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The sequential ultrastructural alterations of the
pancreas in zinc toxicosis were examined in duck-
lings fed 2500 ppm Zn (as ZnSO4) for 56 days.
From days 3 to 17, acinar cells had cytoplasmic
vacuoles that contained electron-dense, zymogen-

like material and increased autophagocytosis.
Other changes were swollen mitochondria and di-
latation, vesiculation, degranulation and intracis-
ternal sequestration of rough endoplasmic reticu-
lum. Apoptosis was the predominant form of cell

deletion. By day 10, acinar cellular atrophy and in-
terstitial fibrosis were noted. Islets appeared nor-

mal. After day 19, the pancreas consisted of duct-
like structures embedded in fibrous connective tis-
sue with a minimal inflammatory cell response.
These ductlike structures were lined by attenuated
to cuboidal, atrophic acinar cells. Many cells con-

tained granular, electron-dense cytoplasmic debris
that served as a marker ofprevious cell damage.
This ultrastructural study provides support for a

previouslyproposed theory that ductlike structures
(tubular complexes) arise by atrophy and de-
differentiation ofacinar cells. (AmJ Pathol 1989,
134:581-595)

The toxic effects of zinc have been reported in numerous
animal species' 2 and in humans,' but zinc is considered
a relatively nontoxic element in comparison with other
metals.' Pancreatic alterations were observed in experi-
mentally-produced zinc toxicosis in cats,3 sheep,4
calves,4 chickens,56 and ducklings7 and in naturally oc-

curring cases of zinc toxicosis in sheep4 and calves.4 In
human cases of zinc toxicosis, elevated plasma amylase
or lipase activity suggested pancreatic derangement." 8

In animals, descriptions of the light microscopic
changes in the pancreas were limited to chronically
affected organs and were similar in the various animal
species.3-7 Changes within acinar cells consisted of loss
of zymogen granules, loss of basophilic staining, cy-

toplasmic vacuolation, cellular atrophy, and necrosis of
individual acinar cells. In sheep,4 calves,4 and cats,3 an

inflammatory cell infiltrate was present in the interstitium
and, in sheep4 and chickens,6 islet changes were re-

,ported. Ductlike structures embedded in abundant fi-
brous connective tissue characterized the end-stage pan-

creatic lesion of zinc toxicosis. Similar ductlike structures
have been reported in a number of diseases of the pan-

creas;9-25 however, the origin of these ductlike structures
is in question.9

The ultrastructural alterations in the pancreas of chick-
ens with zinc toxicosis consisted of dilated rough endo-
plasmic reticulum (RER), fewer zymogen granules, and
increased numbers of small, electron-dense granules and
autophagic vacuoles.26 These observations, however,
were limited to an advanced stage of pancreatic injury.

The purpose of the present study was to characterize
the acute and chronic sequential ultrastructural alterations
of the pancreas in zinc toxicosis in ducklings, compare

these findings with those reported in other models of pan-
creatic injury, and determine the morphogenesis of the
ductlike structures.

Materials and Methods

Three hundred sixty, one-day-old, male White Pekin duck-
lings (Maple Leaf Farms, Inc., Milford, IN) were randomly
divided into three groups and raised in pens on the floor.
After acclimation to these environmental conditions for 2
days, the ducklings were placed on the experimental
rations. The control group (N = 109) was fed ad libitum a
commercial duck ration (Sauders Feed, Grabill, IN) sup-

plemented with 200 I.U. vitamin E (Rovimix E 50%, Hoff-
man La-Roche, Nutley, NJ) per kg feed (CR + E) to pre-

vent nutritional myopathy. The zinc group (N = 139) was
fed ad libitum CR + E plus 2500 ppm Zn as ZnSO4- H20
(Sargent-Welch, Skokie, IL). The inanition control group

(N = 1 12) was fed measured amounts of CR + E based
on the lowest average daily feed intake of ducklings in
the zinc group. Six or eight ducklings from each of the 3
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treatment groups were randomly selected for necropsy
on days 0, 3, 5, 7, 10, 12, 14, 17, 19, 21, 24, 26, 28, 35,
42, 49, and 56. Ducklings were killed by cervical disloca-
tion. The pancreas was quickly removed and 2-3 mm
thick slices from the middle of the dorsal and ventral lobes
were placed in ice-cold 3% glutaraldehyde in 0.1 M phos-
phate buffer. These slices were minced to 1 cu mm and
fixed overnight at 5 C. The tissue samples were trans-
ferred to a sucrose-buffer storage solution until processed
for electron microscopy. The remaining portion of pan-
creas was fixed in 10% neutral buffered formalin, pro-
cessed routinely for light microscopy, and stained with
hematoxylin and eosin (H & E). Based on the findings from
the microscopic evaluation of paraffin-embedded sec-
tions, pancreata from selected ducklings were chosen for
further processing for electron microscopy. The sections
of pancreas stored in the sucrose-buffer solution were
rinsed overnight in phosphate buffer solution. They were
postfixed in 1% osmium tetroxide, dehydrated in a graded
series of alcohol solutions, en b/oc stained with 2% aque-
ous uranyl acetate, and embedded in an epoxy resin
(Poly/Bed, Polysciences Inc., Warrington, PA). One-mi-
cron thick sections of pancreata from 9 control ducklings
(4dayO, 1 day3, 1 day7, 1 day 14, 1 day28, 1 day56),
6 inanition control ducklings (2 day 7, 1 day 14, 1 day 17,
1 day 24, 1 day 56), and 30 zinc-fed ducklings (4 day 3,
2day5, 3day7, 3day 10, 2day 12, 2day 14, 3day 17,
3day 19, 1 day21,3day24, 1 day28, 1 day35,2day42)
were stained with methylene blue-azure 11 for microscopic
study. From these sections, samples were selected from
8 control ducklings (3 day 0, 1 day 3, 1 day 7, 1 day 14,
1 day 28, 1 day 56), 3 inanition control ducklings (1 day
7, 1 day 14, 1 day 56), and 21 zinc-fed ducklings (4 day
3, 2day5, 3day7, 2day 10, 2day 12, 2day 14, 2day
17, 1 day 19, 1 day 24, 1 day 35, 1 day 42) for electron
microscopy. The tissue samples were thin-sectioned,
stained with uranyl acetate and lead citrate and examined
in the electron microscope (JEOL/100 CX, JEOL USA,
Electron Optics, Medford, MA).

