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Abstract

Toxoplasma gondii, Neospora caninum, Sarcocystis neurona, andS. canisare related protozoans
that can cause mortality in many species of domestic and wild animals. Redegtindii andS.
neurona were recognized to cause encephalitis in marine mammals. As yet, there is no report of
natural exposure dfl. caninum in marine mammals. In the present study, antibodieE gondii
andN. caninum were assayed in sera of several species of marine mammal$. gandii, sera
were diluted 1:25, 1:50, and 1:500 and assayed itlyendii modified agglutination test (MAT).
Antibodies (MAT >1:25) toT. gondii were found in 89 of 115 (77%) dead, and 18 of 30 (60%)
apparently healthy sea otteEnhydralutris), 51 of 311 (16%) Pacific harbor seahpcavitulina),
19 of 45 (42%) sea liongZ@l ophus californianus), 5 of 32 (16%) ringed seal®foca hispida), 4 of
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8 (50%) bearded sealEr(gnathus barbatus), 1 of 9 (11.1%) spotted sealBi{oca largha), 138 of

141 (98%) Atlantic bottlenose dolphingufsiopstruncatus), and 3 of 53 (6%) walruse©¢lobenus
rosmarus). ForN. caninum, sera were diluted 1:40, 1:80, 1:160, and 1:320 and examined with the
Neospora agglutination test (NAT) using mouse-derived tachyzoites. NAT antibodies were found
in 3 of 53 (6%) walruses, 28 of 145 (19%) sea otters, 11 of 311 (3.5%) harbor seals, 1 of 27 (3.7%)
sea lions, 4 of 32 (12.5%) ringed seals, 1 of 8 (12.5%) bearded seals, and 43 of 47 (91%) bottlenose
dolphins. To our knowledge, this is the first reportbotaninumantibodies in any marine mammal,

and the first report of. gondii antibodies in walruses and in ringed, bearded, spotted, and ribbon
seals. Current information oh gondii-like and Sarcocystis-like infections in marine mammals is
reviewed. New cases of clinic8l canisandT. gondii infections are also reported in sea lions, and

T. gondii infection in an Antillean manatedi(chechus manatus manatus).

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Neospora caninum, Toxoplasma gondii, Sarcocystis neurona, andS. canis are related
protozoans that cause mortality in many species of domestic and wild anibnddsy and
Beattie, 1988; Dubey and Lindsay, 1996; Dubey and Speer, 1991; Dubey et al.).2001a
Until the recent discovery of. gondii as an important cause of encephalitis in sea otters
(Enhydra Iutris) (Thomas and Cole, 1996; Cole et al., 2000; Lindsay et al., 2000, 2001a
Miller et al., 2002a,lpthere were rare reports @f gondii-associated encephalitis in marine
mammals Table ). In some of these reports listed Tlable 1, it is uncertain whether.
gondii or related protozoa were the cause of disease. For example, a case of protozoal en-
cephalitis (not listed iMable J) in a Pacific harbor seaPfoca vitulina richardsi) thought
to be associated with. gondii (Gulland et al., 199/was recently found to be due to an
unknown protozoa distinct frorh. gondii, N. caninum, andS. neurona (Lapointe et al.,
2003.

More is known ofT. gondii infections in sea otters because the parasite has been isolated
from tissues of many naturally exposed sea otters and the serologic status has been verified
with bioassay dataJole et al., 2000Lindsay et al., 2001Miller et al., 2002a,l T. gondii
was isolated from brains or hearts from 15 of 67 (22.3%) sea otte@olgy et al. (2000)
and 24 of 75 (32%) biller et al. (2002b) Antibodies toT. gondii were reported in 56%
of 223 sea otterd\(iller et al., 2002

Toxoplasmosis has also been documented in Pacific harbor gaalBelt and Dietrich
(1973)first reported congenital toxoplasmosis in a 1-day-old seaMiidr et al. (2001b)
isolated viableT. gondii from a diseased seal. AntibodiesTogondii were found in 7.6%
of 380 Pacific harbor seals thyambourn et al. (2001)

Recently,S neurona has been documented to cause encephalitis in Pacific harbor seals
(Lapointe et al., 1998and sea ottersRosonke et al., 1999; Lindsay et al., 2000; Miller
et al., 2001y and concurrent infections with gondii andS. neurona have been found in
a sea otterl(indsay et al., 2000aand a Pacific harbor sedW{ller et al., 2001D. As yet,
there is no serologic survey f& neurona or N. caninum infections in marine mammals.



