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ABSTRACT:  Chronic selenium toxicosis was induced in 1-yr-old male mallard ducks (Anas plat-
yrhynchos) by feeding selenium, as seleno-DL-methionine, in amounts of 0, 10, 20, 40, and 80
parts per million (ppm) to five groups of 21 ducks each for 16 wk during March to July 1988.
All mallards in the 80 ppm group, three in the 40 ppm group, and one in the 20 ppm group
died. Histologic lesions in mallards that died of selenosis were hepatocellular vacuolar degener-
ation progressing to centrolobular and panlobular necrosis, nephrosis, apoptosis of pancreatic
exocrine cells, hypermaturity and avascularity of contour feathers of the head with atrophy of
feather follicles, lymphocytic necrosis and atrophy of lymphoid organs (spleen, gut-associated
lymphoid tissue, and lumbar lymph nodes), and severe atrophy and degeneration of fat. Histologic
lesions in surviving mallards in the 40 ppm group, which had tissue residues of selenium com-
parable to mallards that died, were fewer and much milder than mallards that died; lesions
consisted of atrophy of lymphoid tissue, hyalinogranular swelling of hepatocytes, atrophy of sem-
iniferous tubules, and senescence of feathers. No significant histologic lesions were detected in
euthanized mallards in the 0, 10 and 20 ppm groups. Based on tissue residues and histologic
findings, primarily in the liver, there was a threshold of selenium accumulation above which
pathophysiologic changes were rapid and fatal. Pathognomonic histologic lesions of fatal and
nonfatal selenosis were not detected. Criteria for diagnosis of fatal selenosis in aquatic birds
include consistent histologic lesions in the liver, kidneys, and organs of the immune system.
Although histologic changes were present in cases of chronic non-fatal selenosis, these were
inconsistent. Consistent features of fatal and non-fatal chronic selenosis were marked weight loss
and elevated concentrations of selenium in organs.

Key words: Selenium intoxication, mallard ducks (Anas platyrhynchos), cachexia, depteryla-
tion (feather loss), liver necrosis, lymphoid organ atrophy, nephrosis.

INTRODUCTION and fish have adversely affected the health
and reproduction of free-ranging aquatic
birds (Presser and Ohlendorf, 1987; Ohl-
endorf, 1989). The effects of Se accumu-
lation in other classes of wild vertebrates

also are being studied (Clark, 1987; Ohl-

Deficiency or excess of selenium (Se) in
feed is a cause of health problems in in-
vertebrates and vertebrates (Eisler, 1985;
Ohlendorf, 1989). Selenium intoxication

(selenosis) is a recognized cause of mor-
bidity, mortality, reduced egg production
and hatchability, and teratogenesis in do-
mestic fowl and wild aquatic birds (Rosen-
feld and Beath, 1964; Ohlendorf et al.,
1986; Hoffman and Heinz, 1988). Sele-
nosis of livestock has been attributed to
consumption of seleniferous forage from
regions with high-Se soils, although some
cases of selenosis may lack a demonstrable
source of Se (National Research Council,
1980; Traub-Dargatz and Hamar, 1986).
Elevated concentrations of Se in irrigation
drainwater, aquatic plants, invertebrates,
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endorf, 1989).

Ohlendorf et al. (1986) first document-
ed selenosis as a cause of embryonic death
and general nesting failure in wild aquatic
birds from the Kesterson National Wildlife
Refuge in central California (USA). Sev-
eral anomalies were detected in bird em-
bryos, including absence or marked reduc-
tion in size of eyes, legs, toes, beaks and
vertebrae; heart and liver defects also were
found. Abnormalities observed in adult
dead or killed American coots (Fulica
americana) and pied-billed grebes (Podi-
lymbus podiceps) were emaciation, pul-

This One

TR

WUNQ-LY6-1




386

monary edema, fibrinogelatinous hydro-
coelom (ascites), feather loss from the
head, splenomegaly, and nodular hepato-
megaly (Ohlendorf et al., 1988). Histolog-
ically, the grebes and coots had hepatic ne-
crosis with occasional biliary hyperplasia,
amyloidosis, fibrosis, and regenerative
nodules; the only other described histolog-
ic lesion was myocytic atrophy of breast
muscles. The abnormalities of feather loss,
splenomegaly, pulmonary edema, and hy-
drocoelom were not addressed histologi-
cally.

Experimental studies of chronic sele-
nosis in mallard ducks (Anas platyrhyn-
chos) either resulted in few deaths at the
highest levels of Se added to feed (Hoff-
man et al., 1991a), deaths that were de-
scribed in terms of gross abnormalities
(Heinz and Fitzgerald, 1993; Heinz, 1993),
or developmental anomalies in embryos
(Hoffman and Heinz, 1988). Tissue or or-
gan assessment of experimental chronic
selenosis in mallard ducklings was either
lacking (Heinz et al., 1988) or limited to
histologic evaluation of a few internal or-
gans (Hoffman et al., 1991b). Further, Se
toxicosis in wildlife and livestock can be
complicated by the presence of high con-
centrations of other metals and metalloids
(Ohlendorf, 1989; Fairbrother et al., 1994)
and by phytotoxins in Se-laden plants
(James et al., 1983; O’'Toole et al., 1996).

Our purposes in this study were to (1)
characterize histologically the gross lesions
of chronic selenosis in mallards uncompli-
cated by simultaneous ingestion of other
metals or phytotoxins, (2) compare the his-
tologic lesions of chronic selenosis in mal-
lards with reported lesions in aquatic
birds, livestock, and primates, (3) contrast
the lesions of acute and chronic selenosis
in aquatic birds, and (4) establish a set of
histologic lesions that are diagnostic of
chronic selenosis in aquatic birds.

The effects of ingested Se on body
weight, plumage, organs, and Se concen-
trations in tissues of mallard ducks were
reported in a companion paper (Albers et
al., 1996). Gross abnormalities and tissue
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concentrations of Se were used to propose
criteria for the diagnosis of Se toxicosis in
dead and living aquatic birds. These cri-
teria are now supplemented with histolog-
ic findings.

MATERIALS AND METHODS

One hundred twenty-five adult male mal-
lards (Frost Game Farm, Coloma, Wisconsin,
USA), approximately 14 mo old, were banded
with numbered leg bands and randomly as-
signed three per cage, after a quarantine period
of 2 wk at the Patuxent Environmental Science
Center, Laurel, Maryland (USA). Seven ran-
domly selected cages (21 birds) were assi%'ned
to each of five experimental groups. A biologi-
cally available form of selenium, seleno-DL-
methionine (SeM) (98% pure; Bachem, Inc.,
Torrance, California), was mixed into a duck
developer mash (Beacon Feeds, Cayuga, New
York, USA) to produce diets containing 0, 10,
20, 40 or 80 parts per million (ppm) of Se (wet
weight). Ducks were fed the treated diets (av-
erage moisture of 10.5%) for 16 wk from late
March to mid-July 1988. Four mallards were
randomly selected during the quarantine geri-
od, euthanized in a COy-Og chamber, and ex-
amined serologically, macroscopically, and his-
tologically; all were considered free of infec-
tious diseases and were generally healthy. De-
tails on cages, feed preparation, feeding
regimens, and clinical observations during the
study were presented in Albers et al. (1996).

Dead mallards were stored at 4 to 6 C, then
necropsied within 24 hr of death. During the
course of the study, six non-experimental mal-
lards were euthanized to monitor background
health and tissue and organ appearance. Mal-
lards that survived the 16 wk period were eu-
thanized in a CO3-Oy chamber (built on site)
one at a time, and then immediately necrop-
sied. For additional details see Albers et al.
(1996). Tissues were immersed in 10% buf-
fered neutral formalin (Mollig’s solution); for-
malin solutions were changed once 2 to 4 days
after necropsy.