Results

Control Ducklings

The ultrastructural features of the pancreas from control
ducklings were similar to those described previously in
various avian27 and mammalian species.28'29 Ductal cells
of the normal pancreas could easily be distinguished from
acinar cells (Figure 1). Ductal cells were more electron
dense and had fewer cytoplasmic organelles, longer and
more numerous microvilli, and more prominent bundles of
fine filaments. The lateral plasma membrane had numer-
ous deep interdigitations as compared to the straight bor-
ders of adjacent acinar cells. The nuclear membrane of

ductal cells was often convoluted. These ultrastructural
features of duct cells were important in distinguishing
them from atrophic acinar cells in the chronic lesions of
zinc toxicosis. The only change noted in acinar cells of
control pancreata was an increase in the number of zymo-
gen granules over the 56-day experimental period. No
changes were noted in ductal or islet cells. The ultrastruc-
tural features of pancreata from the inanition control duck-
lings were similar to those of the control group.

Zn-Fed Ducklincgs, Day 3

The semi-thin, plastic-embedded sections from all four
ducklings revealed mild to marked cytoplasmic degenera-
tive changes that were multifocally distributed throughout
the tissue specimens. Ultrastructurally, acinar cells in the
most severely affected pancreas had multiple vacuoles
that contained electron-dense, nonhomogeneous, zymo-
genlike material or flocculent, electron-lucent material
(Figures 2, 3). Some of these vacuoles also contained
membranous debris or fragments of RER. Some cells had
normal-appearing zymogen granules, whereas others
had numerous, small, electron-dense granules. These
smaller granules often were associated with the vacuoles
containing zymogenlike material. Scattered cells had
large, irregularly-shaped, apical vacuoles, some of which
were continuous with the acinar lumen and contained
flocculent material that was similar to the secretory mate-
rial present within the lumen. These latter structures were
consistent with exocytic vacuoles. Autophagic vacuoles
consisting of small fragments of RER were also noted.
The mitochondria of affected cells were swollen, electron-
lucent, and had loss of cristae. Alterations in the RER in-
cluded dilatation, vesiculation, degranulation, and a de-
crease in the number of membranous arrays. Most acinar
cells were affected but to variable degrees. Acinar lumina
were small and contained a scant amount of granular ma-
terial. The interacinar septa contained fragments of acinar
cells and granular, electron-dense material that was con-
sistent with edema fluid. In the other three ducklings, few,
scattered acinar cells had large exocytic and autophagic
vacuoles.

Zn-Fed Ducklincgs, Days 5 and 7

On days 5 and 7, acinar cell changes (Figure 4) were
marked, diffuse, and similar to those described above.
In addition, increased numbers of acinar cells contained
numerous, small, variably-shaped vacuoles that con-
tained homogeneous, electron-dense material or small
fragments of RER. Apoptotic bodies were within cells or
acinar lumina (Figure 5). A few acinar cells contained
phagocytosed apoptotic bodies consisting of dense
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Figure 1A. A high magnification of niormal
acinar cellsfrom a control duckling. Note
the rounid, basally-located nucleus and the
straight lateral plasma membranes. The
cytoplasm contains abundant RER, a feu'
zymogen granules, rod-shaped mitochon
dria, anid several autophagic vacuoles
(X8800). L, lumeni. B: A high magnifica-
tion ofniormal intralobular duct cellsfrom
a control duckling. The ductal cell pos-
sesses ant irregularly-shaped nucleus, feuw
cytoplasmic organelles and bundles offine
filaments (F). Note theprominent interdig-
itatiotns of the lateral plasma membranes
(X16,000). L, lumen.

whorls of RER, intact zymogen granules and condensed
nuclear material. Phagosomes containing degenerating
apoptotic bodies were also noted within acinar cells. Oc-
casional acinar lumina contained apoptotic bodies con-
sisting of membrane-bound blebs of cytoplasm and intact
organelles. Interstitial cells contained apoptotic bodies,
membrane debris or zymogenlike material.

Zn-Fed Ducklings, Day 10

By day 10, acinar cells were atrophic and had severe de-
generative changes consisting primarily of cytoplasmic

vacuolation. The contents of these membrane-bound vac-
uoles were variable and included zymogenlike material,
electron-dense coarse granular material, whorls of RER,
and recognizable zymogen granules. Numerous small vac-
uoles that were empty or contained homogeneous elec-
tron-dense material were located in the apical cytoplasm
or adjacent to the Golgi complex. Normal-appearing zymo-
gen granules could still be identified. The RER had a num-
ber of alterations. In a few cells, the RER formed "finger-
printlike" whorls around mitochondria. In other cells, the
RER was vesiculated and dilated. Some of the dilated cis-
ternae contained electron-dense intracisternal granules,
fine granular material or invaginated portions of RER. There
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Figure 2. Pancreatic acinifrom a ducklingfed zincfor 3 days, showing cellular vacuolar degeneration. Many cells have vacuoles
that contain nonhomogeneous, zymogenlike material. Some vacuoles contain little granularand membranous debris (top). Dilata-
tion and vesiculation ofthe RER andswollen mitochondria arepresent. The acinar lumen (L) is empty (X4400).

was evidence of intracisternal sequestration. Nuclear
changes were minimal and consisted of multifocal dilata-
tion of the nuclear envelope. Some acinar lumina contained
granular and membranous debris or blebs of cytoplasm

with intact organelles. Small apoptotic bodies consisting of
membrane-bound whorls of RER and zymogen granules
or mitochondria were located in the intercellular space be-
tween acinar cells (Figure 5). Acinar cells and an occa-
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Figure 3. Higher magnification ofa portion of the acinus in Figure 3. Large cytoplasmic vacuoles contain zymogenlike material.
The adjacent cell has dilatation and degranulation ofthe RER and abundantfree ribosomes (X 11,000).

sional centroacinar cell contained apoptotic bodies in vari-
ous stages of degeneration.

The interstitium had granular, electron-dense material,
increased numbers of collagen fibers and fibroblasts, and

a few macrophages that contained apoptotic bodies of aci-
nar cell origin within their cytoplasm. Capillary endothelial
cells were swollen, had numerous apical processes, and
increased numbers of caveolae.

