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Abstract

A field study addressing causes of mortality in freshly dead northern elephant seals (Mirounga angustirostris, Gill, 1866) was
conducted on San Miguel Island, California, in February 2015. Necropsies were performed on |8 pups ranging in age from
stillbirths to approximately 7 to 8 weeks. The primary gross diagnoses in these pups included trauma, myopathy, starvation/
emaciation, infections, congenital anomalies, and perinatal mortality. However, 6 (33%) had a previously unrecognized myo-
pathy characterized by multiple white streaks that were most obvious within the inner layer of the abdominal wall and the
small innermost ventral intercostal muscles. Following histological examination, 2 more pups from San Miguel Island and 6
pups from The Marine Mammal Center (Sausalito, California) were found to have similar lesions. Histologically, the lesions
within the skeletal muscles were characterized by a multifocal polyphasic, mild to severe, acute to subacute necrotizing
myopathy with mineralization. Acute necrosis and degeneration characterized by pyknotic nuclei, eosinophilic cytoplasm and
cytoplasmic vacuolization were found in smooth muscle myocytes within the urinary bladder and digestive system. Degen-
eration of myocytes was present in the tunica media of a few small- to medium-sized vessels and was characterized by a
vacuolar degeneration and occasionally necrosis. This condition has been termed multifocal necrotizing myopathy. A cause of

this myopathy was not identified.
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Elephant seals are the most massive pinnipeds in the world.'®'

There are 2 species in the genus Mirounga (Gray, 1927): the
northern elephant seal, Mirounga angustirostris (Gill, 1866),
and the southern elephant seal, Mirounga leonina (Linnaecus,
1758). Northern elephant seals occupy rookeries along the
western coast of North America from mid-Baja California,
Mexico, to central California and undergo 2 annual pelagic
migrations to forage in the North Pacific as far north as the
Aleutian Islands of Alaska.>*°

Northern elephant seals were presumed extinct by 1892
primarily due to commercial harvesting that began in the early
1800s to obtain blubber for rendering into oil. A small, residual
breeding colony survived on Isla de Guadalupe, Baja Califor-
nia, Mexico, and grew rapidly through the early 1900s with
legal protection from further hunting. The northern elephant
seal population is currently estimated to be 210,000 to
239,000 animals; approximately 179,000 animals are found
on California rookeries.’*** At least 10 northern elephant seal
rookeries are located in California, the largest being on San
Miguel Island, which is the most northwestern of the 8 Channel

Islands of Southern California within the Channel Islands
National Park. In addition to northern elephant seals, 5 species
of pinnipeds currently occupy the island: California sea lions
(Zalophus californianus), northern fur seals (Callorhinus
ursinus), harbor seals (Phoca vitulina), Steller sea lions
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(Eumetopias jubatus), and Guadalupe fur seals (4Arctocephalus
townsendi). California sea lions, harbor seals, northern ele-
phant seals, and northern fur seals have viable breeding popu-
lations there. Guadalupe fur seal females have come to the
island in low numbers in recent years and given birth; thus,
they may be recolonizing their breeding sites on San Miguel
Island where they did historically.'* Steller sea lions occa-
sionally visit the island but do not currently breed on San
Miguel Island.

Northern elephant seals recolonized San Miguel Island in
the 1950s. Their population on San Miguel Island is estimated
to be approximately 62,000 animals based on counts through
2010. The number of pups born on San Miguel Island alone
accounts for approximately 40% of all elephant seal pups born
in California. The population of northern elephant seals on
San Miguel Island is currently increasing.’'*?°>? Despite
extensive studies addressing ecology and dynamics of north-
ern elephant seal populations, little information on causes of
mortality in pups inhabiting rookeries has been published.
The initial purpose of this study was to investigate general
causes of mortality in northern elephant seals on rookeries on
San Miguel Island, California. However, this article addresses
a previously unrecognized condition affecting pups character-
ized grossly by multiple white streaks in the abdominal and
intercostal muscles and histologically by an acute to subacute
necrotizing myopathy. This condition has been called multi-
focal necrotizing myopathy (MNM), denoting the gross and
histological lesions observed.

Materials and Methods

This study was conducted during a 1-week period in February
2015, at 4 rookeries on San Miguel Island (34°02'N and
120°23'W): West Cove, North West Cove, Adams Cove, and
Judith Cove. Each morning, freshly dead pups were collected
from the rookeries, dragged approximately 30 to 50 m from the
rookery, and necropsied using standard procedures.?’