After at least 2 wk of fixation, tissues were
trimmed, placed into plastic cassettes and held
in Mollig’s solution prior to processing. Tissues
were embedded in paraffin and sectioned at 6
pm. Slides were stained with Harris’ hematox-
ylin and eosin Y (H&E). Histologic slides were
examined on a Leitz-Wetzlar binocular light
microscope (Wetzlar Scientific Instruments,
Elmsford, New York) with polarizer and mi-
crometer.

Seventy mallards from five groups were ex-
amined histologically. The following tissues and
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organs were examined from all 70 ducks: brain
(right cerebrum, optic lobes, cerebellum, me-
dulla), spinal cord (at least four cross sections
each of cervical cord at segments 1 to 4 and 10
to 14, and lumbosacral cord at the level of the
glycogen body), liver, pancreas, kidney, adrenal,
testis, heart, breast muscle, spleen, skin of
cheek, ventriculus (gizzard), three toes, man-
dible, cervical and lumbosacral vertebrae, and
bone marrow. Histologic sections of the follow-
ing organs were examined from over 75% of
the 70 mallards: esophagus, proventriculus, du-
odenum, ileum, ceca, colon, and sublumbar
lymph nodes. Generally, birds lack lymph
nodes, but waterfowl have lymph nodes in two
locations: the paired (sub-) lumbar lymph
nodes and cervical lymph nodes (King and
McLelland, 1984). In occasional ducks (10 to
50%), the following organs were examined: thy-
roid, thymus, bursa of Fabricius, jejunum, clo-
aca, and eyelid.

The severity of histologic lesions was rated
subjectively as follows: none (0), very minimal
(1), minimal (2), minimal to mild (3), mild (4),
mild to moderate (5), moderate (6), moderate
to severe (7), and severe (8). Distribution of
lesions was rated as none (0.0), focal (0.2), two
or three foci (0.3), more than three foci (mul-
tifocal) (0.4), multifocal to disseminated (0.5),
disseminated (0.6), disseminated to diffuse
(0.7), and diffuse (0.8). Hence, a mild diffuse
lesion was rated 4.8 and a severe disseminated
lesion was 8.6. A variety of tissue structures
were measured by a micrometer or counted in
order to evaluate the effect of Se on size, fre-
quency of occurrence, or condition of the tis-
sue. Counts of tissue structures were the actual
numbers found in the tissue section. Certain
tissues from some mallards had more than one
section; when this occurred, the total number
of lesions or structures was divided by the num-
ber of sections. It was assumed that variation
in the size of some tissue sections was unrelat-
ed to the experimental group. The values of the
two largest lymphoid germinal centers, the per-
centage values for feathers and feather follicles,
and the diameter of the largest seminiferous
tubule are examples of measurements that
were independent of the amount of tissue in
the sections.

A one-way analysis of variance (ANOVA) and
Tukey’s Honestly Significant Difference (HSD)
test for pairwise comparisons (SAS Institute,
1988a) were used to compare histopathological
differences among experimental groups. Data
sets were tested for normality with the W sta-
tistic (SAS Institute, 1988b) and for homoge-
neity of variances with Bartlett’s test (Snedecor
and Cochran, 1969). We used log. and arcsin
transformations to improve the distribution of

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

387

data and reduce the inequality among vari-
ances. The Jonckheere-Terpstra test (Lehman,
1975) was employed to compare lesions among
experimental groups according to degrees of
severity and distribution within tissues. The al-
pha level was 0.05 for parametric and nonpara-
metric tests.

All mallards that died (n = 25), regardless of
the dose of selenium in their feed, were placed
in one group for comparison to four groups of
surviving mallards. Surviving mallards were the
0 ppm, 10 ppm, 20 ppm, and 40 ppm groups.
Histologic examinations were done on 10 ran-
domly selected mallards from each of the 0
ppm, 10 ppm, and 20 ppm groups. All 15 sur-
viving mallards were in the 40 ppm group.

RESULTS

Macroscopic abnormalities in mallards
from all experimental groups were exam-
ined histologically. Fifteen histologic char-
acteristics were quantified by numerical
count, measurement of diameters, or per-
centage of affected structures, and were
found to be different among experimental
groups (Table 1). Twelve categorical his-
tologic lesions of the liver, pancreas, skin
and adnexa, lymphoid organs (or tissues),
and bone marrow also were described and
found to be different among experimental
groups (Table 2). In both the quantitative
and categorical comparisons, the pairwise
comparisons did not always identify differ-
ences among treatment groups (Tables 1
and 2).

Feathers and feather follicles of the
head (cheek) of mallards that died had ar-
rested development, loss of vascularity, ab-
sence of pinfeathers (blood feathers), hy-
permaturity (senescence), increased per-
centage of atrophied and featherless folli-
cles, and subtle reduction in numbers
(Table 1, Fig. 1). With Tukey’s pairwise
comparisons, we failed to detect significant
differences among groups despite overall
significance by ANOVA for numbers of
granulocytic (heterophilic) cells.

The scaled skin of the digits (toes) had
parabasal microvesiculation in about half
of mallards that died; however, with paired
statistical comparisons we failed to identify
group differences; in part this was because
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TABLE 1. Quantified histologic differences in tissues  TABLE 1.  Continued
of mallard ducks on diets supplemented with 0, 10,
20, 40, and 80 ppm selenium as seleno-DL-methio- Group Analysis of variance
nine. All of the ducks in the 80 ppm group died be- (ppm  Sam- -
fore the end of the 16-wk experiment. selen-  ple Tuke-
ium) size Mean = S.E. P Vst
H Analysis of variance
((l:;:::ll’ Sam- Analysis of variance Spleen: Number of germinal centers
selen- ple Tuke- 0 10 30.80b + 432 <001 A
ium) size Mean = SE. P y's? 10 9 2844 * 5.24 A
Skin & feathers: Number of feather follicles in cheek 20 10 3_2"50 * 6.32 A
\hin 40 15 1747 =387 A
0 10 5800 £ 576 <001 A Died 24 358 =143 B
10 10 60.50 = 4.00 A Spleen: Diameters of the two largest germinal centers
20 1o 1200 = 648 A 0 10 16870" = 2277 <0.0l¢ A
40 15 59.67 * 482 A
10 8 185.50 = 26.01 A
Died© 25 2820 * 1.28 B 20 10 156.70 * 23.44 A
Skin & feathers: Percentage of atrophied feather folli- 49 li 144.14 = 18.05 A
cles Died 17 79.12 * 6.01 B
1+ 9~ ¢
0 10 16507 = 2.71 <00l A Sublumbar lymph nodes: Maximum dorso-ventral di-
10 10 12.10 * 215 A ameter
20 10 16.80 = 1.18 A 0 10 1566.000 + 9653 <001 A
40 15 19.20 * 3.63 A e : : :
Died 25 5136 *+ 354 B 10 9 152133 = 90.80 A
20 9 1,433.33 * 184.38 A
Skin & feathers: Percentage of feathers with avascular 40 14 1,373.57 = 138.37 A
Died 22 587.73 * 52.64 B

0 10 14304 = 1.92 <0.01* A
10 10 970 * 1.19 A
20 10 1167 +1.73 A
40 15 1267 = 2.11 A
Died 25 3624 * 263 B

(empty) shaftsf

Esophagus: Number of lymphoid nodules in mucosa

Skin & feathers: Percentage of feathers with vascular

0 10 745> + 190 <001 A
10 10 797 * 1.46 A
20 8 787 * 1.37 A
40 14 561 * 1.04 A
Died 19 1.50 * 0.32 B