Figure 4A. Pancreatic acinifrom a control duckling at day 3. Acinar cells have numerous, fairly uniform zymogen granules in the
apical cytoplasm. Plastic-embedded section, methylene blue-azure II; X400. B: Pancreatic acinifrom a ducklingfedzincforS days.
Note uniform involvement ofacini within thefield. Acinar cells contain vacuoles that are empty or contain dense-staining material.
Some cells still have normalzymogen granules. Plastic-embedded section, methylene blue-azure II; X 400.
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Figure 5A. Acintar cellfrom a ducklingfrd zincfor 7days. The
cell coztainis two apoptotic bodies conmposed ofRER and nzi-
cleus Mith condensed and marginated chromatin (X9950). B:
Acinar cellfrom a ducklingfed zinc]br 5 dajs. The cell con-
taitis an apoptotic bod!' with inztact zymogen granules, RER,
anid granular debris. The osmiopbilic material may represen t
conidensed chromatini (X 5300). C: Pancreatic aciniar lumen
from a ducklingfrdzincfor 19 days. The lumen cotntainzs mul-
tiple apoptotic bodies in various stages of degeneration. One
apoptotic body contains intact mitochotndria and RER (arrow-
bead) wbereas an other has lysis ofmembranes and dissoluttionl
of the cytoplasm (arrow,) (X3400). D: Panticreatic acinzar cells
from a duckling fed zin?c for 10 days Numerous, electront-
dense, apoptotic bodies are located itn initercellular spaces
(x4075).

Ultrastructural alterations within ductal epithelial cells
were minimal. In some sections of affected pancreata, duc-
tal cells stained less electron-dense than normal ductal
cells. Most ductal cells had a few empty cytoplasmic vacu-
oles. Ducts with these relatively mild changes were located
adjacent to severely degenerated acinar cells. Islet cells
were ultrastructurally normal.

Zn-Fed Ducklings, Days 12 to 17

The principal alteration during this time period was pro-
gression of the degenerative and atrophic changes within
acinar cells as described above. Apoptotic bodies were
occasionally observed. At day 17, altered acinar cells
could be categorized into one of the following five pat-

I.

I
I

I

I
II

I
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Figure 6. A section through severalpancreatic acinifrom a ducklingfed zincfor 17 days. Acinar cells are atrophic and contain a
moderate amount ofRER. Vesiculation and dilatation ofthe RER are observed in some cells. Cytoplasmic vacuoles contain electron-
dense, granular debris. A cell with electron-dense cytoplasm and nucleus is present. Cell types 1 to 4, as described in the text, can
be identified. The interstitium (bottom) has numerous collagenfibers andfibroblasts (<3650).

terns based on the ultrastructural features of their degen-
erative changes (Figure 6). 1) Type 1. This dense cell con-
tained closely packed arrays of RER that had granular
electron-dense material within the cisternae. Abundant
mitochondria and some phagosomes also were present.
The nucleus was generally electron-dense but clumps of
heterochromatin could still be distinguished. 2) Type 2.
This pale cell had electron-lucent cytoplasm that con-

tained little RER. Vesiculation and degranulation of the re-

maining RER and phagosomes were present. The nu-

cleus was electron-lucent and had heterochromatin. 3)
Type 3. This intermediate cell had moderate amounts of
RER, phagosomes, and electron-lucent nucleus. The cis-
ternae of the RER were moderately dilated and empty.
Cells of the intermediate type were the most abundant. 4)

Type 4. Dying acinar cells were identified by their mark-
edly condensed cytoplasm and nucleus or severe cy-
toplasmic autophagy. In cells with the latter change, the
cytoplasm consisted primarily of phagocytic vacuoles
and only a thin rim of cytoplasm could be identified. 5)
Type 5. Acinar cells with large, euchromatic nuclei and
electron-lucent cytoplasm were noted between days 10
and 19 (Figure 7). The cytoplasm of this cell type con-
tained RER with dilated cisternae that contained a slight
amount of granular material or invaginated portions of
RER. Some cisternae were empty. The nuclei of these
cells usually had prominent nucleoli.

The interstitial changes (Figure 6) were more promi-
nent than in the acute lesions and consisted of thickening
of the interacinar septa due to increased numbers of fi-
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Figure 7. Pancreatic acinar cellsfrom a ducklingfed Zn for 10 days. The cell to the right has a large euchromatic nucleus and
electron-lucent cytoplasm. The RER is dilated and tesiculated and has intracisternal sequestration. Adjacent degenerative acinar
cells contain autophagic vacuoles. The interstitium (bottom) contains abundant collagen fibers (C), afewfibroblasts, and macro-
phages with cell debris (D) (X 4000).

broblasts and deposition of collagen fibers. A minimal in-
flammatory cell infiltrate consisted primarily of macro-
phages with acinar cell debris and few heterophils and
mast cells.

Zn-Fed Ducklings, Days 19 to 56

From days 19 to 56, chronically-injured pancreata had
atrophic, ductlike structures embedded in variable
amounts of fibrous connective tissue (Figure 8). Ultra-
structurally, acinar cells were markedly atrophic and had
residual degenerative changes. Longitudinal sections
through branching, ductlike acini (Figure 9) revealed that
the degree of cellular atrophy was variable. Some acinar
cells were attenuated whereas others were low cuboidal.
The five cell variants described above were still present in
the chronically-injured pancreata of ducklings fed Zn for
up to 56 days. Atrophic acinar cells had ultrastructural fea-
tures of ductal cells, such as convoluted nuclei and nu-
merous interdigitations of the lateral plasma membranes;
however, these atrophic cells lacked the bundles of fine
filaments characteristic of ductal cells. These altered cells
were identified as acinar cells by the presence of moder-

ate amounts of RER, occasional zymogen granules, and
electron-dense granular debris within vacuoles and free
in the cytoplasm (Figure 10). Apoptotic bodies were rarely
observed.

The interstitium (Figures 9, 10) contained irregularly-
arranged bundles of collagen fibers and numerous polyg-
onal to elongate fibroblasts that often formed whorls
around atrophic acini. Fibroblasts and macrophages con-
tained acinar cell debris within their cytoplasm. Intraepi-
thelial mononuclear phagocytes containing electron-
dense debris were occasionally noted and one was
caught in the process of traversing the basement mem-
brane (Figure 11). Ductal epithelium appeared normal;
however, the lumen of a few ducts and ductules con-
tained cellular debris and was partially occluded by this
material (Figure 12). There were no significant alterations
within islet cells.

