Role of excessive maternal iron

in the pathogenesis of congenital
leukoencephalomalacia in captive black
rhinoceroses (Diceros bicornis)
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Objective—To investigate the possibility that exces-
sive maternal iron (overload) may contribute to devel-
opment of congenital leukoencephalomalacia in cap-
tive black rhinoceroses.

Sample Population—Tissue specimens and serum
samples from 18 rhinoceroses in 2 kindreds harboring
4 (possibly 5) affected female calves.

Procedure—Fresh and archival sera and necropsy tis-
sue specimens were evaluated to determine the
nature and extent of iron overload in captive and wild
black rhinoceroses as well as other rhinoceros
species.

Results—Quantitative serum and tissue assays of
iron and iron analytes, corroborated by histopatholog-
ic findings, indicated that these kindreds carried the
greatest body burdens of iron yet found among cap-
tive black rhinoceroses. Fourteen of 18 rhinoceroses
had the highest serum ferritin concentrations mea-
sured among 64 black rhinoceroses in captivity in the
United States. Dams of affected calves had serum
ferritin concentrations 2 orders of magnitude higher
than clinically normal humans, equids, or free-ranging
rhinoceroses. A neonatal serum sample from 1 affect-
ed female calf had a high ferritin concentration
(approx 100-fold increase), but a male sibling of
another affected female did not, suggesting a possi-
ble sex disparity in fetal response to maternal iron
overload. Morphologic hallmarks of hemochromato-
sis were prominent in dams and grandams of affect-
ed calves.

Conclusions and Clinical Relevance—Excessive
maternal iron may affect female fetuses more than
males, possibly inducing leukoencephalomalacia by
catalyzing production of highly toxic hydroxyl free rad-
icals during crucial periods of in utero development.
Reduction of maternal iron overload may decrease
the probability of developing leukoencephalomalacia
and some other disorders commonly affecting rhi-
noceroses in captivity. (Am J Vet Res 2001;62:
343-349)
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| our captive eastern black rhinoceroses (Diceros
bicornis michaeli), varying in age from 2 to 29

" months, have died as a consequence of an extensive

CNS degenerative disorder, leukoencephalomalacia.'
All were females born in captivity at 3 different zoo-
logic institutions from wild- and captive-born dams
and sires. Central nervous system degenerative
changes primarily involved myelinated portions of the
cerebral hemispheres, extending as low as the level of
the midbrain while sparing the pons, medulla, and
cerebellum. Resemblance to similar lesions in humans
and domestic animals prompted a wide range of stud-
ies for possible infectious, toxicologic, or inherited
metabolic causes, all without success.

Leukoencephalomalacia is but 1 of a number of
disease syndromes that affect captive black rhinoceros-
es’ to the apparent exclusion of others in the family
Rhinocerotidae, and a common denominator in cause
or pathogenesis has long been sought to explain this
disparity.” Past necropsy reports on black rhinoceroses
have commonly reported generalized hemosiderosis as
an incidental finding.’® This has usually been inter-
preted as evidence of previous hemolysis, because
hemolytic anemia has been among the most common
causes of captive deaths in this species.”

Our necropsy experience, however, indicates that
hemosiderosis more likely represents the morphologic
manifestation of a true iron-overload syndrome," a
possibility originally considered by Smith et al."" The
extent and anatomic distribution of tissue iron deposi-
tion in most instances was far beyond those attribut-
able to purely hemolytic origins, mimicking precisely
the pathologic patterns of a dietary-based acquired
form of human hemochromatosis highly prevalent
among sub-Saharan African Bantu." This alternative
explanation is additionally supported by results of bio-
chemical assays of iron analytes in captive and free-
ranging rhinoceroses, suggesting that excess iron may
be a common contributor to some of the diverse disor-
ders affecting this species in captivity, including con-
genital leukoencephalomalacia and a possibly skewed
sex ratio among newborns."” Therefore, the purpose of
the study reported here was to investigate the possibil-
ity that maternal iron overload may contribute to
development of congenital leukoencephalomalacia in
captive black rhinoceroses.