Pups were assigned to 1 of 4 age categories: stillbirths,
neonates, and black-coated or silver-coated pups. Age estima-
tion of pups was based on aeration within the lungs, meconium
in the rectum, fresh or dried umbilicus, and color of pelage with
degree of molt. Stillbirths had no or only minimally aerated
lungs, fresh umbilicus, and meconium filling the rectum. Neo-
nates (birth to 24 hours of age) had fully aerated lungs, fresh
umbilicus, and meconium in the rectum. Black-coated pups had
fully aerated lungs, dried umbilicus, no meconium in the rec-
tum, and a black pelage. Ages of black-coated pups were from
2 days to approximately 4 to 5 weeks. Pups are usually weaned
around 28 to 30 days; therefore, some of the black-coated pups
were weaned and some were not. Following weaning, pups stay
on the rookery for approximately 2 months. Black-coated pups
begin to moult between 3 and 4 weeks of age, and the black
coat is replaced with silver-gray pelage within a couple of
weeks. Silver-coated pups are weaned and have a shiny silver
pelage and are usually older than 6 weeks.*! Body condition of
pups was scored by midsternal blubber thickness and assigned

to 1 of 4 body condition categories: excellent (>15 mm of
sternal blubber), good (10-15 mm), poor (5-9 mm), and ema-
ciated/starving (<5 mm).?

Tissues from all major organs were collected during
necropsy, placed in individual 1-gallon plastic Zip-Loc bags,
and taken to a small field laboratory for further processing.
Selected tissues were preserved in 10% neutral buffered for-
malin, and fresh tissues were frozen for ancillary diagnostic
studies. Fixed tissues were processed routinely and stained with
hematoxylin and eosin. Special stains, including Brown-Hopps
modified Gram, Gomori’s methenamine-silver, von Kossa,
Luna, and Masson’s trichrome, and immunohistochemistry
(IHC) for macrophages (CD18) and for muscle/satellite cells
(desmin) were performed on selected tissues.?® Selected tissues
from 10 pups (skeletal muscle, heart, diaphragm, adrenal gland,
kidney, pancreas, and urinary bladder) were immunohisto-
chemically labeled for Epstein-Barr virus using a rabbit mono-
clonal antibody (Epstein-Barr Virus [MRQ-47]; Cell Marque,
Rocklin, CA, USA; Sigma-Aldrich, St. Louis, MO, USA) and
Refined Red Detection (Leica, Buffalo Grove, IL, USA) with
an automated stainer. This immunohistochemical method was
used because it was previously reported to detect gammaher-
pesvirus in northern elephant seal pups.'® Tissues from 8 pups
analyzed with this immunohistochemistry procedure were col-
lected from pups inhabiting San Miguel Island. Tissues from 2
pups from Afio Nuevo State Reserve, California, were used as
negative controls because this myopathy had not been observed
in pups from this rookery.*

Following histological examination, selected formalin-fixed
tissues (skeletal muscle and urinary bladder) from 2 affected
animals were further fixed in 2% (v/v) glutaraldehyde in 0.1 M
sodium cacodylate and postfixed in osmium tetroxide. Samples
were embedded in Poly/Bed812 (Polysciences, Warrington,
PA). Sections (1 pm thick) were cut and stained with toluidine
blue for initial light microscopic examination and to locate
areas of interest for ultrastructural evaluation. Thin sections
(60—80 nm) were cut from selected areas and stained with
uranyl acetate and lead citrate and evaluated using a JEOL
JEM 1200EX transmission electron microscope (JEOL USA,
Inc., Peabody, MA, USA).

Five pieces of fresh-frozen skeletal muscle from 3 affected
elephant seal pups from San Miguel Island were submitted to
the Wyoming Diagnostic Laboratory, Laramie, for examina-
tion using negative staining electron microscopy. Submitted
tissues were ground with sand and water in a mortar and
pestle, clarified by centrifugation at 3440 x g for 20 minutes,
and pelleted by centrifugation at 39,700 x g for 1 hour. The
resulting pellet was resuspended in 1% phosphotungstic acid
stain and viewed on a Hitachi H-7650 transmission electron
microscope (Hitachi High Technologies America, Clarksburg,
MD).

Liver concentration levels of vitamin E, mercury, and sele-
nium were determined in 11 of 18 pups from San Miguel Island
using routine methods at the Colorado State University Veter-
inary Diagnostic Laboratory, College of Veterinary Medicine,
Fort Collins, as follows. Liver vitamin E was determined using
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a Waters (Milford, MA, USA) Model 2695 HPLC following
extraction with hexane. Vitamin E (wet weight) was detected
with a fluorescence detector, excitation wavelength of 295 nm
and emission wavelength of 325 nm. Tissue selenium (dry
weight) was determined using a Varian (Mulgrave, Victoria,
Australia) 1275 atomic absorption spectrophotometer with
hydride generation and detected at 196 nm. Tissue mercury
(wet weight) was determined with a cold vapor technique using
a Varian 1275 atomic absorption spectrophotometer at 254 nm.
The Paleontological Statistics Software was used for statistical
analysis of the results obtained.'” Nonparametric Mann-
Whitney test (U) was used to compare differences in average
vitamin E, selenium, and mercury levels in northern elephant
seal pups with and without gross evidence of MNM.'”

In addition to the pups examined from San Miguel Island, 21
northern elephant seal pups between 3 and 4 months of age
rescued by The Marine Mammal Center (TMMC), Sausalito,
California, between 2010-2012 and 2014-2016 were included
in this study. These pups were necropsied at TMMC. Similar
formalin-fixed tissues as examined from the pups collected
from San Miguel Island were processed histologically and
examined by one of the authors (T.R.S.).