Esophagus: Number of germinal centers in mucosa

shaftsf
0 10 61.804 * 277 <001 A
10 10 61.20 * 4.04 A
20 10 52.80 * 2.62 A
40 15 4493 * 411 A
Died 25 580 * 1.55 B

Skin & feathers: Percentage of feathers with =5 het-
erophils in cross section of shaftf

0 10 0504 + 0.27 0.05¢ A
10 10 0.30 * 0.21 A
20 10 0.60 * 027 A
40 15 8.00 * 3.94 A
Died 25 16.36 + 4.88 A

Kidney: Number of cytoplasmic droplets in proximal

0 10 24.60% = 5.79 <0.01 A
10 10 2470 * 735 A
20 10 2350 * 9.04 A
40 15 4840 * 17.04 A
Died 25 121.20 = 21.07 B

convoluted tubules

0
10
20
40
Died

Esophagus: Diameters of

0
10
20
40
Died

10
10

8
14
19

10
10
6
12
7

5550 + 1.22

4.48
5.06
4.82
0.50

<0.01
1.59
1.51
1.25
0.18

I+ 1+ 1+ 1+

centers

281.00" + 29.29

207.00
307.33
209.33

85.83

<0.01
16.60
41.21
23.33
13.17

I+ 1+ 1+ 1+

= > > > >

the two largest germinal

A
A
A
A
B

Ceca: Diameters of the two largest germinal centers

0
10
20
40
Died

10

9
10
12
12

284.50h * 27.30

263.67
299.00
242.17
132.83

<0.01

= > > > >
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TaBLE 1. Continued
Group Analysis of variance
(ppm Sam-
selen- ple Tuke-
ium) size Mean = S.E. P Vst

Liver: Number of Ivinphoid nodules

0 10 5.00b * 0.67 <0.01¢ AB
10 10 570 * 1.11 A
20 10 480 * 145 AB
40 15 200 * 0.56 BC
Died 25 148 * 053 C

Testes: Maximum diameter of seminiferous tubules

0 10 179.50" + 1627  <0.01¢  AB
10 10 193.50 * 22.82 B
20 10 139.00 * 5.36 BC
40 15 109.67 * 11.97 C
Died 25 133.00 = 11.72 AC

# Means that do not share a letter in common are different
(P < 0.05) based on Tukey’s Honestly Significant Difference
(HSD) test.

b Mean of the counted numbers of the structure in histologic
sections.

¢ The 25 mallards that died include three ducks from the 40
ppm group and one duck from the 20 ppm group.

d Mean of the percentages of feathers with the specified con-
dition in two sections of cheek skin taken adjacent to the
ear opening,

¢ Based on an analysis of variance and Tukey’s HSD test per-
formed on log,. transformed values. Means shown are arith-
metic means.

TOnly the calamus portion of the feather shaft was used. Per-
centages were caleulated by dividing by the total of follicles
and feather shafts (above and below the skin) in the cross
section.

£ Mean of the total number of evtoplasmic droplets and ne-
crotic tubular cells in five randomly selected high-power-
fields (400x) of mostly proximal convoluted tubules.

b All diameters are in microns. For germinal centers, the
mean was calculated for the averages of the two largest ger-
minal centers in histologic sections. When zero or one ger-
minal center were found in the organ, the bird was excluded
from the group.

one 0 ppm mallard also had vesicles of un-
known etiology (Table 2). Vesicles oc-
curred in the parabasal and stratum luci-
dum layers and were entirely microscopic.
Vesicles were preceded by edema and bal-
looning degeneration that progressed to
cell lysis and formation of microscopic
horizontal vesicles (Fig. 2). Most vesicles
were bland, but occasionally a few heter-
ophils infiltrated the epidermis and sub-
jacent dermis; no inclusions or organisms
were associated with any vesicles. Vesicles
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and ballooning degeneration rarely were
detected in the feathered epidermis.

Some claws had onychitis or sloughing
(onychoptosis), or both; but using paired
statistical comparisons, we were unable to
identify group differences (Table 2). On-
ychitis was primarily an acute heterophilic
inflammation in which occasional coccal
bacteria were found. Onychitis occurred
predominantly in digits with onychopto-
sis, but it was not determined whether
coccal onychitis induced the onychopto-
sis, or occurred secondarily or opportu-
nistically. Onychoptosis without hetero-
philic coccal onychitis also occurred. His-
tologically, no distinctive features of ony-
choptosis  were  found; it was
characterized by loss of the hard keratin
of the dorsal and ventral plates. The epi-
dermis of the claw separated in the inter-
mediate layer (of the germinative layer)
and spared the columnar cells of the basal
layer. Remaining basal cells occasionally
had segments of ballooning degeneration
or vacuolation of cell apices, but there
was no evidence of cell necrosis except
when accompanied by heterophilic coccal
onychitis.

All mallards that died and five (33%) of
the 40 ppm mallards had prominent loss
of fat in the skin (Fig. 1). Remaining li-
pocytes had marked edema, mucinous de-
generation, and necrosis. Pectoral (breast)
myocytes were atrophied in the mallards
that died and 40 ppm groups but rarely
had degenerative or necrotic changes. No
mallards in the 20, 10 and O ppm groups
had fat or muscle changes.

Livers of all mallards that died and sev-
eral survivors in the 40 ppm group had
prominent histologic changes (Table 2).
The earliest lesion was hyalinogranular
swelling of periportal hepatocytes; hepa-
tocellular cytoplasm was homogeneously
waxy to granular, eosinophilic, and in-
creased in amount (Fig. 3). The hyalino-
granular change progressed to foamy vac-
uolation of cytoplasm; vacuoles initially
were minute and numerous (Fig. 4).
Coarsely vacuolated hepatocytes had fewer
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TABLE 2. Categorical differences in histologic lesions among mallard ducks on diets supplemented with 0,
10, 20, 40, or 80 ppm selenium as seleno-DL-methionine. All of the ducks in the 80 ppm group died before
the end of the 16-wk experiment.

Jonckheere-Terpstra analysis®

Group . . Overall Pairwise
(ppm Smnple Frequency
selenium) size of lesion sb D¢ S D

Skin: Scaled skin of toes: Micro-vesiculation

0 10 1 JT(x)d: 1179 1177 A A
10 10 0 P: <0.01 <0.01 A A
20 10 2 A A
40 15 3 A A
Died¢ 25 12 A A

Claws: Onychitis

0 10 0 JT(x): 1144 1126 A A
10 10 0 P: <0.01 <0.01 A A
20 10 1 A A
40 15 5 A A
Died 25 9 A A

Fat cells of bone marrow (toes): Necrosis or mucinous degeneration

0 10 0 JT(): 1465 A
10 10 0 P: <0.01 A
20 10 0 A
40 15 1 A
Died 25 23 B

Liver: Foamy vacuolation of hepatocytes

0 10 0 JT(x): 1469 1455 A A
10 10 0 P: <0.01 <0.01 A A
20 10 0 A A
40 15 3 A A
Died 25 22 B B

Liver: Hyalinogranular swelling of hepatocytes

0 10 8 JT(x): 1401 1142 A A
10 10 4 P: <0.01 <0.02 A B
20 10 5 A BC
40 15 13 A AC
Died 24 24 B A

Liver: Apoptosis of hepatocytes

0 10 0 JT(x): 1337 1325 A A
10 10 5 P: <0.01 <0.01 A A
20 10 2 A A
40 15 4 A A
Died 21f 21 B B

Liver: Centrolobular or panlobular necrosis of hepatocytes

0 10 0 JT(x): 1412 1413 A A
10 10 0 P: <0.01 <0.01 A A
20 10 0 A A
40 15 2 A A
Died 25 20 B B