Materials and Methods

Genealogies of 4 calves with confirmed leukoencephalo-
malacia were established from the Black Rhinoceros Studbook
(SB; Fig 1) numbers. Archival materials, including clinical lab-
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oratory and necropsy reports, were obtained from each zoo-
logic institution, and histopathologic findings were assessed by
reviewing available slides, studying additional formalin-fixed
tissue specimens, and by special stains, including Perls
Prussian blue for ferric iron and von Kossa for calcium. Stored
frozen sera were obtained from individual institutions and
from the central specimen repository for the Black Rhinoceros
Species Survival Plan maintained at St. Louis Zoological Park.
Serum iron concentrations, iron binding capacities, and trans-
ferrin saturations were determined at the UCLA Hematology
Research Laboratory, using a quantitative colorimetric tech-
nique." Tissue minerals were assayed by inductively coupled
plasma argon spectroscopy at Oregon State and Kansas State
University Colleges of Veterinary Medicine.

Tissue iron content of some specimens was also assayed
at the Cellular and Molecular Pathology Laboratory at Kansas
State University College of Veterinary Medicine along with
serum ferritin and haptoglobin concentrations. Serum fer-
ritin concentrations were determined by an ELISA test origi-
nally developed by Smith et al” for equids but modified on
the basis of ferritin standards derived from black rhinoceros
liver."! Haptoglobin was measured by the method of
Makimura and Suzuki."

Results

Iron analytes—Genealogies of the 2 kindreds were
studied (Fig 1). Variables associated with sample collec-
tion and the results of serum assays were recorded. With
only 4 necropsy-confirmed instances of leukoen-
cephalomalacia, it could be entirely fortuitous that all
affected calves were female, but the genealogic patterns
suggest that females may be at greater risk for develop-
ment of excess storage iron and its adverse effects. The
dams of all 4 affected calves had maximum serum iron
concentrations (range, 331 to 486 png/dl) that were near-
ly double the mean (+ SD) for 20 unrelated captive adult
females (232 + 84 pg/dl) with almost complete satura-
tion of plasma transferrin (range 91 to 95%; Table 1).
Additionally, the dams’ maximum serum ferritin con-

centrations (range, 10,360 to 31,090 ng/ml) were
approximately 5- to 10-times greater than the mean (+
SD) for this same comparison population of captive
adult females (2,864 + 2,638 ng/ml). The latter, in turn,
were 20 times higher than the mean (+ SD) of 6 black
rhinoceroses [ree-ranging in the wild (133 + 68 ng/ml).

Of the samples assayed from 18 family members,
14 had serum ferritin concentrations that were higher
than all but 4 of 46 other black rhinoceroses in captiv-
ity in the United States. Adult males and females in
these kindreds typically had 20 to 50 times higher
serum ferritin concentrations than their sex-matched
comparison populations, with serum iron concentra-
tions averaging 463 pg/dl (SD, 195 pg/dl; range, 154 to
764 ng/dl) and mean transferrin saturation of 89% (SD,
12 %; range, 54 to 99%).

Stored sera were available from only 2 of the 4
affected female calves. One (SB-360) was a single
serum sample obtained after death, so its validity was
uncertain. Three serum samples, however, were
obtained from another affected calf (SB-460) between
birth and 3 months of age. In that affected call, values
within reference range for serum iron concentration
(108 pg/dl) and transferrin saturation (27%) were
measured on the day of birth but were accompanied by
a high serum ferritin concentration (14,590 ng/ml).
This suggested that the serum ferritin concentration
may have been a fetal response to maternal iron over-
load. Three weeks after birth, serum ferritin concentra-
tions in this calf had decreased to 176 ng/ml, with con-
comitant increases in serum iron concentration (751
ng/dl) and transferrin saturation (91%). At 12 weeks of
age, all 3 serum measurements were elevated (ie, 634
ng of ferritin/ml, 358 pg of iron/dl, 76% transferrin sat-
uration) similar to those we have found in other cap-
tive-born male and female calves of comparable age.
When this calf died at 16 months of age, serum sam-
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Figure 1—Genealogies of 2 kindreds with 4 calves (solid symbols) affected by fatal
leukoencephalomalacia and a fifth (#246) suspected but unconfirmed affected calf.
Black Rhinoceros Studbook numbers immediately below each symbol identifies indi-
vidual rhinoceroses. Circles and squares, indicate females and males respectively.
Diagonal lines signify deceased members. Horizontal cross-hatching identifies those
with documented episodes of primary hemolytic anemia.
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Table 1—Maximum serum iron analyte values in dams of calves with leukoencephalomalacia relative