Results

Characterization of the Myopathy

In this field investigation, 18 freshly dead pups (11 females
and 7 males) were found on rookeries of San Miguel Island
and necropsied. Body condition of these pups varied from
excellent to emaciation. The gross lesions were categorized
as blunt trauma, emaciation, infections (gross lesions sugges-
tive of an infectious agent), perinatal mortality (stillbirths and
neonates), congenital anomalies, and a novel myopathy. Most
pups in all body condition scores had multiple gross and his-
tological lesions.

Six of these 18 pups (33%) had gross lesions characterized
by multiple white streaks that were most obvious within the
muscles of the abdominal wall (Musculus rectus abdominis and
M. transversus abdominis) and the thoracic wall (M. intercos-
talis externus and M. transversus thoracis) (Fig. 1).2! On gross
examination, limb muscles appeared to be mildly affected, but
diaphragm and neck muscles appeared to be spared.

Histologically, the lesions within the skeletal muscles were
characterized by a multifocal polyphasic, mild to severe, acute
to subacute necrotizing granulomatous myopathy with or with-
out mineralization (Fig. 2). In many areas, the basal lamina and
satellite cells were still intact; in other areas, the satellite cells
had undergone hyperplasia. In other regions, satellite cells were
necrotic (Fig. 3a,b). There was mild evidence of regeneration.
Small areas of myopathy also could be found in other muscles,
even ocular and laryngeal muscles, but were most severe in
skeletal muscles within the abdominal and thoracic walls. A
few small foci of necrosis with mineralization were present in
the ventricular and atrial walls of the heart and in the dia-
phragm in 4 pups (Figs. 4, 5) but not necessarily in the same

pup. These lesions were slightly more severe in the atria com-
pared to the ventricles. Occasionally, necrosis of Purkinje cells
of the heart was present.

Mild acute necrosis and degeneration were present in
smooth muscle bundles of the urinary bladder and, to a lesser
degree, in the muscular tunics of the digestive system. The
lesions within smooth muscle myocytes were characterized
by pyknotic nuclei, eosinophilic cytoplasm, and mild to mod-
erate vacuolar degeneration of the cytoplasm (Fig. 6). A few
small- to medium-sized vessels in areas affected by skeletal
muscle necrosis had mild vacuolar degeneration of the myo-
cytes in the tunica media and necrosis of endothelial cells (Fig.
7). Other histological lesions present in affected pups included
small focal randomly distributed areas of necrosis in the adre-
nal cortex and pancreas, as well as small foci of fibrosis within
skeletal muscle (Table 1).

Following histological examination of these 18 pups, 2 pups
that did not have gross lesions within skeletal muscles were
found to have similar but smaller histological lesions of a
necrotizing granulomatous myopathy, making a total of 8
(44%) pups from San Miguel Island with lesions of myopathy.

The Brown-Hopps modified Gram stain and Gomori’s
methenamine-silver stain did not demonstrate any bacteria or
fungi within the lesions. Van Kossa stain confirmed the pres-
ence of extensive mineralization. Masson’s trichrome stain
confirmed a few small areas of fibrosis in pups from TMMC.
THC for CD18 and desmin confirmed the presence of macro-
phages and muscle satellite cells, respectively. THC for
Epstein-Barr virus was positive in the kidney tubules, acinar
cells of the pancreas, and skeletal muscle myocytes in pups
from San Miguel Island, including those affected and unaf-
fected by MNM. THC for Epstein-Barr virus was also positive
within the renal tubules and acinar cells of the pancreas from
pups from Afio Nuevo State Reserve, where no evidence of
MNM was found in 2012, but all skeletal muscles slides from
these pups were negative.

Skeletal muscle and urinary bladder samples from 2 affected
northern elephant seal pups (1 from San Miguel Island and 1
from TMMC) were evaluated using electron microscopy. Sim-
ilar lesions as described with the hematoxylin-eosin tissue
slides were present in the skeletal and smooth muscle myo-
cytes. An etiological agent could not be confirmed using elec-
tron microscopy.