Discussion
Morphology of the Acute Lesion, Days 3 to 14
In the present study, no ultrastructural changes were
noted in the inanition control ducklings that were fed a
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semistarvation diet. Similar findings were noted in rats
with reduced caloric intake,30 but decreased numbers of
zymogen granules, dilated RER, and a slight increase in
the number of autophagic vacuoles were noted in semi-
starved rabbits.31 Mild to severe ultrastructural alterations
have been reported in protein-deficient30o'4 and
starv 35animals and in human kwashiorkor.-" The rea-
son for differences in the degree of injury in pancreatic
acinar cells under conditions of semi-starvation, starva-
tion, and protein deficiency are unknown, but may be due
to the combined effects of significant protein loss from
pancreatic secretion and decreased protein intake.37

Vacuoles that contained electron-dense, nonhomoge-
neous, zymogenlike material or granular, electron-lucent
material were a distinctive feature in degenerated acinar
cells of Zn-fed ducklings at day 3 and throughout most of
the acute stage of injury. Structures with similar ultrastruc-
tural morphology were noted in acute hemorrhagic pan-
creatic necrosis (AHPN) in mice,' in pancreatitis due to
suprastimulation,39-40 and in cultured pancreatic ex-
plants.41 In these three experimental conditions, cyto-
chemical analyses indicated that these vacuoles con-
tained both amylase, a digestive enzyme, and acid phos-
phatase, a lysosomal enzyme.3 39-4' Such vacuoles may
be significant in the pathogenesis of acute pancreatitis.42
Intraparenchymal activation of digestive proenzymes is
generally accepted as the inciting cause of pancreatitis,
but the site of this activation is unknown. Steer and co-
workers42 proposed that intracellular activation of diges-
tive proenzymes by lysosomal enzymes occurred within
cytoplasmic vacuoles and initiated the autodigestive pro-
cess that accounted for the cellular changes observed in
two forms of experimental pancreatitis. A similar se-
quence of events might explain acinar cell injury in zinc
toxicosis but cytochemical analyses of the cytoplasmic
vacuoles are needed to support this hypothesis.

Alterations in mitochondria and RER were noted in our
Zn-fed ducklings throughout the experimental period and
were reflective of sublethal injury to cells.43 Mitochondrial
changes appeared to be reversible because acinar cells
of chronically-injured pancreata of Zn-fed ducklings had
numerous mitochondria. Alternatively, a few mitochondria
may have survived acute damage and later divided. Ap-
parently mitochondrial function was not appreciably al-
tered because autophagocytosis and heterophago-
cytosis, which require energy,43 were also observed in
these cells.

Intracisternal sequestration of the RER and increased
autophagocytosis were noted in many acinar cells of our
Zn-fed ducklings. These changes are also a feature of
kwashiorkor in humans- and a number of other patho-
logic conditions.44 Intracisternal sequestration and auto-
phagocytosis may be responsible for elimination and deg-
radation of excess membranes and organelles in acinar

Figure 8. Pancreatic tissuefrom a ducklingfedZnfor24 days.
Two intralobular ducts (D) are adjacent to branching,
atrophic, ductlike acini. The densely-stained cytoplasmic de-
bris distinguishes acinar cellsfrom ductal cells. The intersti-
tium is moderately fibrotic. Plastic-embedded section, methy-
lene blue-azure II; X520).

cell atrophy.36-44 The findings of the present study are in
agreement with that proposal.

The severity of acute cellular injury in Zn-fed ducklings
varied between acini and within an acinus. This variation
may be attributed to differences in zinc uptake or the met-
abolic state of acinar cells. Marked differences in the de-
gree of cellular injury between adjacent acinar cells were
noted in acute pancreatitis45 and puromycin toxicosis.46 In
contrast, variation in the degree of cellular injury between
acini but not within acini was noted in a study on experi-
mental ductal occlusion.47

Apoptosis was the predominant form of cell death in
the pancreas of ducklings with zinc toxicosis. The mor-
phologic and biochemical features of apoptosis have
been reviewed previously.4-49 In summary, apoptosis is
controlled, programmed cell death that is accompanied
by little or no inflammation. The nuclear and cytoplasmic
changes of apoptosis are distinctive and different from
those observed in necrosis. The first stage of apoptosis
consists of margination and compaction of chromatin,
condensation of cytoplasm, and formation of membrane-
bound blebs of cytoplasm containing intact organelles.
This process is rapid and can easily be missed with infre-
quent sampling. The second stage is longer and consists
of phagocytosis and subsequent degradation of these
apoptotic bodies. Ingested apoptotic bodies can be con-
fused with autophagosomes, but are definitively identified
by the presence of nuclear, as well as cytoplasmic mate-
rial. Because of these difficulties in identification, the de-
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Figure 9. A montage ofa longitudinal section through a branching ductlike, atrophic pancreatic acinusfrom a ducklingfedZnfor
19 days. Acinar cells are attenuated or low cuboidal and contain electron-dense, granular debris. Various cell types, as described
in the text, arepresent. The interstitium has abundant collagenfibers andfibroblasts (X2450). L, lumen.

gree of apoptosis is usually greater than that observed
in micrographs. Apoptosis is responsible for cell deletion
during embryonic development, normal involution, patho-
logic atrophy and regression of hyperplastic organs. Radi-
ation and radiomimetic drugs cause increased apoptosis
in target organs. Apoptosis also accounts for atrophy af-
ter injury, such as mild ischemia in the liver, and may be
a means of removing cells with damaged DNA or cellular
organelles.i849 Little is known about the biochemical
events associated with apoptosis, but activation of nonly-
sosomal endonucleases and subsequent cleavage of
double-strand DNA may be involved.49

Apoptosis in the pancreas has been described in only
a few studies. Apoptosis was the principal mode of cell
death responsible for involution of the hypertrophied pan-
creas of rats fed raw soya flour.50 Cell deletion after ductal
ligation of the rat pancreas was attributed to apoptosis.51
A plant nitrile, 1 -cyano-2-hydroxy-3-butene, produced
pancreatic lesions consisting of dilatation of the RER and
apoptosis.52 Considering the difficulty in identifying the
apoptotic process, it is possible that apoptosis of pancre-
atic acinar cells occurs more commonly than is reported
in the literature and in a wider variety of toxic pancreatic
injury.