to means (+=SD) of comparison populations

No. Adult or Mean Ferritin Iron Transferrin
Animal tested juvenile age (y) Sex (ng/ml) (pg/dl) saturation
Black rhinoceros 4 Dams* 17.5 F 18,900 =+ 7,880 387 += 59 93*2
(Diceros bicornis)
20 Adult* 9.3 F 2,864 + 2,638 232 + 84 72+21
12 Adult* 12.0 M 1,542 =+ 509 212+ 33 63 =18
7 Juvenile* 2.2 F 687 = 271 252 + 22 61 =23
7 Juvenile® 2.6 M 1,186 = 874 250 *+ 60 66 + 23
6 Adultt NA Both 133 + 68 101 =19 28+6
White rhinoceros 7-8 Adult* NA Both 41 = 36 133 + 46 38+ 15
(Ceratotherium simum)
Indian rhinoceros 3-4 Adult* NA Both 96 + 141 128 = 55 32+10
(Rhinoceros unicornis)
Sumatran rhinoceros 2-3 Adult* NA Both 798 + 134 222 + 65 91+3
(Dicerorhinus sumatrensis)
Horses (range) NA Adult NA Both 43-261 50-198 22-44
Human (range) NA Adult NA Both 40-160 65-165 20-50
*Captive in the United States. tFree-ranging in Zimbabwe.
F = Female. M = Male. NA = Not applicable.

ples obtained postmortem had lower values for all 3
analytes, comparable to those measured in a post-
mortem sample from another affected calf (SB-360). It
remains unclear whether these were simply post-
mortem artifacts or reflections of agonal changes in
serum ferritin and transferrin concentrations, both of
which are acute-phase inflammatory reactant proteins.

Because virtually all specimens were archival,
those available from dams of the 4 offspring that devel-
oped leukoencephalomalacia unfortunately did not
coincide with their periods of pregnancy. For 1 calf
(SB-328), however, the maternal specimen had been
obtained 28 months before birth of calf SB-460, (or
only about 1 year before gestation began), so the serum
analyte values more likely reflected those existent dur-
ing fetal development in utero. In that instance, mater-
nal serum iron concentration was high at 374 pg/dl, a
concentration commonly found among captive black
rhinoceroses;'"" but transferrin was 95% saturated and
serum ferritin concentration was 20,140 ng/ml, 150-
times higher than the mean of 6 black rhinoceroses
residing lifelong in natural habitats (Zimbabwe) and
comparable in magnitude to the concentrations of
approximately 16,000 to 20,000 ng/ml measured in
dam SB-328 2.2 to 2.4 years earlier(Table 1).

Male calf SB-432 provided the only other day-of-
birth values available from a sibling of a female with
leukoencephalomalacia (SB-279), and the male calf
had serum ferritin concentrations (116 ng/ml) that
were within reference range despite maternal concen-
trations of approximately 30,000 ng/ml. Thus, 1 male
offspring of a dam with severe hemochromatosis was
born with serum ferritin concentrations within refer-
ence range, whereas an affected female had a high
serum ferritin concentration at birth that decreased
rapidly after birth then increased progressively with
age similar to other captive calves of both sexes. This
raised the possibility that male fetuses may be less vul-
nerable to the transplacental effects of maternal iron
overloads.