The average vitamin E, selenium, and mercury levels in the
6 pups from San Miguel Island with gross lesions of MNM
compared to 5 pups from San Miguel Island without gross or
histological lesions of MNM (used as controls) were not sig-
nificantly different (Table 2). Normal reference values for vita-
min E, selenium, and mercury concentrations in northern
elephant seal pups could not be found in the literature.
Reported levels in the liver of other pinnipeds are selenium
levels of 5 to 7 ppm in adult northern fur seals, 2 to 7 ppm in
adult ringed seals, and 0.5 to 5.0 ppm in adult harbor seals, as
well as mercury levels of 8 to 12 ppm in adult northern fur
seals, 2 to 5 ppm in adult ringed seals, and <0.1 to 15 ppm in
adult harbor seals.*** The values for selenium and mercury in
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Figure |. Myopathy, peritoneal surface of the abdominal wall, northern elephant seal pup. Note the numerous white streaks within the thin
inner abdominal muscle (I). The outer abdominal wall (O) has mild white streaking (arrow). The blubber layer (B), kidney (K), and liver (L) show
no gross lesions. Figures 2-3. Necrotizing myopathy, abdominal wall, northern elephant seal pup. Figure 2. There is extensive necrosis (N) of
myocytes within the inner abdominal wall (I) and relative sparing of the outer abdominal wall (O). Hematoxylin-eosin (HE). Figure 3. (a) There
is severe subacute necrosis of myocytes with mineralization (thin arrow), infiltration of macrophages (arrowhead), and proliferation of satellite
cells (thick arrow). (b) Subacute degeneration and loss of sarcomere architecture are present in several skeletal muscle fibers (D) compared to
near-normal architecture of 2 adjacent fibers (N). A |-pm-thick section, toluidine blue. Bar = 25 um. Figure 4. Necrotizing myopathy, heart
(left ventricle), northern elephant seal pup. The myocardium contains a region of necrosis with extensive mineralization (M) of myocytes. HE.
Figure 5. Necrotizing myopathy, diaphragm, northern elephant seal pup. There is a small region of necrosis with mineralization (M) of
myocytes. HE.
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Figure 6. Necrosis and degeneration, urinary bladder, northern elephant seal pup. Smooth muscle myocytes have acute vacuolar degeneration
(D) and necrosis (N) with pyknotic nuclei and eosinophilic cytoplasm (arrows). Hematoxylin-eosin (HE). Figure 7. Vasculopathy, heart,
northern elephant seal pup. A blood vessel has vacuolar degeneration (D) and necrotic endothelial cells (thin arrow), and there are necrotic
myocytes (thick arrows) in the adjacent myocardium. Normal (N) and necrotic Purkinje cells (arrowhead) are adjacent to the vessel. HE.

Table I. Histological Lesions Found in 39 Northern Elephant Seal Pups From San Miguel Island and The Marine Mammal Center (TMMC).?

No. of Pups With the Lesions

Specific Lesions San Miguel Island (2016)  TMMC (2010-2012)  TMMC (2014)  TMMC (2015)

TMMC (2016)

Number of pups examined | I
Skeletal muscle, myopathy
Diaphragm, myopathy
Heart, myopathy

Skeletal muscle, fibrosis
Bladder, myopathy

Adrenal cortex, necrosis

w h O DM DMoOO
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|
|
0
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*Most of the pups had 2 or more histological lesions.

Table 2. Sex, Body Condition, Gross Lesions, Vitamin A (Liver, Wet Weight), Vitamin E (Liver, Wet Weight), Selenium (Liver, Dry Weight),

and Mercury (Liver, Wet Weight) Concentrations in || Northern Elephant Seal Pups From San Miguel Island.

Case No. Sex Body Condition Gross Lesions Vitamin E, ppm Selenium, ppm Mercury, ppm
I M P MNM 7.09 2.30 2.73
2 F G MNM, trauma 8.56 3.49 0.98
3 M Ex MNM 10.80 2.57 1.61
4 F Ex MNM, trauma 12.70 8.80 0.23
5 F Ex MNM, trauma 16.30 3.38 0.50
6 F Ex MNM 14.40 3.78 1.09
Average level in pups with MNM (n = 6) 11.64 4.05 1.12
7 M Ex Renal dysplasia 17.90 6.29 3.12
8 M Em Starvation 4.15 2.79 3.57
9 M P Navel ill, trauma 2.98 327 2.57
10 M P Stillbirth 4.56 2.66 0.55
I F Ex Trauma 18.40 7.74 0.66
Average level in pu  ps without MNM (n = 5) 9.44 4.55 1.38

Abbreviations: Em, emaciation; Ex, excellent; F, female; G, good; M, male; MNM, multifocal necrotizing myopathy; P, poor.
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the northern elephant seal pups were not statistically different
from levels reported in northern fur seals, ringed seals, and
harbor seals.

Consideration of the Causes of Death

Of the 6 pups with gross lesions of MNM, the body condition
was excellent in 4, good in 1 and emaciated in 1. The emaciated
pup had extensive gross and histological lesions of MNM, as
well as the typical histological lesions commonly found in
emaciated/starved pups; this pup may have never nursed. For
3 of the 5 pups with excellent or good body condition, the
immediate cause of death was blunt-force trauma resulting in
multiple fractures of the liver and hemoabdomen in 2 pups and
hemothorax in the other. The other 2 pups in excellent body
condition only had gross and histological lesions of MNM, and
other potential causes of death were not found. The 2 pups from
San Miguel Island that had no gross lesions of MNM (only
histological lesions) were in excellent body condition, and the
immediate cause of death was blunt-force trauma to the abdo-
men causing multiple fractures of the liver and hemoabdomen.

One female pup that had extensive gross lesions of MNM on
gross necropsy had been found alive and observed for 2 days
prior to death. She was bright and alert but only moved about 10
m each night, which is an extremely short distance for a pup of
her age. Her tracks in the sand were abnormal and not symme-
trical as seen in normal healthy pups of similar size and age.