In our study of zinc toxicosis, apoptosis was the princi-
pal means of cell deletion and most frequently observed
between days 3 and 17. This process occurred concomi-
tantly with acinar cell injury and may have been a way of
removing damaged cells. Apoptotic bodies appeared to
be released into acinar lumina and the intercellular space
where they were phagocytosed primarily by acinar cells.
Apoptotic bodies that had been phagocytosed often
were difficult to differentiate from autophagosomes, but a
few apoptotic bodies clearly contained nuclear material.
Apoptotic bodies remaining within lumina became auto-
lyzed. A few centroacinar cells contained apoptotic bod-
ies of acinar cell origin. Phagocytic capabilities of centro-
acinar cells, which normally have a secretory function,53
also have been reported in puromycin toxicosis.46

A similar apoptotic process was reported in experi-
mental ductal ligation in rats; in that study, however, apop-
totic bodies were preferentially removed by intraepithelial
mononuclear phagocytes.51 In our study, intraepithelial
mononuclear phagocytes that contained cellular debris
were noted occasionally in the basilar portion of the aci-
nus during the chronic stage of the lesion, but preferential
ingestion of apoptotic bodies by this cell type was not
obvious.
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Figure 10. A high magnification ofan atrophic, ductlike acinusfrom a ducklingfed Znfor 42 days. Cells haveprominent interdigita-
tion oflateralplasma membranes. Zymogen granules, moderate amounts ofRER and mitochondria, and cytoplasmic debris identify
these cells as acinar cells. Afibroblast and numerous collagen fibers are in the interstitium (bottom-left) (X 7800).

Apoptotic bodies and degenerating cellular debris of-
ten were observed in interstitial cells, but determining how
this acinar cell debris reached the interstitial space was
difficult. Movement of mononuclear phagocytes between
the interstitium and acinus could be one means by which
acinar cell debris reached the interstitium. One such
phagocyte was caught in the process of penetrating the
acinar basement membrane. Passage of cell debris
through a damaged basal lamina is another possible
mechanism.

The interstitial changes in the pancreas of ducklings
with acute zinc toxicosis were not as striking as the paren-
chymal changes. Edema of the interacinar septa may
have been related to the alterations in the capillary endo-
thelium. The lack of a significant inflammatory cell re-
sponse was a distinctive feature in our study. In contrast,
a marked inflammatory response was characteristic of
acute pancreatitis,54 AHPN,55 and pancreatitis due to su-
prastimulation.40 In these conditions, the inflammatory re-
sponse was secondary to massive release of digestive
enzymes into the interstitium and cell necrosis.40'455 A

critical factor in the pathogenesis of the severe interstitial
lesions of AHPN was accumulation of zymogen granules
within the acinar cells.56 A similar mechanism accounted
for more severe lesions of pancreatitis in well-nourished
animals than in animals with depleted stores of zymogen
granules.57 In the present experiment, the lack of a sig-
nificant pancreatic inflammatory response may be related
to an initial low concentration of digestive enzymes, con-
trolled release of lysosomal and digestive enzymes, or
apoptosis.

Morphology of the Chronic Lesion, Days 17 to
56

Five acinar cell variants were observed in the chronic
stage of zinc toxicosis. The ultrastructural differences be-
tween these cell types probably reflected both the degree
of cell injury and the variable response of cells to injury.
The dense cell type represented a cell that had under-
gone reversible damage and was now maintained in a
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Figure 11. Pancreatic acinusfr-om a ducklinggfrd zinc Jbr 19
days. Ani intraepithelial macrophage located in the basalpor-
tion of the acinius has a cytoplasmic process penietratinig the
basal lamina (arrow). Electron-dense debris (arrowhead) is
located presumablyuwithin other cYtoplasmic processes of this
same cell (X 14, 000). L, lumen.

different homeostatic state characterized by cytoplasmic
atrophy and retention of relatively abundant RER and mi-
tochondria. At the other extreme were irreversibly dam-
aged cells that were undergoing autophagy or marked
condensation. Between these two extremes were the re-

maining cell variants with mild to moderate cell injury that

Figure 12. Pancreatic ductu4lefrom a ducklinzgfed zinicfor 14
days. Ductular lumeni ispartially occluded by a swollen, auto-
lyzed acinar cell. The cell membraebhas ljsed but membranies
ofmitochonidria, RER, and the nucleus are intact. Some mito-
chonidria are suollen (X2950). L, unloccluidedportiovn of lu-
men.

may have represented cells in transition to one of the
above described end stages. The chronic stage of zinc
toxicosis consisted of pancreatic atrophy due to de-
creased numbers and decreased size of acinar cells.
Apoptosis was the predominant means of cell deletion,
although progressive autophagy was noted in a few aci-
nar cells. Progressive autophagy accounted for loss of
cytoplasmic organelles and reduced cell size.

Chronically-injured pancreata had ductlike acini that
were lined by attenuated to low cuboidal cells with fea-
tures of ductal cells, such as convoluted nuclei and nu-
merous interdigitations of the lateral plasma membranes.
These cells were identified as acinar cells based on mod-
erate amounts of RER, occasional zymogen granules,
and electron-dense, granular debris within vacuoles and
free in the cytoplasm. This debris served as a distinctive
marker of previous cell damage.

Ductlike structures (pseudoductules, tubular com-
plexes)9 have been observed in a number of diseases
of the pancreas and experimental models of pancreatic
injury, including vitamin E-selenium deficiency,10 pancre-
atitis, 11-13 ductal ligation, 1415 uremia,16 cystic fibrosis,17
ethionine18 and methionine'9 toxicoses, and pancreatic
adenocarcinoma.2025 The question regarding the mor-
phogenesis of these structures is unresolved. Several
workers proposed that these ductlike structures origi-
nated from proliferating centroacinar/ductal cells;10, 1,15,25
however, Zeligs et al14 were unable to demonstrate, by
autoradiographic techniques, significant mitotic activity
within ductal cells after pancreatic injury due to ductal liga-
tion.

A new model of normal pancreatic architecture has
been proposed that elucidates the role of acinar cells in
the formation of tubular complexes in pancreatic injury.9
The pancreas has classically been described as a tubu-
loalveolar gland where acini are arranged in a grape-like
fashion at the ends of branching ducts (Figure 13). Stud-
ies in the rat,58'59 dog,60 and humans9 revealed that acini
were arranged as a system of curved, branching, vari-
able-sized, anastomosing tubules, some of which ended
as blind sacs. This anastomosing network of tubules was
connected to the duct system (Figure 13). Bockman et
a19 proposed that tubular complexes arose by progressive
atrophy and dedifferentiation of acinar cells. Such regres-
sive changes within acinar cells that are normally ar-
ranged as a branching network could readily account for
the appearance of branching, ductlike structures in the
injured pancreas.