Liver: Bile duct hyperplasia

0 10 0 JT(): 1163 A
10 10 0 P: <0.01 A
20 10 0 A
40 15 0 A
Died 25 10 A
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TABLE 2. Continued
Jonckheere-Terpstra analysis®
Group . . Overall Painvise
(pl)l" Salllpl(‘ l‘ r('quf'n("\'
selenium) size of lesion sb D¢ S D
Liver: Hemosiderin-laden Kupffer cells

0 10 0 JT(x): 1193 1194 A A
10 10 0 P: <0.01 <0.01 A A
20 10 0 A A
40 15 1 A A
Died 22 14 B B

Pancreas: Apoptosis of exocrine cells

0 10 0 JT(x): 1289 1296 A A
10 10 0 P: <0.01 <0.01 A A
20 10 0 A A
40 14 1 A A
Died 24 18 B B

Spleen: Depletion of lymphocytes

0 10 4 JT(): 996 A
10 9 1 P: <0.01 A
20 10 5 A
40 15 8 A
Died 24 24 B

Sublumbar lymph node: Depletion of lymphocytes

0 10 0 JTGo): 1283 A
10 9 1 P: <0.01 A
20 9 2 A
40 14 4 A
Died 22 22 B

3P = 0.05 for overall comparison [JT(x)] and P < 0.005 as a Bonferroni adjustment to maintain the overall alpha level at
0.05 for pairwise comparison; means that do not share a letter in common are significantly different. Actual P values estimated
by Monte Carlo simulation at the 99% level of confidence.

b Severity of the lesion: none, very’ minimal, minimal, minimal to mild, mild, mild to moderate. moderate, moderate to severe,
severe.

¢ Distribution of the lesion: none, focal, two or three foci, multifocal (> three foci), multifocal to disseminated, disseminated,
disseminated to diffuse, diffuse.

dThe Jonckheere-Terpstra test (Lehman, 1975) tests for trend in a contingency table. The null hypothesis is no difference
among proportions in categories of severity or distribution, whereas the alternative hypothesis is cither an increasing or
decreasing trend of proportions in the contingency table. Thus. the alternative hypothesis is that there is a definite order to
proportions in categories of severity or distribution.

¢ The 25 mallards that died include three ducks from the 40 ppm group and one duck from the 20 ppm group.

'In four other mallards, lobular necrosis of hepatocytes was so severe that apoptosis could not be evaluated.

and larger vacuoles, and were considered
to be in advanced degeneration and ne-
crosis. Necrosis was first detected around
central veins and then expanded to involve
midzonal regions. A honeycomb pattern of
necrosis (Fig. 5) was observed at low mag-
nifications; the holes in the honeycomb
corresponding to the spared periportal
regions and the walls of the honeycomb
were necrotic centrolobular and midzonal
regions. Centrolobular necrosis progressed
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to panlobular necrosis (Fig. 6). Other fea-
tures of liver necrosis were serum-like
droplets, Councilman-like bodies, and
pooling of blood in sinusoids and empty
hepatic cords (ex vacuo hemorrhage). A
second form of hepatocellular necrosis,
apoptosis, involved hepatocytes in regions
of hyalinogranular and foamy vacuolar de-
generation. Minimal or mild bile duct hy-
perplasia (Fig. 6) was detected in 10 (40%)
of 25 mallards that died. Bile duct “hyper-
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FIGURE 1.

Feathered skin of cheek. (@) Zero ppm
seleninm mallard (No. 891). Note abundant lipocyvtes

(*) in the subentis. Developing feathers (arrows) are
numerous: most fi'iltllt'rs 'lil\‘(' l)l‘()lllill('llt \'ils('lll"lr
cores (curved arrows). (b) Mallard (No. 805) in the
S0 ppm seleninm group. Note the complete absence
of lipocyvtes in the subceutis and absence of growing,
vascular feathers. Remaining feathers (arrows) are se-
nescent feathers that lack growing barbules and vas-
cular cores. S, subcutis. H&E stain. Bars = 300 pm.

plasia”™ in many foci was considered, in
part, sec()ndary to extensive necrosis and
disappearance of hepatocytes with collapse
of lobules and clustering of the spared
ducts. Bile duct hyperplasia was absent in
all mallards that survived the study period.
All livers were remarkable for the lack of
hepatocellular hemosiderosis, fibrosis, and
regenerative nodules. However, hemosid-
erin-laden Kupffer cells became more nu-
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FIGURE 2. Scaled skin of dorsal surface of toe.
Mallard (No. 686) in the 80 ppm selenium group.
Note the horizontal parabasal vesicle within the epi-
dermis. Vesicles were only detected histologically.
H&E stain. Bar = 300 pm.

merous and swollen in mallards with ne-
crosis of hepatocytes (Table 2).

Severity and distribution of hepatocel-
lular lesions, except for hyalinogranular
swelling (Table 2), were greater in mal-
lards that died than surviving mallards.
Centrolobular or panlobular necrosis was

FIGURE 3. Liver of mallard (No. 815) in the 80
ppm selenium group. Note the numerous swollen he-
patocyvtes (arrows) which have waxy-to-hyalinogranu-
lar cvtoplasm. Minimal infiltrates of lvmphocyvtes ad-
jacent to the triad were considered non-specific leu-
kocytic infiltrates. pv, portal vein of the hepatic triad.
H&E stain. Bar = 20 pm.
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FIGURE 4. Liver of mallard (No. 811) in the 80
ppm selenium group. Swollen hepatocytes have finely
vacuolated cvtoplasm (arrows). Hepatocytes with
waxv-to-hyvalinogranular cvtoplasm have a few small
peripheral vacuoles (curved arrow). cv. central vein.
H&E stain. Bar = 20 pm.

rated as mild to severe in 19 (76%) mal-
lards that died. Minimal centrolobular ne-
crosis was detected in one additional mal-
lard in the group that died, and two (13%)
survivors in the 40 ppm group. Mild to se-
vere apoptosis occurred in most mallards
that died and was associated with foamy
vacuolation or centrolobular necrosis; min-
imal apoptosis and apoptosis not associat-
ed with foamy vacuolation were consid-
ered insignificant in all mallards. In four
mallards that died, panlobular necrosis was
so severe that apoptosis could not be as-
sessed.

Pancreases had mild apoptosis of exo-
crine (acinar) cells in 18 (75%) of 24 mal-
lards that died and one (7%) mallard in the
40 ppm group (Table 2). At low magnifi-
cation, apoptosis was clearly evident as
small, single cell-sized clear spaces. Necro-
sis of scattered single exocrine cells was
evident in many forms: pyknosis of nuclei
with basophilic condensation of cytoplasm,
karyorrhexis with acidophilic fragmenta-
tion of cytoplasm, complete acidophilic
necrosis with shrinkage and a distinct clear
halo, and complete disappearance of cells.

Kidney lesions were mildly complicated
by autolysis in mallards that died. Never-
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FIGURE 5. Liver of mallard (No. 802) in the 80
ppm selenium group. Bridging centrolobular necrosis
of hepatocyvtes (arrows) imparting a “honevcomb”
pattern. Curved arrows are central veins. H&E stain.
Bar = 300 pm.

Liver of mallard (No. 855) in the SO
ppm selenium group. Acute panlobular necrosis of

FIGURE 6.

hepatocvtes with very' mild bile duct hyperplasia
(small arrows). All hepatocytes in the photo have pyk-
notic nuclei and their evtoplasm has coagulative (ac-
idophilic) necrosis. Curved arrows are dilated central
veins. H&E stain. Bar = 100 wm.
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FIGURE 7.