Additionally, 1 (SB-360) of 2 affected female calves
tested had a triple-X karyotype, whereas the other (SB-
353) had the typical chromosome count of 84." In the

absence of appropriate samples, karyotypes of the
other affected calves remain unknown. Serum hapto-
globin concentrations were within reference range for
most adults and in the 1 affected female tested, there-
by mitigating against active hemolysis.

Among the comparison populations, it is further
notable that the few Sumatran rhinoceroses available
for testing also had high serum iron concentrations,
ferritin concentrations, and transferrin saturations, but
white and greater 1-horned rhinoceroses did not (Table
1.

Pathologic findings—Necropsy materials from 8
of 18 members of both kindreds were examined,
including 3 of the 4 affected calves, 2 of their dams, 1
sire, and 2 grandparents. Widespread iron deposition
was observed in all 5 adults. Organ distribution was
similar but more extensive in degree to that which we
have now observed in necropsies of a number of unre-
lated captive black rhinoceroses." Spleen, liver, bone
marrow, and lungs were the organs most consistently
involved, with less common (but nonetheless promi-
nent) iron deposition in intestines, lymph nodes,
adrenals, thyroid, pancreas, heart, female (but not
male) reproductive organs, and other tissue specimens.
Most of the iron pigments were deposited within
macrophages in these organs, but parenchymal cells
were also commonly and extensively involved. Hepatic
portal macrophages and sinusoidal Kuplffer cells were
heavily engorged with hemosiderin, and course and
fine iron-containing granules were abundant in the
cytoplasm of hepatocytes, most prominently in peri-
portal regions of the lobules (Fig 2). In more severely
involved rhinoceroses such as dams SB-163 and SB-328
and grandam SB-125, there was evidence of hepatocel-
lular degeneration, regenerative nodularity, and bile
duct proliferation, and in 1 rhinoceros (SB-125), a low-
grade hepatocellular carcinoma was found in a dis-
tinctly cirrhotic liver.

Extensive deposits of iron pigments were also
observed in splenic and bone marrow macrophages.
These were sometimes so densely packed in the marrow
that hematopoietic elements were sufficiently excluded
to account for anemia or pancytopenia. Macrophages in

AJVR, Vol 62, No. 3, March 2001

345



Figure 2—Photomicrographs of liver sections from black rhinoceroses demonstrat-
ing patterns of maternal and grandam hepatic iron deposition after the use of Perl’s
Prussian blue stain for ferric iron. A—Dense iron containing aggregates in portal (P)
macrophages and Kupffer cells of dam SB-328. Hepatocytes are heavily laden with
course and fine granules of iron-containing material and have focal degenerative
changes. Bar = 100 pm. B—Panlobular parenchymal and reticuloendothelial hemo-
siderosis with bile duct proliferation in hepatic portal (P) areas of dam SB-163. Bar =
100 um. C—Intense portal (P) iron deposition and early fibrosis with panlobular
hemosiderosis of dam SB-328. CV = Central vein. Bar = 250 um. D—Bridging fibro-
sis and regenerative nodularity in liver from grandam SB-125. Central pallor in regen-
erative nodules results from lower iron content of younger hepatocytes relative to

older, heavily laden peripheral cells. Bar = 1 mm.

the pulmonary alveolar interstitium and in hepatic and
lymph node sinusoids also appeared hyperplastic and
laden with inordinate amounts of iron-containing fine
and course granular or globular material. One of the
most distinctive lesions involved dense iron deposits in
abundant macrophages of the lamina propria and sub-
mucosa of the intestine, extending as far as the colon,
with the highest concentrations occurring proximally,
especially at the tips of duodenal villi.

These patterns of hemosiderin deposition differed
distinctly from those classically described for uncom-
plicated hemolytic disease' or hereditary hemochro-
matosis,'™"® but they were virtually identical to those
characteristic of dietary iron overload syndromes in
lemurs" and in humans."*** Accumulations of hemo-
siderin in small intestinal villi have been interpreted as
strong evidence for enteric origin of excess iron.”
Supporting this interpretation, we found no trace of
intestinal iron deposition in an unrelated full-term
stillborn female fetus with pronounced hemosiderosis
in most other organs. Even though the duodenum typ-
ically absorbs iron, we observed heavy deposits in all
segments of the intestine, including the colon in some
rhinoceroses. This indicates that enhanced iron
absorption may occur in these regions as well, raising
questions about the relation between enteric microflo-
ra metabolism and its effects on bioavailability of iron.