The finding of trauma as a cause of death in 6 of the 8 pups
(75%) with lesions of MNM and the clinical signs in the 1 pup
observed alive suggest that this myopathy might affect mobility
and reduce the ability of affected pups to escape from subadult
and adult seals. Trauma to these pups usually comes in 3 dif-
ferent forms. The first and most common involves subadult
male elephant males trying to breed pups, causing severe blunt
trauma to the chest and abdomen. The second involves aggres-
sive females occasionally biting and throwing pups that are not
theirs. Finally, pups are sometimes trampled by moving or
fighting territorial bulls.

Four of the pups from San Miguel Island had small regions
of myocardial necrosis with mineralization, and 1 pup had mild
necrosis of a few Purkinje cells that might have had an impact
on heart function or resulted in arrhythmias. These myocardial
lesions were not as severe as described in California sea lions
with domoic acid toxicity.>*® The finding of severe myopathy
in 2 pups that were in excellent body condition with no other
lesions suggests that MNM may be fatal.

Additional Cases From TMMC

An additional 21 northern elephant seal pups from TMMC
were examined. All were extremely emaciated, and the cause
of death was attributed to malnutrition/starvation. The rook-
eries of origin of these pups were not known and could have
included any of those from Baja California, Mexico, to central
California. Gross lesions in the skeletal muscles were not
observed in any of these pups. Histological evidence of MNM

was identified in 0 of 10 pups from 2010 to 2012, 1 of 3 pups in
2014, 5 of 5 pups from 2015, and 1 of 3 pups from 2016
(Table 1). The case from March 2014 had mild multifocal
necrotizing myopathy. Four cases from 2015 had small lesions
of chronic-active necrotizing myopathy, and 1 had small
regions of skeletal muscle fibrosis suggestive of healed areas
of myopathy. The case from March 2016 had a few small areas
of fibrosis within the abdominal muscles. We speculate that
pups with mild MNM might have had difficulty in swimming
and diving that interfered with feeding, which may have been
the reason for stranding of some pups examined from TMMC.

Discussion

The myopathy described in this field study of northern elephant
seal pups had gross and histological lesions similar to white
muscle disease or nutritional myopathy caused by a dietary
deficiency of selenium and vitamin E in young calves, lambs,
foals, and swine.>® However, other possible causes for this
condition should be considered and include marine biotoxins,
protozoa, bacteria, or viruses.

Vitamin E and selenium liver concentrations in the pups
with MNM were not significantly different from pups that did
not have MNM. The selenium levels in these pups were similar
to levels reported in other pinnipeds.*** It has been established
that vitamins are transferred to newborn pups via the milk.'*"?
The vitamin E and selenium levels in the stillborn northern
elephant seal examined in this study were lower than in the
older pups but do confirm that vitamin E and selenium are
transferred to the fetus to some degree. Evidence for a nutri-
tional cause of MNM was not found in this investigation.

Mercury concentrations were not significantly different in
pups with and without MNM (Table 2). Similarly, the mercury
levels in these northern elephant seal pups were not signifi-
cantly different from levels reported in other pinnipeds.***

A suspected nutritional myopathy has been reported in a
yearling captive-born California sea lion."* This sea lion had
gross lesions similar to the elephant seal pups but in a somewhat
different distribution: the forelimb muscles and most intercostal
muscles were heavily affected, but the inner abdominal wall was
not. The suspected cause was vitamin E deficiency because the
diet had not been supplemented with vitamin E. However, a
definitive diagnosis could not be made."

A diffuse muscular degeneration has been reported in 3 captive
harbor seals.>* The histological lesions were similar to the lesions
in the elephant seal pups, but there were some differences. First,
the significant gross muscular lesions were in the temporal mus-
cles; tongue; psoas; pectoral, intercostal, and thigh muscles; and
ventricular walls of the heart, whereas the gross distribution of the
lesions in elephant seal pups was the inner abdominal wall and
the small ventral intercostal muscles. Lesions were not found in
the tongue in any of the affected northern elephant seal pups. In
addition, the harbor seals were yearlings that had been in captivity
for 2 months, not free-ranging pups less than several weeks old.
The cause of this myopathy in harbor seals was suspected to be a
vitamin E—deficient diet but was not verified.**
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A similar myopathy characterized by multifocal necrosis of
skeletal muscle was reported in northern fur seal pups on the
Pribilof Islands, Alaska, in 1990. This myopathy resulted in
extremely high preweaned pup mortality on specific rook-
eries.”® It was suggested that the lesions could have been
caused by a biotoxin reaching the pups transplacentally,
through the mother’s milk, or perhaps absorbed through their
flippers. The gross and histological lesions in this condition in
northern fur seals were similar to those in these northern ele-
phant seals, but their distribution was different: those in the
northern fur seal pups were most severe in the pectoral muscles,
neck muscles, diaphragm, intercostal muscles, and the heart.
The cause of the myopathy in these northern fur seals pups was
not determined.

