
ofan entire acinus with a single necrotic cell on its right lateral aspect (*). The remaining,
unaffected cells are without ultrastructural abnormnality. Subtotal nephrectomy four weeks
before death.

the zymogen granule containing subcellular
fraction. This characteristic redistribution
phenomenon was not induced by experimental
renal failure at any time interval (Fig 3).

MORPHOLOGY
Sham operated controls were found to have no
histological lesions in their exocrine pancreas
(Fig 4A). From the first day after subtotal
nephrectomy, individual or groups ofacinar cells
were being deleted from the pancreas (Fig 4B).
These areas of acinar cell necrosis were restricted
to small, scattered foci and the total cell mass
affected by this condition never exceeded 6%. In
contrast with pancreatitis, no oedema and no
inflammatory infiltration was found in response
to this phenomenon. The number of dividing
acinar cells increased in parallel (Fig 4C) and this
increase was reflected in the raised mitotic index
(Table). This regeneration was not associated
with an increase in fibrotic tissue when sections
were stained with fast green and sirius red (not
shown).
Animals with secretagogue induced pan-

creatitis developed multiple autophagic and
crinophagic vacuoles within the cytoplasm of
their pancreatic acinar cells (Fig 4D). These
vacuoles were absent in rats with experimental
renal failure.
The first ultrastructural changes could be seen

in the uraemic animals after 12 hours (Fig 5).
While Golgi stacks were parallel and not dilated,
the condensing vacuoles seemed irregular and
fusion figures between individual vacuoles could
be seen (Fig SA). Multiple aggregations of
filamentous material in different stages of con-
densation were found within the endoplasmic
reticulum (Fig 5B). They corresponded with
myelin bodies in size and shape and were absent
in control animals. After the first day, cells
having necrosis were found on the EM level.
Their endoplasmic reticulum was dilated or
partially disrupted into fragments. Mito-
chondria were grossly swollen and their dense
granules and cristae had often completely dis-
solved (Fig 5C). The nuclear chromatin was
found to be condensed to the nuclear membrane.
The myelin bodies of cells affected in this
manner were commonly found adjacent to the
lateral aspect ofadjacent, unaffected cells. When
myelin bodies were counted, a maximum of 16
myelin bodies/acinar cell cross section (maxi-
mum of63% of cells affected) was seen one week
after the onset of uraemia. Necrotic single cells
were regularly seen in uraemic animals from the
first day until the end of the study period (Fig
5D). They were rapidly resorbed without any
significant tissue infiltration by leucocytes and
macrophages. The zymogen granules and apical
plasmalemma with its microvilli seemed intact in
unaffected acinar cells. Non-acinar cells, includ-
ing ductal epithelial cells, vascular epithelium,
and centroacinar cells were not found to be
changed in renal failure.

Discussion
Uraemic pancreatic disease is a chronic disorder
associated with exocrine pancreatic insuffici-
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ency,3 morphological changes of the pancreas,'
and a characteristic secretory pattern of digestive
enzymes.2' According to necropsy studies its
frequency has apparently increased since haemo-
dialysis programmes were introduced for the
care of patients with chronic renal failure and
since the life expectancy of patients who partici-
pate in these programmes has dramatically
improved.2 The pathogenesis of uraemic
pancreatic disease is still unclear, but certain
histological changes of the pancreas2 and the
association of CRF with recurring attacks of
abdominal pain and hyperamylasaemia22 have
suggested that uraemic pancreatic disease can be
regarded as a manifestation of pancreatitis. We
have investigated the biochemical and morpho-
logical changes of the exocrine pancreas in an
animal model of CRF. The initial phase of
experimental renal failure is characterised by a
rapid increase in serum creatinine and blood urea
nitrogen and the animals develop transient signs
of uraemia.9 Renal function slowly recovers over
the course of eight weeks by means of hyper-
trophy of the remaining renal tissue, but
complete restoration is prevented by the
development of glomerular sclerosis with
accumulation of extracellular matrix proteins.23
Two distinct phases of impairment could be
identified when we studied acinar cell function in
vitro. The secretory response to hormonal stimu-
lation was increased considerably during acute
uraemia, while after the fourth day a progres-
sively diminished response was noted. This is
in accordance with the pattern of secretory
response to other types of toxic pancreatic
damage, most notably that induced by alcohol.
When dogs were fed a diet containing chronic
additions of ethanol, pancreatic exocrine func-
tion was changed in a similar way, with an initial
phase of increased secretory response followed
by a phase of exocrine insufficiency.'" Pancreatic
protein synthesis was increased in renal failure,
but this increase does not seem to be a result ofan
increase in digestive enzyme zymogens. Both the
enzymes secreted from acinar cells and the
pancreatic content of digestive enzymes were
decreased after the initial acute phase had
passed. Therefore the most probable explanation
for the increased rate of protein synthesis is
cellular repair as shown by the increased mitotic
index and the rise in pancreatic DNA. The
impetus for this repair is shown by the number of
necrotic cells found in CRF. Although the
number of acinar cells that are consistently
deleted is small in comparison with pancreatitis24
and their maximum number never exceeded 6%
of the total cell mass, it is conceivable that these
lesions induce hypertrophy and hyperplasia.
Interestingly, this increased acinar cell turnover
was not associated with pancreatic oedema,
inflammatory cell infiltration or subcellular
redistribution of lysosomal hydrolases. These
three phenomena seem to be characteristic
events in all experimental models of pancreatitis
where they have been investigated.'132425 Another
mechanism that could explain the changes in
protein synthesis and DNA content seen in our
experiments and which is strongly associated
with chronic pancreatitis is pancreatic fibrosis.
Although it is probable that a fibrotic response

contributes to the clinical pancreatic disease of
renal failure we found no evidence for an
increased collagen content or for pancreatic
fibrosis during the eights weeks of our study.
The morphological appearance of experi-

mental uraemic pancreatic disease bears little
resemblance to the changes seen in pancreatitis.
While immature condensing vacuoles and their
occasional fusion has also been seen in pan-
creatitis," they are by no means characteristic.
Dilatation of the endoplasmic recticulum, swell-
ing of mitochondria, and condensation of
nuclear chromatin are unspecific responses ofthe
acinar cell that can be caused by a variety of
events including toxic damage and impaired
energy supply.26 While the characteristic auto-
phagic and crinophagic vacuoles, which are
found in pancreatitis2728 were absent, uraemic
pancreatic disease was associated with the occur-
rence of multiple intra and extracellular myelin
bodies. These structures, however, thought to
represent condensed phospholipid membranes,
should not be regarded as a specific morpho-
logical phenomenon. They have previously been
seen after exposure of the pancreas to a variety of
toxic agents including ethanol29 and other non-
specific insults.30
We conclude that the biochemical and

morphological characteristics of experimental
uraemic pancreatic disease seem to be quite
distinct from those of pancreatitis. Exocrine
pancreatic insufficiency develops after an initial
phase of increased secretory response to
hormone stimulation. Increased protein synthe-
sis and DNA content are paralleled by increased
deletion and regeneration of acinar cells. The
intracellular lesions that precede single acinar
cell necrosis correspond with those seen in toxic
damage to the pancreas. Subtotal nephrectomy
seems to be a model that may yield insight into
the physiological and pathophysiological interac-
tions between renal and pancreatic function.
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