In contrast to the adults, necropsy tissue speci-
mens from 3 affected calves (SB-353, SB-460, SB-360)
that died at 6, 16, and 29 months of age, respectively,
revealed mild iron loads increasing in proportion to
age and generally restricted to spleen, liver, and duo-
denal villus tips. This suggests that if any fetal iron

excess existed in utero, it was mobilized in response to
increasing demands for hemoglobin and myoglobin
synthesis during postpartum growth. Isolated foci of
iron-containing granules found in the CNS of 1 affect-
ed call (SB-353) were not evident in regions with
encephalomalacia, hemorrhage, or microabscess for-
mation, therefore, appearing, to have no direct relation
to the primary pathologic process.

Tissue specimen analyses—Frozen liver from 3
dams (SB-121, SB-163, SB-328) of calves with leukoen-
cephalomalacia (SB-353, SB-279, SB-460, respectively)
contained 5,500, 12,000, and 17,600 pg of iron/g of
wet tissue. Tissue was not available from the fourth
dam, but a grandam (SB-125) of affected calf SB-279
had an iron concentration of 14,000 pg/g.

These concentrations may best be compared with
11 (9 female) unrelated black rhinoceros adults rang-
ing in age from 6 to 28 years that died in captivity in
the United States with an average hepatic iron concen-
tration of 3,830 pg/g. The wide range (176 to 11,000
ug/g) and SD (3,670 pg/g) reflect previous observa-
tions that iron overloads, whether measured directly by
quantitative tissue analyses or indirectly by serum fer-
ritin assays, increase progressively as a function of time
in captivity.™"' The mean hepatic iron concentration in
7 juvenile (1 to 3.5 years in age) black rhinoceroses, for
example, was only 416 ng/g (SD = 265 pg/g), and the
reference range concentrations for horses were 100 to
300 pg/g.

Two [ree-ranging black rhinoceroses that were
recently necropsied at reserves in Etosha, Namibia,’
and Malilangwe, Zimbabwe,® were reported to have
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hepatic iron concentrations of only 331 and 26 ng/g,
respectively. In a third black rhinoceros, born and
raised in a zoo-equivalent environment at Chipangali
Wildlife Center in Zimbabwe until it died at 22 months
of age, wide-spread hemosiderosis in necropsy tissue
specimens was observed, and its hepatic iron was
reported to be 1,765 ng/g,” further supporting the con-
tribution of prolonged captive conditions to body iron
loads, whether in the United States or Africa.

Discussion

Systemic or generalized hemosiderosis, the exten-
sive deposition of iron pigments in multiple organs,
has been commonly cited in necropsy reports of black
rhinoceroses dying in captivity,”® but in most instances
it has been ascribed to previous hemolytic episodes,
because hemolytic anemia has been a highly common
condition in this population.”””

In 1992, Kock et al” reported the lack of hemo-
siderosis in necropsy findings of free-ranging black rhi-
noceroses, and this was viewed as evidence that
hemolytic disease did not affect rhinoceroses in their
natural habitats. They also found that hemosiderin
began to accumulate in organs beyond the spleen in
translocated rhinoceroses that died after short intervals
(approx 1 month) in confinement, and that the magni-
tude of these iron deposits as well as the number of
organs affected increased progressively over the 2-year
period of study.

Smith et al" observed a similar phenomenon as
follows: in black rhinoceroses, serum ferritin concen-
trations (which indirectly reflect total body iron stores)
increased progressively in proportion to age or time in
captivity, and serum iron concentration and transferrin
saturation were significantly increased, compared with
captive white rhinoceroses. They speculated that this
may be related to differences between natural and cap-
tive diets rather than a consequence of hemolysis, a
possibility strongly supported by data reported here
and previously."