A condition in adult California sea lions with similar
gross and histological lesions has been described and
reported to be a suspected autoimmune condition associated
with Sarcocystis neurona.”® The MNM in northern elephant
seal pups is not thought to be associated with a Sarcocystis
sp. for 2 reasons. First, the Sarcocystis infection in Califor-
nia sea lions was reported in adult animals, not in pups on
rookeries. Second, Sarcocystis was not found in nearly 300
histological sections, including electron microscopy and
special stains of skeletal muscle.

A gammabherpesvirus has been reported in 3- to 4-month-old
silver-coated northern elephant seal pups from TMMC. This
condition was reported to be nonfatal but was associated with
grossly visible ulcerations of the mouth, tongue, hard palate,
and tonsil."” These lesions were not observed in any of the
northern elephant seal pups with MNM from San Miguel
Island. A novel gammaherpesvirus has been isolated from the
vagina in apparently healthy northern fur seals and California
sea lions living sympatric with the northern elephant seal pups
on San Miguel Island examined in this study.'! This novel
gammaherpesvirus (named otariine herpesvirus 4) is reported
to be closely related to the herpesvirus (otariine herpesvirus 1)
associated with the urogenital carcinomas of California sea
lions.'" Using an immunohistochemical staining protocol for
Epstein-Barr virus, which was reported to have shown positive
staining for the gammaherpesvirus in northern elephant seals
from TMMC,'® showed positive staining in elephant seal pups
seals with and without MNM from San Miguel Island and from
elephant seal pups from Afio Nuevo, where evidence of MNM
was not found. Thus, we consider these results to suggest the
presence of a gammaherpesvirus that is not associated with
MNM and is presumably not the cause of this condition in
northern elephant seal pups; alternately, this could be an arti-
fact with this particular IHC protocol in elephant seal tissues.

An otariine herpesvirus-3 has been isolated from stranded
California sea lions that also are sympatric with the affected
elephant seal pups on San Miguel Island, but the histological
findings associated with this viral infection were reported to be
lymphomas and esophageal ulcers.>” These lesions were not
found in the northern elephant seal pups in this study.

It has been reported that domoic acid toxicity can cause
skeletal muscle lesions in brown pelicans (Pelecanus

occidentalis) and Brant’s cormorants (Phalacrocorax penicil-
latus), but the lesions described in these birds were character-
ized by acute necrosis with hemorrhage and not a necrotizing
granulomatous myopathy as seen in the elephant seals.>”
Domoic acid toxicity has been shown to cross the placenta and
cause premature births in California sea lions; therefore, it
might be considered a cause of this myopathy in elephant seals.
However, the lesions described in premature California sea lion
pups included cerebral edema, systemic and localized inflam-
mation caused by bacteria of amniotic origin, and placental
abruption.'® The 2 fetuses examined in this study did not have
these lesions, including the brain edema. A marine biotoxin is
a possible cause of this myopathy but probably not domoic
acid because the feeding habits of northern elephant seals
differ from those of California sea lions. Elephant seal adult
females feed on mesopelagic prey far offshore in extremely
deep waters.” In contrast, domoic acid toxicosis is observed
annually in California sea lions that feed on epipelagic forage
fishes in the coastal portions of the California Current Eco-
system where the phytoplankton (Pseudo-nitzschia sp.)
blooms that produce domoic acid occur.® Evidence of convul-
sions in subadult and adult animals in either California sea
lions or northern elephant seals was not observed during this
study, nor were there an abnormal number of elephant seal
abortions or premature births.

The cause of MNM is not known. We speculate that this
novel myopathy may be caused by ingestion of a biotoxin
acquired through the milk, through the placenta, or both.
An infectious agent was not identified in this study but
remains possible.

The epidemiology and significance of MNM in the northern
elephant seal population are not known. Finding 8 of 18 pups
(44%) with this condition on San Miguel Island during 1 week
of investigation does suggest that this disease was widespread
on the rookeries of San Miguel Island in 2015. This condition
could possibly have an impact on population dynamics. North-
ern elephant seal pups on San Miguel Island have not been
previously examined at necropsy; thus, historical data describ-
ing this condition are not available. Approximately 600 to 700
California sea lion pups have been necropsied on San Miguel
Island over the past 25 years, but evidence of a similar condi-
tion has not been observed in these pups (DeLong and Spraker,
unpublished data). Necropsy of 21 northern elephant seal pups
from the Afio Nuevo State Reserve, California, in February
2012 also did not demonstrate any evidence of this condition.*
Twenty-one northern elephant seal pups were necropsied on
San Benitos Island, Baja California, in 2006, and lesions sim-
ilar to MNM were not reported.”” In addition, review of 21
necropsy cases of northern elephant seal pups from TMMC did
not reveal any evidence of MNM in 10 cases examined histo-
logically from 2010 to 2012, but mild active lesions were pres-
ent in 1 of 3 pups in 2014, 4 of 5 pups in 2015, and none in
2016. Approximately 4000 northern elephant seals have been
rescued by TMMC in the past 25 or so years, and many of the
pups that died were examined grossly and histologically; how-
ever, MNM has not been reported in these cases.'® Multifocal
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necrotizing myopathy has not been described in literature
addressing causes of mortality in northern elephant seals of any
ages.”'%?%3 This suggests that MNM could be an emerging
disease that might negatively affect the elephant seal popula-
tion. Thus, further studies addressing the etiology and epide-
miology of MNM between different northern elephant seal
populations are necessary for clarification of the significance
of this disease.