Kidney of mallard (No. 811) in the 80
ppm selenium group. Field of view consists mostly of
proximal convoluted tubes (° marks lumina of proxi-
mal convoluted tubules). Two tubular cells have swol-
len, karvolytic eosinophilic nuclei with partial rims of
coagulated cytoplasm imparting a laminated appear-
ance to the necrotic cells (small arrows). Paranuclear

droplets of coagulated cytoplasm (curved arrows) ap-
pear in other tubular cells. H&E stain. Bar = 10 pm.

theless, striking histologic changes were
numerous cytoplasmic droplets and ne-
phrosis of proximal convoluted tubules
(Table 1). Cytoplasmic droplets were high-
ly variable in size (3 to 15 wm in diameter)
and shape (round, ovoid, and polygonal).
Some droplets were distinctly intracyto-
plasmic, while many appeared to be an en-
tire shrunken tubular cell with a distinct
encircling clear halo. Cytoplasmic droplets
were predominantly eosinophilic (red);
many were the same color as normal-ap-
pearing cytoplasm, some were very pale
and wispy, and some were distinctly dark
red to magenta. Many droplets had thin,
subtle basophilic rims with surrounding
clear haloes (Fig. 7). In many affected
proximal convoluted tubule cells, the nu-
cleus was absent, which may mean darker
droplets represented nuclear karyolysis;
these larger droplets appeared to form
from combined nuclear and cytoplasmic
debris. Hence, larger droplets which
spanned the basement membrane to tu-
bular lumen were interpreted as necrotic
cells (nephrosis). Most smaller and mid-
sized droplets were clearly intra-cytoplas-
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mic and paranuclear (Fig. 7). In cross sec-
tions of proximal convoluted tubules, one
cell to 75% of cells were necrotic. Surviv-
ing mallards in the 20, 10, and 0 ppm
groups, had proximal convoluted tubule
cells with droplets that were much fewer,
roundish, very pale (eosinophilic) or hy-
dropic; nephrosis was not found in any
surviving ducks (Table 1). Intraluminal cel-
lular debris and sloughed epithelial cells
were present in mild amounts in distal
convoluted tubules and collecting ducts of
mallards that died.

Spleens of mallards that died had de-
creased numbers of germinal centers com-
pared to survivors (Table 1). A marked de-
crease in the number of splenic germinal
centers (defined as <10; the fewest in any
control duck was 11) occurred in 23 (96%)
of 24 mallards that died. In the 40, 20 and
10 ppm groups, fewer than 10 splenic ger-
minal centers were found in six (40%), two
(20%) and one (13%) mallards, respective-
ly. No germinal centers were present in
the spleens of seven (29%) mallards that
died and one (7%) mallard in the 40 ppm
group. The splenic germinal centers in
mallards that died were smaller in diame-
ter (Table 1), occasionally had mild active
lymphorrhexis, and had prominent deple-
tion (loss) of lymphocytes (Table 2) com-
pared to surviving mallards.

The thymus was not detected at necrop-
sy in any mallards that died, but was in-
cidentally detected by microscopic exami-
nation in one duck. The thymus of this one
mallard that died was severely atrophied
and severely depleted of cortical lympho-
cytes.

Located between the kidneys and ven-
tral to the lumbar spinal column, the lum-
bar lymph nodes were examined in 64
(91%) of 70 mallards. Lymphocytic deple-
tion (Table 2), occasionally with mild acute
lymphorrhexis, was rated moderate to se-
vere in 17 (77% of 22) mallards that died
and one (7%) 40 ppm mallard (Fig. 8).
Lymphocytic depletion was rated as mild
in an additional three (14%) mallards that
died, one (7%) 40 ppm, and one (11%) 20
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FIGURE 8. Lumbar lymph nodes. (a) Mallard
(No. 648) received 0 ppm selenium and has a normal,
cellular lymph node with prominent active germinal
centers (°). (b) Mallard (No. 657) in the 80 ppm se-
lenium group has severe atrophy of the lymph node
with severe depletion of lymphocytes. Two very small
germinal centers remain (arrows), both of which are
inactive and contain necrotic lymphocytes. d, lumen
of the descending aorta; v, lumbar vertebrae. H&E
stain. Bars = 250 pm.

ppm mallards. The maximum dorso-ven-
tral thickness of the lumbar lymph nodes
was significantly reduced in mallards that
died compared to survivors (Table 1, Fig.
8).

The gut-associated lymphoid tissue
(GALT) in the submucosa of the esopha-
gus was greatly reduced or absent in mal-
lards that died (Table 1). When nodules of
GALT were found in the esophagus of
mallards that died, they were invariably
small, hypocellular and lacked recogniza-
ble germinal centers. No GALT was de-
tected in the esophagus of four (21%) mal-

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

395

lards that died, whereas, at least one nod-
ule of GALT was found in all other mal-
lards. Germinal centers were not evident
in the esophageal GALT of 12 (63%) mal-
lards that died, two (14%) 40 ppm, and
two (25%) 20 ppm mallards. Marked hy-
pocellularity and reduced size of germinal
centers in the cecal GALT were evident in
mallards that died (Table 1). Seven mal-
lards in four study groups had oro-esoph-
ageal capillariasis; two mallards that died
had esophageal capillarid infections, but
both lacked GALT in the submucosa.

The number of lymphoid nodules in the
liver also was different among groups (Ta-
ble 1). Mallards that died had fewer he-
patic lymphoid nodules than mallards in
the 0, 10, or 20 ppm groups. Mallards in
the 40 ppm group had fewer nodules than
mallards in the 10 ppm group.

Evaluation of phalangeal, cervical, and
lumbosacral bone marrow was hampered
by wash out of cells during processing.
Thus, comparisons were not attempted;
but, generally, no differences in hemato-
poietic cellularity were observed among
groups. However, necrosis and mucinous
degeneration of fat cells in digital bone
marrow was greater in mallards that died
than in surviving mallards (Table 2).

Testicles of all mallards became smaller
during the course of the study compared
to a group of quality control ducks that
were killed in late March at the start of
the experiment (data not shown). The
seminiferous tubules of mallards that died
were smaller in diameter and contained
fewer sperm cells than mallards in the 10
ppm group; mallards in the 40 ppm group
had smaller and less cellular seminiferous
tubules than mallards in the 0 and 10 ppm
groups (Table 1).

No lesions were detected in the central,
autonomic, and peripheral nervous sys-
tems. Other organs that were considered
histologically normal were bones, thyroids,
parathyroids, adrenals, stomachs, and in-
testines. There was no difference among
groups in the prevalence of incidental in-
fections and parasitisms. The following
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TaBLE 3. Key histologic lesions of mallard ducks that died from diets supplemented with 20, 40, or 80 ppm
selenium, as seleno-DL-methionine.
Organs Lesions
Liver: Hepatocellular foamy vacuolation, fine or coarse; centrolobular hepatocellu-

Pancreas:

Kidney:

Lymphoid organs and tissues:

Spleen:

Lumbar lymph nodes:

Gut-associated lymphoid

lar necrosis; panlobular hepatocellular necrosis
Apoptosis of exocrine cells

Nephrosis: acidophilic necrosis of proximal convoluted tubular cells; acido-
philic to magenta cytoplasmic droplets; karyolysis

Absence or very reduced numbers of germinal centers; atrophy and hypo-
cellularity of remaining germinal centers

Atrophy and hypocellularity
Absence or very reduced numbers of germinal centers in esophageal and

tissue:
Bone marrow:
Skin and adnexa:

Feathers:

cecal mucosa; atrophy and hypocellularity of remaining lymphoid nodules

Mucinous degeneration and necrosis of fat

Increased percentage of avascular (senescent) feather shafts; increased per-

centage of atrophied and featherless follicles

Fat (lipocytes):

Severe atrophy, degeneration, and necrosis

parasites were detected in mallards: intes-
tinal tapeworms (n = 1 mallard), oro-
esophageal capillarid worms (n = 7), and
skeletal muscular sarcosporidiosis (n = 1).
Amyloidosis was detected in minimal to
moderate degrees in the livers, spleens,
adrenals, kidneys and islets of Langerhans
in five mallards from all groups. Two mal-
lards that died (one each in the 10 and 40
ppm groups) and four mallards that were
euthanized at the end of the feeding pe-
riod were deleted from the study because
of extraneous serious diseases (gizzard ab-
scesses, bacterial peritonitis, polycystic
kidney disease, and hepatosplenomegaly of
undetermined cause).