More recently, Pour25 demonstrated that tubular com-
plexes (pseudoductules) produced in Syrian golden ham-
sters by N-Nitrosobis(2-oxopropyl)amine originated from
proliferating centroacinar cells. He speculated that tubular
complexes may, in fact, develop by more than one mech-
anism. Tubular complex formation attributed to acinar cell
atrophy and dedifferentiation may represent an adaptive
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Figure 13. Left: The classical view of exo-
crine patncreatic architecture. Glandular
cells (dark lines) are arranged as tubules
or acini at the ends of branching ducts
(open lines). Adapted with permissionz
from Bloom and Fawcett. 7' Right: A new
model ofpancreatic architecture. Acinar
cells are arranged in a network ofcurved,
variable-sized, anastomosing tubules. Re-
drawn with permissionfrom Bockman59.
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response of acinar cells to injury, whereas centroacinar/
ductal cell proliferation may be a response to irreversible
damage.25

Several ultrastructural studies support the proposal
that tubular complexes arise from atrophic, dedifferenti-
ated acinar cells. Ultrastructural evaluation of pancreatic
ductlike structures associated with uremia,16 chronic pan-

creatitis,12 ethionine18 and methionine'9 toxicoses, and
cystic fibrosis17 indicated that these ductlike structures
were lined by atrophic acinar cells. Similarly, tubular com-
plexes in cerulein- and oleic acid-induced pancreatitis
consisted of degenerating and atrophic acinar cells.13 Ul-
trastructural studies in pancreatic carcinogenesis20'21 re-

vealed that the ductlike structures (tubular complexes)
were lined by acinar cells and cells in various transitional
stages between acinar and ductal cells. Sequential ultra-
structural studies of pancreatic adenocarcinoma induced
by N-nitroso-bis(2-hydroxypropyl)amine (BHP) revealed
that a controlled process of progressive autophagy re-

sulted in atrophic acinar cells with few cytoplasmic organ-
elles and ultrastructural similarities to centroacinar and
ductal cells.22-24 The ultrastructural findings of zinc-in-
duced pancreatic injury, presented here, provide further
support for the theory of Bockman et a19 that tubular com-
plexes arise by progressive atrophy and dedifferentiation
of acinar cells.

Pathogenesis of the Lesion

The biochemical basis for the acinar cell alterations in zinc
toxicosis cannot be determined from the present study;
however, several direct and indirect mechanisms may be
considered. Zinc may interact with important divalent cat-
ions, such as calcium or copper. Calcium plays a pivotal
role in stimulus-secretion coupling in acinar cells53 and this
role may be altered by zinc. In other cell types, calcium-
dependent cellular events are inhibited by zinc.61 Zinc-
copper interactions are also well documented'12 and pan-

creatic acinar cell degeneration and atrophy are a feature

of experimental copper deficiency.6263 The role of cation
interactions in the pathogenesis of the pancreatic lesions
described in the present study is unknown.

Zinc-induced membrane changes may be responsi-
ble for the cellular alterations in the pancreas. Zinc has
a stabilizing effect on membranes due to oxidation of
sulfhydryl groups, inhibition of membrane-bound en-
zymes, inhibition of lipid peroxidation, interference with
calcium transport and alterations in biomembrane
structure and fluidity.64 It is possible that these same
biochemical mechanisms may have a deleterious effect
on biomembranes.

An indirect effect of zinc on the pancreas, such as
zinc-induced release of secretagogues, may result in pan-
creatic alterations. Physiologic studies in dogs revealed
that intraduodenal or intravenous zinc infusion stimulated
release of cholecystokinin (CCK) and increased pancre-
atic secretion.65 The early ultrastructural changes of zinc
toxicosis in ducklings were similar to those induced by
high levels of a CCK-analog.3940 Zinc-induced stimulation
of CCK or other neurohumoral factors may play a role in
the pathogenesis of zinc toxicosis.

Zinc-induced release of corticosteroids was also con-
sidered as a mechanism for the pancreatic changes. Pan-
creatic atrophy and ectasia have been reported in rabbits,
rats and humans given high doses of corticosteroids.66
Ultrastructural studies of pancreatic acinar cells from mice
given a synthetic glucocorticoid revealed loss of zymo-
gen granules, dilatation of the RER, swelling of mitochon-
dria and increased autophagocytosis.67

Glucocorticoids had a direct effect, in vitro, on acinar
cell morphology, amylase content, and responsiveness
to CCK.68 The interactions of corticosteroids and zinc
have not been extensively studied but some experiments
suggest that zinc may affect adrenal gland structure69 and
function.

In summary, a toxic concentration of zinc produced
progressive ultrastructural alterations in the pancreas of
ducklings. The changes were limited to acinar cells and
consisted of cytoplasmic vacuoles with zymogenlike ma-
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terial and increased autophagocytosis. Cell deletion by
apoptosis and progressive loss of cytoplasmic organelles
by autophagy resulted in formation of atrophic acini with
ductlike features (tubular complexes). Zinc-induced pan-
creatic injury could prove to be a useful experimental
model for biochemical characterization and modulation of
the response of acinar cells to injury.

References

1. Lantzsch HJ, Schenkel H: Effect of specific nutrient toxicities
in animals and man: Zinc, CRC Handbook Series in Nutrition
and Food: Section E-Nutritional Disorders: Vol I. Effect of Nu-
trient Excesses and Toxicities in Animals and Man. Edited
by M Recheigl. West Palm Beach, Florida, CRC Press Inc,
1978, pp 291-307

2. Anonymous: Mineral Tolerance of Domestic Animals. Wash-
ington DC, National Academy of Sciences 1980, pp 101-
102,136,155, 350-352, 553-577

3. Scott DA, Fisher AM: Studies on the pancreas and liver of normal
and of zinc-fed cats. Am J Physiol 1938,121:253-260

4. Allen JG, Masters HG, Peet RL, Mullins KR, Lewis RD, Skir-
row SZ, Fry J: Zinc toxicity in ruminants. J Comp Pathol
1983, 93:363-377

5. Dewar WA, Wight PAL, Pearson RA, Gentle MJ: Toxic
effects of high concentrations of zinc oxide in the diet of the
chick and laying hen. Br Poultry Sci 1983, 24:397-404

6. Eltohamy MM, Takahara H, Okamoto M: Temporal effects of
high dietary zinc on the histological changes produced in white
leghom cocks. J Fac Agr Kyushu Univ 1980,24:189-199