Acknowledgements

This project was conducted under the National Marine Mammal
Laboratory permit, MMPA Research Permit 16087-02. We thank
Todd Bass, Ana Mario Benavides, and Joe McDowell for the histolo-
gical sections and special staining of formalin fixed tissues. We
appreciate the technical assistance done by Jennifer Palmer and Carol
Moeller for the transmission electron microscopy photographs. We
also thank Megan Dillon for the negative staining electron microscopy
examination. We appreciate the time Dr. Norman F. Cheville took to
examine the electron microphotographs for the possible presence of
viral agents. We are thankful for the advice given to us in regard to the
histological lesions by Dr. Tawfik Aboellail. We thank Barbie Halaska
for helping with the necropsies of the northern elephant seal pups in
2016 at TMMC, as well as Iskra Majewski for photographic format-
ting and labeling. We also thank the reviewers and editors with Veter-
inary Pathology for their many helpful comments.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: The authors
received private financial support for the research. Publication of this
article was supported by the Colorado State University Diagnostic
Medical Center, College of Veterinary Medicine and Biomedical
Sciences, Fort Collins.

ORCID iD

Terry R. Spraker (& http://orcid.org/0000-0002-6717-2937

References

1. Alexander JW, Johnson B. Nutritional myopathy (white muscle disease) in a
California sea lion (Zalophus californianus). Intern Assoc Aquatic Anim Med.
1978;56:2186-2193.

2. Antonelis GA, Lowry MS, Fiscus CH, et al. Diet of the northern elephant seal.
In: Le Boeuf BJ, Laws RM, eds. Elephant Seals: Population Ecology, Behavior,
and Physiology. Berkeley: University of California Press; 1994:211-223.

3. Bartholomew GA, Hubbs CL. Population growth and seasonal movements of
the northern elephant sea, Mirounga angustirostris. Mammalia. 1960;24:
313-324.

4. Becker PR, Mackey EA, Schanyz MM, et al. Concentrations of Chlorinated
Hydrocarbons, Heavy Metals and Other Elements in Tissues Banked by the
Alaska Marine Mammal Tissues Archival Project. National Institute of Stan-
dards and Technology, Study MMS 95-0036. Washington, DC: US Department
of Commerce; 1995:28-32.

5. Beckmen KB, Lowenstine LJ, Newman J, et al. Clinical and pathological char-
acterization of northern elephant seal skin disease. J Wildl Dis. 1997;33(3):
438-449.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

217.

28.

. Bejarano AC, Van Dola FM, Gulland FMD, et al. Production and toxicity of the

marine biotoxin domoic acid and its effects on wildlife: a review. Hum Ecol Risk
Assess. 2008;14:544-567.

. Carlson-Bremer D. The Epidemiology Coccidian Parasites in California Sea

Lions (Zalophus californianus). Davis CA: University of California Davis, [PhD
dissertation]. 2011.

. Carlson-Bremer DP, Gulland FMD, Johnson CK, et al. Diagnosis and treatment

of Sarcocystis neurona—induced myositis in a free-ranging California sea lion.
J Am Vet Med Assoc. 2012;240(3):324-328.

. Citino SB, Montali RJ, Bush M, et al. Nutritional myopathy in a captive Cali-

fornia sea lion. J Am Vet Med Assoc. 1985;187(11):1232—1233.

Colegrove KM, Greig DJ, Gulland FMD. Causes of live stranding’s of northern
elephant seals (Mirounga angustirostris) and Pacific harbor seals (Phoca vitu-
lina) along the central California coast, 1992-2001. Aquat Mammal. 2005;1:
1-10.

. Cortes-Hinojosa G, Gulland FMD, DeLong RL, et al. A novel gammaherpes-

virus in northern fur seals (Callorhinus ursinus) is closely related to the Cali-
fornia sea lion (Zalophus californianus) carcinoma-associated otarine
herpesvirus-1. J Wild Dis. 2016;52(1):88-95.

Debier C, Crocker DE, Houser DS, et al. Differential changes of fat-soluble
vitamins and pollutants during lactation in northern elephant seal mother-pup
pairs. Comp Biochem Physiol A Mol Integr Physiol. 2012; 162(4):323-330.
Debier C, Ylitalo GM, Weise M, et al. PCBs and DDT in the serum of juvenile
California sea lions: associated with vitamins A and E and thyroid hormones.
Environ Pollut. 2005;134(2):323-332.

DeLong RL, Melin SR. Thirty years of pinniped research at San Miguel Island.
In: Brown D, Mitchell K, Chaney H, eds. The Fifth California Islands Sympo-
sium. Washington, DC: US Department of the Interior Minerals Management
Service, Pacific OCS Region; 2000:401-406.