DISCUSSION

Feather loss on the head, emaciation
(with myocytic atrophy), liver necrosis, and
mild nephrosis were lesions common to
adult American coots, pied-billed grebes,
and mallards (Ohlendorf et al., 1988; Al-
bers et al., 1996). Pathognomonic lesions
of fatal selenosis were not detected grossly
(Albers et al., 1996) or microscopically in
mallards of this study, however, several ab-
normalities were unusual in their organ
tropisms and intra-organ topistic effects.
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Twenty-seven tissue measurements or le-
sions were statistically different among ex-
perimental groups and most were different
in mallards that died compared to surviv-
ing mallards (Tables 1 and 2). Although
some of these lesions have not been re-
ported in birds with toxic, infectious, or
nutritional diseases, we are unaware of
studies in which tissues have been exam-
ined in a comparable manner. Several le-
sions of selenosis, as described herein, po-
tentially may be pathognomonic. For the
present, however, combinations of gross
and histologic lesions are preferable for di-
agnosing selenosis. Chronic selenosis
should be a leading etiologic diagnosis
when macroscopic abnormalities are pres-
ent (Albers et al., 1996) with three of the
six major categories of histologic lesions
(Table 3).

Integumentary lesions in the feathers
and claws of these mallards are analogous
to reported changes in the hair, nails and
hooves of Se-intoxicated mammals (Yager
et al., 1993). Hair loss (depilation) is a key
feature of selenosis of horses (Traub-Dar-
gatz and Hamar, 1986), cattle (National
Research Council, 1983), non-human pri-
mates (Loew et al., 1975) and humans
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(Jensen et al., 1984) and may be consid-
ered analogous to the feather loss (depter-
ylation) observed in mallards of this study.
Depterylation on the head was observed
in wild American coots with selenosis but
it was not reported in pied-billed grebes
with selenosis (Ohlendorf et al., 1988), and
was not reported in avocet chicks (Recur-
virostra americana) exposed in ovo to el-
evated concentrations of Se, arsenic, and
boron (Fairbrother et al., 1994). Recently
hatched chickens with in ovo selenosis had
malformed down feathers characterized as
“wire-like” (Poley and Moxon, 1938), but
feather abnormalities have not been re-
ported in young chickens fed toxic levels
of Se (El-Begearmi and Combs, 1982;
DaFalla and Adam, 1986), nor have his-
tologic features of these selenosis-associ-
ated feather abnormalities been described.
Although depterylation in adult American
coots was marked and had 100% preva-
lence, the abnormality was not studied his-
tologically (Ohlendorf et al., 1988); thus,
comparisons are not possible.
Depterylation was observed only in
post-molt mallards of the 40 ppm group
that survived the full 16 wk; all 80 ppm
mallards were dead between weeks 10 and
14, before the post-breeding molt was vi-
sually evident (Albers et al., 1996). Despite
this striking gross lesion in some survivors
in the 40 ppm group, no statistically sig-
nificant or characteristic histologic lesions
were detected in their feathers, skin, and
follicles (Tables 1 and 2). Given the
marked histologic evidence of abnormal
feather development in mallards that died,
we conclude that depterylation in mallards
occurs only if the bird passes through a
molt while exposed continuously to high
levels of Se. Normally, when a feather is
molted or plucked, the feather follicle be-
gins formation of a new feather in 1 wk
(Lucas and Stettenheim, 1972). With care-
ful histologic examinations of follicles in
mallards that died, lesions of marked at-
rophy, hypocellularity, avascularity, and
lack of new feather formation were iden-
tified. These histologic features were non-
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specific changes; thus the pathophysiologic
change may be at the molecular level. The
pathogenesis and histologic features of
hair loss in livestock and primates remain
unknown, but the continuously growing
hair of Se-intoxicated livestock (tails and
manes) and humans (scalp) are selectively
vulnerable. One theory of hair loss and, by
analogy, the feather loss is that selenium
replaces sulfur molecules in cross-linking
sulfur-bearing amino acids in keratin, re-
sulting in dysfunctional keratin (dyskera-
tosis) (Fishbein, 1977). No attempt was
made at the initiation of this study to fol-
low the development of pinfeathers in the
mallards. However, a striking paucity of
pinfeathers in mallards that died, imme-
diately preceding a molt, is evidence that
selenosis not only results in formation of
abnormal keratin in growing feathers, but
also inhibits production of new feathers in
empty feather follicles by a second patho-
physiological mechanism that cannot be
explained histologically.

Sloughing of avian claws (onychoptosis)
may be considered analogous to sloughing
of hooves in horses (Traub-Dargatz and
Hamar, 1986) and cattle (Yager et al.,
1993), and loss of finger nails in non-hu-
man primates and humans (Loew et al.,
1975; Yang et al.,, 1983). Onychoptosis of
Se-intoxicated birds has not been noted
previously in water birds (Ohlendorf et al.,
1988; Fairbrother et al., 1994) or poultry
(Poley and Moxon, 1938; DaFalla and
Adam, 1986), nor were claws examined
histologically in these previous studies.
The low incidence of sloughed claws in
our mallards (Albers et al., 1996) makes
this lesion an unreliable feature of sele-
nosis in waterfowl unless large numbers of
stricken or dead birds are examined. Other
than separation and detachment of the
hard keratin plates of the claws which
leaves only the basal cell layer intact, the
precise histologic lesion associated with or
inducing the onychoptosis remains un-
clear. Specific histologic lesions of claws,
nails, and hooves of mammals also are un-
reported. Failure to detect specific histo-
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logic lesions in the claw germinativum
supports the theory that the lesion, as in
feathers and hair, may be at the molecular
level. Hoof lesions in livestock include
deep grooving and cracking; each groove
reflects a peak of ingested Se (Yager et al.,
1993); thus, grooved claws were not de-
tected and were not expected in these
mallards because ingested levels of Se
were constant. Grooving of the claws,
however, is a potential lesion worthy of
evaluation in wild water birds that ingest
greatly fluctuating amounts of Se.