7. Van Vleet JF, Boon GD, Ferrans VJ: Induction of lesions of
selenium-vitamin E deficiency in ducklings fed silver, cop-
per, cobalt, tellurium, cadmium, or zinc: Protection by sele-
nium or vitamin E supplements. Am J Vet Res 1981, 42:
1206-1217

8. Faintuch J, Faintuch JJ, Toledo M, Nazario G, Machado
MCC, Raia AA: Hyperamylasemia associated with zinc over-
dose during parenteral nutrition. J Parenter Enteral Nutr
1978, 2:640-645

9. Bockman DE, Boydston WR, Parsa l: Architecture of human
pancreas: Implications for early changes in pancreatic dis-
ease. Gastroenterology 1983, 85:55-61

10. Rebar AH, Van Vleet JF: Ultrastructural changes in the pan-
creata of selenium-vitamin E deficient chicks. Vet Pathol
1977,14:629-642

11. Leong AS-Y, Slavotinek AH, Deakin EJ, Nance SH, Elmslie
RG: The pathology of experimental chronic fibrosing pan-
creatitis-light microscopic and ultrastructural observations.
Pathology 1982,14:363-368

12. Bockman DE, Boydston WR, Anderson MC: Origin of tubular
complexes in human chronic pancreatitis. Am J Surg 1982,
144:243-249

13. Willemer 5, Elsasser HP, Kern HF, Adler G: Tubular com-
plexes in cerulein- and oleic acid-induced pancreatitis in rats:
Glycoconjugate pattern, immunocytochemical, and ultra-
structural findings. Pancreas 1987, 2:669-675

14. Zeligs JD, Janoff A, Dumont AE: The course and nature of
acinar cell death following pancreatic ligation in the guinea
pig. Am J Pathol 1975, 80:203-226

15. Pound AW, Walker NI: Involution of the pancreas after liga-
tion of the pancreatic ducts: I. A histological study. Br J Exp
Pathol 1981, 62:547-558

16. Bronson RT, Strauss W, Wheeler W: Pancreatic ectasia in
uremic macaques. Am J Pathol 1982,106:342-347

17. Porta EA, Stein AA, Patterson P: Ultrastructural changes of
the pancreas and liver in cystic fibrosis. Am J Clin Pathol
1964, 42:451-465

18. Boquist L: Morphologic effects of ethionine on the pancreas
of the Chinese hamster: A light and electron microscopic
study of degenerative changes. Acta Pathol Microbiol
Scand 1969, 76:91-105

19. Boquist L: The effect of excess methionine on the pancreas:
A light and electron microscopic study in the Chinese ham-
ster with particular reference to degenerative changes. Lab
Invest 1969, 21:96-104

20. Bockman DE, Black 0 Jr: Evidence of pancreatic exocrine
dedifferentiation during tumor induction and nonspecific in-
jury. Anat Rec 1979,193:160-161

21. Bockman DE, Black 0 Jr, Mills LR, Webster PD: Origin of
tubular complexes developing during induction of pancre-
atic adenocarcinoma by 7,12-dimethylbenz(a)anthracene.
Am J Pathol 1978, 90:645-658

22. Flaks B, Moore MA, Flaks A: Ultrastructural analysis of pan-
creatic carcinogenesis: IV. Pseudoductular transformation
of acini in the hamster pancreas during N-nitroso-bis(2-hy-
droxypropyl)amine carcinogenesis. Carcinogenesis 1981,
2:1241-1253

23. Flaks B, Moore MA, Flaks A: Ultrastructural analysis of pan-
creatic carcinogenesis: V. Changes in differentiation of aci-
nar cells during chronic treatment with N-nitroso-bis(2-hydro-
xypropyl)amine. Carcinogenesis 1982,3:485-498

24. Flaks B, Moore MA, Flaks A: Ultrastructural analysis of pan-
creatic carcinogenesis: VI. Early changes in hamster acinar
cells induced by N-nitroso-bis(2-hydroxypropyl)amine. Car-
cinogenesis 1982, 3:1063-1070

25. Pour PM: Mechanism of pseudoductular (tubular) formation
during pancreatic carcinogenesis in the hamster model: An
electron-microscopic and immunohistochemical study. Am
J Pathol 1988,130:335-343

26. Wight PAL, Dewar WA, Saunderson CL: Zinc toxicity in the
fowl: Ultrastructural pathology and relationship to selenium,
lead and copper. Avian Pathol 1986,15:23-38

27. Hodges RD: The Histology of the Fowl. New York, Academic
Press, 1974, pp 35-112

28. Munger BL: The ultrastructure of the exocrine pancreas, The
Pancreas. Edited by LC Carey. St Louis, CV Mosby Co,
1973, pp 17-31

29. Ekholm R, Zelander T, Edlung Y: The ultrastructural organizalfon
of the rat exocrine pancreas: II. Centroacinar cells, intercalary
and intralobular ducts. J Ultrastr Res 1962, 7:73-3

30. Svoboda D, Grady H, Higginson J: The effects of chronic protein
deficiency in rats: II. Biochemical and ultrastructural changes.
Lab Invest 1966,15:731-749

31. Lazarus SS, Volk BW: Ultrastructure and acid phosphate distribu-
tion in the pancreas of rabbits: A comparison of alterations fol-



Pancreatic Changes in Zn Toxicosis 595
AJPMarch 1989, Vol. 134, No. 3

lowing protein deficient and semistarvation diets. Arch Pathol
1965,80:135-147

32. Lazarus SS, Volk BW: Electron microscopy and histochemistry
of rabbit pancreas in protein malnutrition (experimental kwashior-
kor). Am J Pathol 1964, 44:95-111

33. Weisblum B, Herman L, Fitzgerald PJ: Changes in pancreatic
acinar cells during protein deprivation. J Cell Biol 1962, 12:313-
327

34. Racela AS, Grady HJ, Higginson J, Svoboda DJ: Protein defi-
ciency in rhesus monkeys. Am J Pathol 1966, 49:419-443

35. Nevalainen TJ, Janigan DT: Degeneration of mouse pancreatic
acinar cells during fasting. Virchows Arch [B] 1974, 15:107-118

36. Blackbum WR, Vinijchaikul K: The pancreas in Kwashiorkor: An
electron microscopic study. Lab Invest 1969, 20:305-318

37. Nasset ES: Role of the digestive system in protein metabo-
lism. Fed Proc 1965, 24:953-958

38. Koike H, Steer ML, Meldolesi J: Pancreatic effects of ethio-
nine: Blockade of exocytosis and appearance of crinophagy
and autophagy precede cellular necrosis. Am J Physiol
1982, 242:G297-G307