Taken together, these findings provide compelling
evidence that captive conditions induce increased
uptake of dietary iron resulting in clinically significant
iron overloads. Such acquired hemochromatosis is
most probably an effect of conversion from natural-
browse based diets to manufactured pellets and domes-
tic forages, which may contain comparable amounts of
iron but lack many natural components (known and
unknown) of native browse such as tannins and phy-
tates that are capable of chelating iron into insoluble
less bioavailable complexes. This hypothesis is sup-
ported by the observation that hemosiderosis and high
iron analyte values commonly develop only in captive
black and Sumatran species, both of which are obligate
browsers, whereas rhinoceroses that are natural grazers
(African white and Asian greater one-horned) do not
have signs of iron overload when maintained in pro-
longed captivity."™"

Our study sought to investigate retrospectively the
potential influence of iron excess on the development
of congenital leukoencephalomalacia by examining
archival materials from affected calves and their close
relatives and comparing them to all available species of

rhinoceroses, captive and those free-ranging lifelong in
the wild. One shortcoming of these data was their
dependence on stored sera and tissue specimens that
were originally obtained at times often far removed
from periods of pregnancy when iron overload would
be capable of exerting toxic effects on the calves’ in
utero development. Nonetheless, maternal samples
from 1 dam (SB-328) with serum ferritin concentra-
tions in the 20,000 ng/ml range coincided closely
(approx 1 year) with the onset of gestation, and her
affected female calf (SB-460) had a high serum ferritin
concentration on the day of birth (14,590 ng/ml).
Because ferritins are multimeric macromolecules
(approx 440 kd, depending on iron content), transpla-
cental transfer of maternal ferritin seems unlikely. This
calf’s serum ferritin concentration decreased to 176
ng/ml by 3 weeks of age, indicating that the extremely
high concentration in the first sample most likely
reflected a fetal response to maternal iron overload.
This was supported by necropsy findings of this and 2
other affected females that died between 6 and 29
months of age that revealed no more histologic evi-
dence of generalized hemosiderosis than the progres-
sive iron accumulation found in unrelated rhinoceros-
es as a function of age or time in captivity. One male
sibling (SB-432), on the other hand, appeared to have
serum ferritin concentrations within reference range at
birth that then increased progressively with age. Born
only 3 months before a sample from his mother had a
serum ferritin concentration of 30,800 ng/ml, this male
calf had a day-of-birth serum ferritin concentration of
116 ng/ml, suggesting that it may have been less affect-
ed by the transplacental influences of maternal iron
excess.

Although it is widely accepted that serum ferritin
concentrations provide the most accurate indirect mea-
sure of body burdens of iron,** it should be men-
tioned that direct correlations hold true only within a
certain range and only in the absence of inflammation
and other stressful conditions in which ferritin
responds as an acute-phase inflammatory reactant.”
Because ferritin protein has a turnover rate of only a
few days,* its plasma concentration is limited by max-
imum synthetic rates, which in humans are sufficient
to maintain plasma concentrations up to approximate-
ly 4,000 to 5,000 ng/ml. The high concentrations mea-
sured in these rhinoceroses, therefore, almost certainly
include contributions from intracellular ferritin
released by concurrent cellular destruction, providing
biochemical corroboration of the tissue damage that
was often apparent histologically. As serum ferritin
concentrations extend into these higher ranges, quan-
titation also becomes less accurate, because sera must
be serially diluted as much as 1,000-fold or more, pos-
sibly accounting for some of the variability among
multiple assays for a given individual. Despite these
uncertainties, histopathologic findings confirmed close
correlations between serum ferritin assays and the
extent of tissue iron deposition, lending credence to
both.