The liver was affected consistently by Se
toxicosis in these mallards and in other an-
imals (Harr et al., 1967; Fishbein, 1977;
National Research Council, 1983; Ohlen-
dorf et al., 1988; Yager et al., 1993). The
incidence and severity of hepatic lesions
were greatest in mallards that died (Tables
1 and 2; Albers et al., 1996). Hepatocel-
lular necrosis and degeneration were not
detected in 2-yr-old male mallards fed se-
lenomethionine for 14 wk, but in the high-
est dosage group (32 ppm) one (10%) mal-
lard died (Hoffman et al., 1991a); this was
comparable to our results wherein three
(15%) of 20 1-yr-old male mallards died on
40 ppm. However, only mild gross and his-
tologic lesions in the livers of surviving
mallards in the 40 ppm group were ob-
served, even though residue levels were
nearly the same as mallards that died (Al-
bers et al., 1996). Livers of survivors usu-
ally lacked evidence of centrolobular and
panlobular necrosis; thus, hepatocellular
necrosis may develop rapidly when a
threshold concentration of Se occurs in
hepatocytes. Centrolobular and panlobular
liver necrosis corresponded to the grossly
observed regions of marked yellow liver
necrosis, and this necrosis may be a rapidly
progressive event analogous to hepatic
copper toxicosis of sheep (Kelly, 1993). In-
deed, the liver lesions of fatal selenosis in
mallards have similarities to ovine chronic
copper poisoning. We conclude from our
histologic examinations that liver necrosis,
when present, was the principal lesion that
resulted in the deaths of mallards.
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Hepatic hemosiderosis, fibrosis, and bile
duct hyperplasia have been reported in
cases of experimental and natural selenosis
of birds, but are considered non-specific
lesions. Hoffman et al. (1991a) described
hepatocellular hemosiderosis in two of 10
mallards fed 32 ppm. Hemosiderin accu-
mulation in our study was limited to
phagocytic Kupffer cells in 14 (64%) of 22
mallards that died, and one (7%) of 15
mallards in the 40 ppm group. Much of
the hemosiderosis in mallards of this study
was associated with ex vacuo hemorrhage
in regions of hepatocellular necrosis. Sim-
ilarly, bile duct hyperplasia in this study
was strongly correlated with hepatocellular
necrosis. Hoffman et al. (1991a) detected
biliary hyperplasia in one (10%) of 10 mal-
lards receiving 32 ppm, and Ohlendorf et
al. (1988) found biliary hyperplasia in one
of 10 Se-intoxicated American coots. In
our study, 40% of mallards that died and
none of the surviving mallards had biliary
hyperplasia. The low incidence of biliary
hyperplasia and hemosiderosis in surviving
mallards and wild American coots was sim-
ilar to the rare reports of biliary hyperpla-
sia in selenosis of swine, cattle, or horses.
In field cases, phytotoxins from ingested
Se-accumulating plants could contribute
to development of liver lesions (James et
al., 1983; National Research Council,
1983). Hence, biliary hyperplasia in this
study was considered secondary to the liv-
er necrosis and not a primary reaction to
rising Se concentrations in the liver. He-
patic fibrosis was not detected in our study
but has been reported in spontaneous sel-
enosis of coots, horses, sheep, and cattle
(National Research Council, 1983; Jones
and Hunt, 1983; Ohlendorf et al., 1988).
Absence of hepatic fibrosis in our study
was evidence that fluctuating levels of Se
may be necessary, fibrosis may take longer
than 16 wk of constant ingestion of Se, or
some cases of natural selenosis were com-
plicated by ingestion of other toxins, such
as phytotoxins in Se-accumulating plants
(James et al., 1983). Among the aquatic
and shoreline plants analyzed for Se con-
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tent at Kesterson National Wildlife Refuge
(NWR) and elsewhere (Ohlendorf, 1989),
none are known to contain hepatotoxic
phytotoxins (Kingsburry, 1964; Jones and
Hunt, 1983). Not all hepatotoxic plants
can be ruled out as contributing to hepatic
fibrosis in wild coots at Kesterson NWR
(Short and Edwards, 1990); however, we
propose that hepatic fibrosis represents a
healing stage between episodes of high Se
ingestion.

Kidney lesions of degeneration and ne-
phrosis of proximal convoluted tubules are
a consistent finding in acute and chronic
selenosis of birds and mammals (Harr and
Muth, 1972; Ohlendorf et al., 1988; Ah-
med et al., 1990). Although nephrosis is a
non-specific lesion, some aspects of Se-in-
duced nephrosis were unusual. Acidophilic
to magenta cytoplasmic coagulation affect-
ed a portion of or whole renal tubular
cells. Larger droplets of coagulation ap-
peared to accumulate additional portions
of cytoplasm and nuclei in crescentic or
semi-laminated patterns, and the magenta
staining affinity of some droplets was at-
tributed to karyolysis. Renal fibrosis was
reported in natural cases of Se intoxication
(Ohlendorf et al., 1988), but was not de-
tected in our mallards. As with the liver,
absence of fibrosis in the kidneys may be
attributable to ingestion of constant levels
of Se with no periods of respite to allow
healing (scarring) and regeneration.

The pathogenesis of emaciation in dead
mallards with selenosis was not deter-
mined histologically. It remains unresolved
whether emaciation was directly attribut-
able to toxic levels of selenium, or whether
mallards found the feed unpalatable,
ceased eating, and starved. Since all mal-
lards that died in this study were emaci-
ated and had toxic levels of selenium in
multiple organs (Albers et al., 1996), the
mallards were consuming feed. Emacia-
tion is a common finding in many species
with selenosis (Harr and Muth, 1972; Na-
tional Research Council, 1983; Traub-Dar-
gatz and Hamar, 1986; Ohlendorf et al.,
1988). Although the question of palatabil-
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ity of selenium-spiked feed to these mal-
lards cannot be resolved, anorexia and
emaciation have been reported in horses,
swine, sheep, and cattle administered sub-
lethal doses of selenium by injection or
drenching (National Research Council,
1980). Hence, we conclude that emacia-
tion in these mallards was a form of ca-
chexia principally due to chronic selenosis.

Lesions in testes, pancreas, fat, and lym-
pho-hematopoietic tissues resembled the
atrophy associated with emaciation. Ne-
crosis (apoptosis) of the pancreas was ob-
served in many mallards that died, and
also has been reported in many species
with Se deficiency disease (National Re-
search Council, 1983). Hence, pancreatic
apoptosis occurs in Se deficiency disease
and selenosis. Evaluation of testicular
changes was complicated by normal sea-
sonal (post-breeding) involution which oc-
curred during the study period.

Based on our quantitative and qualita-
tive evaluations of lymphoid organs, we
propose selenosis in mallards could cause
profound immunologic inhibition or sup-
pression. The lymphoid tissues of mallards
that died had generalized hypocellularity,
atrophy, and mild active necrosis consis-
tent with an immunotoxic effect. Immu-
noglobulin-associated regions (germinal
centers) of the spleen, lumbar lymph
nodes, and GALT were consistently atro-
phied, hypocellular or absent in mallards
that died. Thus, Se-intoxicated mallards
may have had a compromised ability to
process antigens and generate an humoral
immune response. Compromised immu-
nity in wild birds may be manifested as
increased susceptibility to and prevalence
of infectious diseases, leukopenia (specifi-
cally lymphopenia), reduced levels of se-
rum immunoglobulins, or impaired func-
tion of leukocytes. Fairbrother et al.
(1994) observed lymphopenia and reduced
phagocytosis by macrophages in avocet
chicks from regions with high levels of Se,
arsenic, and boron; Fairbrother and Fow-
les (1990) detected impaired cell-mediated
immunity in mallards experimentally fed
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Se; and, Goldberg et al. (1990) found im-
munosuppression increased mortalities in
mallards challenged with duck plague vi-
rus. In our study, no increased prevalence
of infectious disease was detected among
high dose mallards; the occurrence of giz-
zard abscesses, dermatitis, peritonitis, and
helminthic parasitisms appeared random
in all study groups. Although susceptibility
to infectious diseases upon exposure to a
microbial agent was not assessed in this
study, the severity of atrophy in the
spleens, thymuses, lumbar lymph nodes,
and germinal centers of the GALT are ev-
idence that, prior to death, mallards that
died may have had an impaired ability to
respond to opportunistic infections.