Goldstein T, Lowenstine LJ, Lipscomb TP, et al. Infection with a novel gam-
maherpesvirus in northern elephant seals (Mirounga angustirostris) J Wildl Dis.
2006;42(4):830-835.

Goldstein T, Zabka TS, DeLong RL, et al. The role of domoic acid in abortion
and premature parturition of California sea lions (Zalophus californianus) on
San Miguel Island, California. J Wildl Dis. 2009;45(1):91-108.

Hammer @, Harper DAT, Ryan PD. PAST: paleontological statistics software
package for education and data analysis. Paleontol Electron. 2001;4(1):9.
King JE. Seals of the World. 2nd ed. Ithaca, NY: Cornell University Press; 1983.
Le Boeuf BJ, Laws RM. Elephant seals: an introduction to the genus. In: Le
Boeuf BJ, Laws RM, eds. Elephant Seals: Population Ecology, Behavior, and
Physiology. Berkeley: University of California Press; 1994:1-27.

Lowry MS, Condit R, Hatfield B, et al. Abundance, distribution, and population
growth of the northern elephant seal (Mirounga angustirostris) in the United
States from 1991 to 2010. Aquat Mammal. 2014;40(1):20-31.

Miller ME, Christensen GC, Evans HE. Myology. In: Miller ME, Christensen GC,
Evans HE, eds. Anatomy of the Dog. Philadelphia, PA: Saunders; 1964:178-187.
Morejohn CV, Briggs KT. Post-mortem studies of northern elephant seals pups.
J Zoolog. 1973;171:67-717.

Prophet EB, Mills B, Arrington JB, et al; Armed Forces Institute of Pathology.
Laboratory Methods in Histotechnology. Washington, DC: American Registry
of Pathology;1994:53-57, 197, 221-226.

Puls R. Minerals Levels in Animals Health. 2nd ed. Clearbrook, Canada: Sherpa
International; 1995:345.

. Salogni E, Sanvito S, Galimberti F. Post mortem examination and causes of

death in northern elephant seals (Mirounga angustirostris) pups of the San
Benito Islands, Baja California, Mexico. Mar Mam Sci. 2016;32:743-752.
Silvagni PA, Lowenstine LJ, Spraker TR, et al. Pathology of domoic acid
toxicity in California sea lions (Zalophus californianus). Vet Pathol. 2005;
42(2):184-191.

Spraker TR. Basic necropsy procedures. In: McCurnin DM, ed. Clinical Text-
book for the Animal Health Technician. London, UK: Saunders; 1985:
4702-4816.

Spraker TR, Landers M. Causes of mortality in northern fur seals, St. Paul
Island, Alaska. J Wildl Dis. 2010;46(2):450-473.


http://orcid.org/0000-0002-6717-2937
http://orcid.org/0000-0002-6717-2937
http://orcid.org/0000-0002-6717-2937

Spraker et al

151

29.

30.

31.

32.

33.

Spraker TR, Lyons ET, Kuzmina TA, et al. Causes of death in pre-
weaned northern elephant seals (Mirounga angustirostris, Gill, 1866),
Afo Nuevo State Reserve, California, 2012. J Vet Diagnost Invest.
2014;26(2):1-7.

Stewart BS, DeLong RL. Double migrations of the northern elephant seal,
Mirounga angustirostris. J Mammal. 1995;76(1):196-206.

Stewart BS, Huber HR. Mammalian species. Mirounga angustirostris. Am Soc
Mammologists. 1993;449:1-10.

Stewart BS, Yochem PK, Huber HR, et al. History and present status of the
northern elephant seal population. In: Le Boeuf BJ, Laws RM, eds. Elephant
Seals: Population Ecology, Behavior, and Physiology. Berkeley: University of
California Press; 1994:29-48.

Stroud RK, Roffe TJ. Causes of death in marine mammals stranded alone the
Oregon coast. J Wildl Dis. 1979;15(1):91-97.

34.

35.

36.

37.

38.

Wilson TM. Diffuse muscular degeneration in captive harbor seals. J Am Vet
Med Assoc. 1972;161(6):608-610.

Work TM, Barr B, Beale AM, et al. Epidemiology of domoic acid poisoning in
brown pelicans (Pelecanus occidentalis) and Brant’s cormorants (Phalacro-
corax penicillatus) in California. Assoc Zoo Vet. 1993;24(1):54-62.

Van Vleet JF, Valentine BA. Muscles and tendons. In Maxie MG, ed. Jubb,
Kennedy and Palmer’s Pathology of Domestic Animals. 5th ed. London, UK:
Saunders Elsevier; 2007:236-242.

Venn-Watson S, Benham C, Gulland FMD, et al. Clinical relevance of novel
otarine herpesvirus-3 in California sea lions (Zalophus californianus):
lymphoma, esophageal ulcers, and strandings. Vet Res. 2012;43:85-96.

Zabka TS, Goldstein T, Cross C, et al. Characterization of a degenerative
cardiomyopathy associated with domoic acid toxicity in California sea lions
(Zalophus californianus). Vet Pathol. 2009;46(1):105-119.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