By all methods of assessment (quantitative assays
of iron analytes in sera and tissue specimens and his-
tologic evaluation of total-body iron stores), these 2
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kindreds included individuals with the most profound
concentrations of iron overload yet found among any
rhinoceros species. Systemic hemosiderosis, the mor-
phologic hallmark of iron overload, was extreme in all
5 instances in which necropsy material from adults was
available for review. Fourteen of the 18 highest
(> 10,000 ng/ml) serum ferritin concentrations among
64 captive black rhinoceroses in the United States were
found in immediate relatives of the 4 affected calves.
Compared with reference range serum ferritin concen-
trations of approximately 100 to 200 ng/ml, the dams
in all 4 instances had high concentrations, ranging
from > 10,000 to > 30,000 ng/ml. Concentrations as
high as 70,000 to > 350,000 ng/ml were encountered
in some family members, fully 3 orders of magnitude
higher than in clinically normal control animals.

It should be mentioned that mean serum ferritin
concentrations in juvenile and adult captive black rhi-
noceroses were also increased 5 to 20 times above
those observed in free-ranging rhinoceroses, emphasiz-
ing the relation between time in captivity and magni-
tude of iron overloads (Table 1)."**

The appearance of congenital leukoencephaloma-
lacia only in female calves may be fortuitous, but many
other females in direct lineage also had remarkably
high body burdens of iron, whereas males appeared to
be less severely affected. In retrospect, a fifth calf (SB-
246), also female, was suspected of possibly having
had clinical signs of leukoencephalomalacia, but,
unfortunately, that calf died accidentally without a
comprehensive necropsy examination of the CNS. The
discovery of a trisomy-X karyotype in 1 of 2 affected
calves studied” further suggests an element of sex
influence. Possibilities of coincidence were further
diminished by examination of 3 male offspring of the
same parents, which were born with neither biochem-
ical nor histologic evidence of increased iron loads. If
this apparent sex disparity is real, it may be 1 of the fac-
tors influencing a reported male predominance in sur-
viving live births among captive black rhinoceroses."”

It should also be mentioned that a third of those
included in the leukoencephalomalacia genealogies
had histories of hemolytic episodes (Fig 1). Because
erythrocytes of black rhinoceroses are known to be
highly sensitive to oxidant-induced hemolysis,” this
adds credence to a postulate formulated independently
by Dennis' that hemosiderosis (ie, iron overload) may
be the cause, rather than the consequence, of hemolyt-
ic disease in captive black rhinoceroses.

Potential mechanisms by which iron overload may
play a role in the pathogenesis of leukoencephalomala-
cia remain speculative, but the established generation
of toxic hydroxyl free radicals by free iron in the pres-
ence of reactive oxygen species provides a logical path-
way.” Lipid components of cells and organelles are
particularly vulnerable to peroxidative damage, and
contributions of excess iron to a number of neurode-
generative disorders such as hereditary ataxia
(Friedreich’s ataxia) are currently a focus of intensive
investigation.™

Given the interdependence between copper and
iron metabolism,” we have preliminary data that indi-
cate that concurrent copper deficiency in some rhinoc-

eroses may provide an intriguing alternative explana-
tion, because copper is essential for proper myelina-
tion™ as well as for mobilization of iron from storage
sites in the reticuloendothelial system.”>”’

Whether iron excess is causally related to devel-
opment of leukoencephalomalacia in black rhinocer-
oses, the known deleterious effects of chronic iron
overload in animals and humans have prompted con-
sideration of potential preventative and therapeutic
strategies. These include reduction of endogenous
dietary iron or its bioavailability by dietary supple-
ments such as tannins and other components known
to bind iron into insoluble complexes. Therapeutic
intervention by pharmacologic agents cuerrently
available would be prohibitively expensive, but repet-
itive phlebotomies are likely to be at least effective,
especiallyin the juvenile and younger adult popula-
tions with lesser burdens of iron.

‘Diagnostics Kit No. 565, Sigma Diagnostics, St Louis, Mo.

*Kinsell MJ, Zoo Pathology Program,Loyola University Medical
Center, Maywood, IlI: Personal communication, March, 1999.

‘Foggin CM, Wildelife Unit,Centeral University Research
Laboratory,Harare,Zimbabwe: Personal communication, June,
1998.

‘Dennis PM, Department of Wildlife and Zoological Medicine,
University of Florida, College of Veterinary Medicine,Gainesille:
Personal communication, November, 1997.
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