39. Watanabe 0, Baccino FM, Steer ML, Meldolesi J: Supramax-
imal caerulein stimulation and ultrastructure of rat pancreatic
acinar cell: Early morphological changes during develop-
ment of experimental pancreatitis. Am J Physiol 1984, 246:
G457-G467

40. Lampel M, Kern HF: Acute interstitial pancreatitis in the rat
induced by excessive doses of a pancreatic secretagogue.
Virchows Arch [A] 1977, 373:97-117

41. Resau JH, Marzella L, Trump BF, Jones RT: Degradation
of zymogen granules by lysosomes in cultured pancreatic
explants. Am J Pathol 1984,115:139-150

42. Steer ML, Meldolesi J, Figarella C: Pancreatitis: The role of
lysosomes. Dig Dis Sci 1984, 29:934-938

43. Trump BF, Jesudason ML, Jones RT: Ultrastructural features
of diseased cells, Diagnostic Electron Microscopy Volume
1. Edited by BF Trump, RT Jones. New York, John Wiley &
Sons, 1978, pp 1-88

44. Ghadially FN: Ultrastructural Pathology of the Cell and Ma-
trix. London, Butterworths, 1982, pp 315-421, 544-559,
703-709

45. Helin H, Mero M, Markkula H, Helin M: Pancreatic acinar ul-
trastructure in human acute pancreatitis. Virchows Arch [A]
1980, 387:259-270

46. Longnecker DS, Shinozuka H, Farber E: Molecular pathol-
ogy of in vivo inhibition of protein synthesis. Electron micros-
copy of rat pancreatic acinar cells in puromycin-induced ne-
crosis. Am J Pathol 1968, 52:891-915

47. Zelander T, Ekholm R, Edlund Y: The ultrastructure of the rat
exocrine pancreas after experimentally occluded outflow. J
Ultrastruct Res 1964, 10:89-102

48. Searle J, Kerr JFR, Bishop CJ: Necrosis and apoptosis: Dis-
tinct modes of cell death with fundamentally different sig-
nificance. Pathol Ann 1982,17:229-259

49. Kerr JFR, Searle J, Harmon BV, Bishop CJ: Apoptosis, Per-
spectives on Mammalian Cell Death. Edited by CS Potten.
New York, Oxford University Press, 1987, pp 93-128

50. Oates PS, Morgan RGH, Light AM: Cell death (apoptosis)

during pancreatic involution after raw soya flour feeding in
the rat. Am J Physiol 1986, 250:G9-G14

51. Walker NI: Ultrastructure of the rat pancreas after experimen-
tal duct ligation: I. The role of apoptosis and intraepithelial
macrophages in acinar cell deletion. Am J Pathol 1987,126:
439-451

52. Wallig MA, Gould DH, Fettman MJ: Selective pancreatotoxi-
city in the rat induced by the naturally occurring plant nitrile
1 -cyano-2-hydroxy-3-butene. Food Chem Toxicol 1988, 26:
137-147

53. Case RM: Synthesis, intracellular transport and discharge of ex-
portable proteins in the pancreatic acinar cell and other cells. Biol
Rev Cambridge Philosophic Soc 1978,53:211-354

54. Longnecker DS: Pathology and pathogenesis of diseases of
the pancreas. Am J Pathol 1982,107:103-121

55. Lombardi B, Estes LW, Longnecker DS: Acute hemorrhagic
pancreatitis (massive necrosis) with fat necrosis induced in
mice by DL-ethionine fed with a choline-deficient diet. Am J
Pathol 1975, 79:465-480

56. Lombardi B: Influence of dietary factors on the pancreatotox-
icity of ethionine. Am J Pathol 1976, 84:633-648

57. Haig THB, Moffat JG, Thompson AG: Nutrition as a factor in
experimental pancreatitis. Can J Surg 1965, 8:312-316

58. Bockman DE: Anastomosing tubular arrangement of the
exocrine pancreas (1). Am J Anat 1976,147:113-118

59. Bockman DE: Architecture of normal pancreas as revealed
by retrograde injection. Cell Tissue Res 1980, 205:445-451

60. Bockman DE: Anastomosing tubular arrangement of dog
exocrine pancreas. Cell Tissue Res 1978, 189:497-500

61. Brewer GJ: Calmodulin, zinc and calcium in cellular and
membrane regulation: An interpretive review. Am J Hematol
1980,8:231-248

62. Smith PA, Sunter JP, Case RM: Progressive atrophy of pan-
creatic acinar tissue in rats fed a copper-deficient diet supple-
mented with D-penicillamine ortriethylene tetramine: Morphologi-
cal and physiological studies. Digestion 1982, 23:16-30

63. Fell BF, Farmer LJ, Farquharson C, Bremner I, Graca DS:
Observations on the pancreas of cattle deficient in copper.
J Comp Pathol 1985, 95:573-590

64. Sugarman B: Zinc and infection. Rev Infect Dis 1983, 5:137-147
65. Inoue K, Fried GM, Wiener I, Sakamoto T, Lilja P, Greeley

GH Jr, Watson LC, Thompson JC: Effect of divalent cations
on gastrointestinal hormone release and exocrine pancre-
atic secretion in dogs. Am J Physiol 1985, 248:G28-G34

66. Masoero G, Wormsley KG: Functional interrelationships of
exocrine pancreas and endocrine glands in health and dis-
ease. Mt Sinai J Med 1980, 47:261 -272

67. Finkelbrand S, Coleman R, Silbermann M: The exocrine pan-
creas in triamcinolone-treated mice: A light and electron mi-
croscopy study. Acta Anat 1978,102:348-357

68. Logsdon CD, Moessner J, Williams JA, Goldfine ID: Gluco-
corticoids increase amylase mRNA levels, secretory organ-
elles, and secretion in pancreatic acinar AR42J cells. J Cell
Biol 1985,100:1200-1208

69. Aughey E, Grant L, Furman BL, Dryden WF: The effects of
oral zinc supplementation in the mouse. J Comp Pathol
1977, 87:1-14

70. Etzel KR, Cousins RJ: Hyperglycemic action of zinc in rats.
J Nutr 1983,113:1657-1663

71. Bloom W, Fawcett DW: A Textbook of Histology. Philadel-
phia, WB Saunders Co., 1975, p 121