The immunotoxic effect of Se warrants
serious consideration of concurrent sele-
nosis when epizootics occur among water-
fowl in geographic regions having elevated
Se in the soil or Se-accumulating plants
that are used as forage by water birds.
Further studies of selenosis in wild water
birds are warranted to verify the macro-
scopic (Albers et al., 1996) and histologic
lesions of these studies, even though it
may be very difficult to determine whether
wild water birds with elevated residues of
selenium have died of opportunistic infec-
tions, steady chronic selenosis, or sublethal
chronic selenosis with an acute over-
whelming episode of selenium ingestion.

Spinal poliomalacia is commonly seen
with chronic natural and experimental sel-
enosis in swine (Wilson et al., 1983). No
evidence of spinal malacia was detected in
four to 12 sections each of the cervical and
lumbar intumences of each mallard.
Hence, selenosis-induced malacia of the
central nervous system remains a de-
scribed lesion of the porcine species only.

Differential diagnoses of chronic selenosis in
birds

Many toxic, infectious, traumatic, and
nutritional deficiency diseases may pro-
duce histologic lesions similar to those
found in mallards with selenosis. Centro-
lobular and panlobular necrosis are non-
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specific lesions which have been associated
with other intoxications of birds. Other
agents that may cause severe vacuolar de-
generation with centrolobular or panlob-
ular necrosis include bishop’s weed (Ammi
majus) (Egyed et al., 1974; Shlosberg et
al., 1974), crotolaria (Crotolaria spp.) (Al-
fonso et al., 1993), castor beans (Ricinus
communis) (Jensen and Allen, 1981), blue-
green algae (such as Microcystis aerugi-
nosa) (Short and Edwards, 1990), aflatox-
icosis (Robinson et al., 1982), and white
phosphorus (P. Klein, pers. comm.). Nu-
merous other hepatotoxic substances have
been reported in poultry (Peckham, 1984)
but have not been encountered or report-
ed in water birds. In none of these intox-
ications were the other histologic lesions
(Table 3) of Se intoxication reported.

Several viral infections also may cause
acute liver necrosis in waterfowl, including
duck (herpes-) viral enteritis (DVE), duck
hepatitis virus, adenoviruses, some strains
of avian influenza, and goose coronavirus;
most of these infections principally affect
very young waterfowl, kill birds rapidly be-
fore emaciation develops, sometimes pro-
duce characteristic inclusion bodies in the
liver, and have not been reported to cause
other lesions of selenosis in the pancreas,
kidney, and integument (Wobeser, 1981;
Calneck et al., 1991). Because many viral
infections also may cause necrosis and at-
rophy of lymphoid organs, multiple organs
besides liver and lymphoid tissues must be
examined for features of selenosis.

Many bacterial, protozoal and helmin-
thic infections may cause liver necrosis
(Albers et al., 1996, Table 7), but most of
these infections are accompanied by in-
flammatory cells, detectable organisms,
enlarged spleens, abscesses or granulomas,
or the organisms may be isolated in cul-
tures.

Although depterylation and feather ab-
normalities may be common in birds (Roy
et al.,, 1986), such conditions are uncom-
monly observed or reported in wild birds,
except for normal seasonal molts, trauma,
and self-mutilation of breast feathers dur-



GREEN AND ALBERS—HISTOLOGIC CRITERIA OF SELENIUM TOXICOSIS IN BIRDS 401

ing nesting. Further, wild birds with pro-
nounced gross lesions of depterylation
have not been examined histologically
(Roy et al., 1986; Ohlendorf et al., 1988).
Among caged birds, circoviruses and poly-
omaviruses may produce feather loss and
have been well studied (Gaskin, 1989; Lat-
imer et al., 1991). In these virus infections,
characteristic viral inclusion bodies are
found in the feathers and other organs, but
atrophy of feather follicles and loss of vas-
cularity of feathers are not reported. Nei-
ther of these viruses have been reported
to infect aquatic birds, and the patterns of
feather loss rarely involve the head. Trau-
matic feather loss often is asymmetrical
and usually involves other injuries (bite
wounds, bone fractures) and should be
readily distinguishable from the symmetric
feather loss in Se-intoxicated mallards and
American coots (Ohlendorf et al., 1988;
Albers et al., 1996). Ectoparasites, such as
depluming mites and lice (Loomis, 1984),
and nutritional deficiencies (Austic and
Scott, 1984; Wobeser and Kost, 1992) may
cause depterylation in wild and domestic
birds, but not with the cephalic patterns
seen in Se-intoxicated mallards and coots.

Proposed diagnostic criteria for Se toxicosis

Diagnostically useful histologic lesions
of fatal chronic selenosis in mallards oc-
curred in the epidermal adnexa (feathers,
feather follicles, and scaled skin), lym-
phoid organs (spleens, lumbar lymph
nodes, and GALT), liver, pancreas, and
kidney (Table 3). Although many of these
lesions have never been reported in water
birds, these lesions cannot be considered
pathognomonic in view of the paucity of
comparable histologic studies of many dis-
eases and intoxications of water birds. We
propose that a combination of three or
more histologic lesions among the six ma-
jor categories (Table 3) is sufficient for a
presumptive diagnosis of fatal chronic sel-
enosis. These histologic lesions, in combi-
nation with gross abnormalities and tissue
residue analyses (Albers et al., 1996), are
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sufficient for a confirmed diagnosis of fatal
chronic selenosis.

Diagnostically useful histologic lesions
of non-fatal chronic selenosis in mallards
were not found. Although as a group, the
40 ppm survivors had lesions intermediate
between mallards that died of selenosis
and control ducks, these lesions were mild,
low in prevalence, and non-specific. High
tissue concentrations of Se combined with
all of the following gross abnormalities (Al-
bers et al., 1996) are diagnostic of non-
fatal chronic selenosis: a) significant weight
loss or emaciation; b) depterylation of the
head with poor plumage characterized pri-
marily by frayed and worn feathers, or de-
layed or impaired molt; and, c¢) loss of
claws (onychoptosis).

While our study of chronic selenosis in
mallards was not designed to investigate
acute selenosis, we propose that some le-
sions associated with selenosis in wild
coots, grebes, stilts and other birds are due
to ingestion of large amounts of Se in a
short period of time. Pulmonary edema,
fibrinogelatinous hydrocoelom, and sple-
nomegaly were observed in wild aquatic
birds (Ohlendorf et al., 1988; 1990) but in
none of our experimental mallards. Effu-
sions into body cavities and pulmonary
edema have been reported in experimen-
tal acute Se intoxication of cattle (Shor-
tridge et al., 1971), sheep (Lambourne and
Mason, 1969; Morrow, 1968), and swine
(Herigstad et al., 1973). Splenic swelling
and congestion, as seen in coots, are non-
specific lesions associated with many dis-
eases and deaths associated with stress and
shock and, therefore, could be additional
features of acute selenosis. Microscopic le-
sions of acute selenosis, as reported in live-
stock, were not detected in these mallards.
Although these abnormalities may have
multiple etiologies, including numerous
other toxic and infectious agents, we pro-
pose that these abnormalities, in the ab-
sence of microbial agents, are produced by
overwhelming acute selenosis with or
without concurrent chronic selenosis.

Recently, it was suggested that the evi-



402

dence that selenosis was responsible for
the deaths and developmental abnormali-
ties observed in wild water birds at Kes-
terson NWR was weakened by the “pau-
city of corroborative morphological and
microbiological studies” (O'Toole et al,
1996). The similarity of gross lesions, tis-
sue selenium residues (Albers et al., 1996),
and these histologic findings in experimen-
tal mallards, compared to the abnormali-
ties and residues in wild water birds at
Kesterson NWR (Ohlendorf et al., 1988;
1990), provide strong evidence that sele-
nosis was the principal and probably sole
factor responsible for morbidities and
mortalities among the wild water birds.
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