Table 1

Summary of reports of clinical toxoplasmosis in sea mammals

Species Source Remarks T. gondii demonstratet Reference
Histo TEM Imm Tach Cyst
Seals
Elephant sealNJirounga angustirostris)  Wild, California, USA Encephalitis Yes ND Yes No YesDubey etal. (2003)
Northern fur sealQallorhinusursinus) ~ Wild, California, USA Encephalitis Yes ND Yes Yes YesHolshuh etal. (1985)
Pacific harbor seal Wild, Cold Bay, AK, USA 1-day old, 11.5kg, hepatitis Yes ND ND Yes Yesvan Peltand Dietrich (1973)
(Phoca vitulina richardsi)
Sea lion (Zalophus californianus) Captive, zoo, Pennsylvania, USA 10-day old, disseminated Yes ND ND Yes Rataliffe and Worth (1951)
Dolphins
Atlantic bottlenosed Captive, California, USA Adult, myocarditis Yes ND ND Yes YesMigakietal. (1977)
(Tursiops truncatus)
Wild, Florida, USA One adult and her calf, disseminated Yes Yes Yes Yes Yeskeep etal (1990)
Wild, Florida, USA Young male, hepatitis, adrenalitis Yes Yes Yes Yes YeBruickshank et al. (1990)
Tuscany, Italy Two wild, adult Yes ND ND Yes No DiGuardo etal. (1995a,b)
Wild, USA 1 of 97 stranded adults Yes ND ND VYesYe® Schulman etal. (1997)
present study
Striped &enella coeruleoalba) Wild, Spain Lymphadenitis, encephalitis, 4 of 110Yes ND ND Yes No Domingo etal. (1992)
stranded animals
Wild, Tuscany, Italy Four wild adults, encephalitiswith Yes ND ND Yes No DiGuardo etal. (1995a)b
co-infection with morbillivirus
Indo-Pacific bottlenose Wild, Australia Late term fetus, myocarditis, Yes ND Yes Yes Yes Jardine and Dubey (2002)
(Tursiops truncatus aduncus) encephalitis
Spinner Genella longirostris) Wild, Hawaii, USA Adrenalitis Yes Yes ND Yes Yes Migakietal. (1977)
Riss0’s (Grampus griseus) Wild, Spain Adult and her fetus, disseminated Yes ND Yes Yes YdResendes etal. (2002b)
Wwild, Italy One adult Yes ND ND Yes No DiGuardo etal. (1995a)
Tucuxi (Sotalia fluviaatilis guinensis) Wild, Rio de Janeiro, Brazil 1 Adult, lymphadenitis Yes ND ND Yes YesBandoli and de Oliveira (1977)
West Indian manatee Wild, Florida, USA Encephalitis Yes Yes ND No YesBuergeltand Bonde (1983)
(Trichechus manatus)
Beluga whale Delphinapterus leucas) Wild, Que., Canada 6-month old, encephalitis Yes ND Yes Yes Yeadikaelian etal. (2000)
Wild, Spain 31 years old, disseminated Yes ND Yes Yes YebBe Guise etal. (1995);

Mikaelian et al. (2000)

2 Histo: histology, TEM: transmission electron microscopy, Imm: immunohistochemistry, Tach: tachyzoites, Cyst: tissue cysts, ND: no data.
b The stage of the parasite was not specified.
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N. caninumcan cause encephalitis in dogs, cattle, sheep, goats, deer, and horses. In addi-
tion, serologic evidence of natural exposure has been found in several species of domestic
and wild animals Qubey, 2003 The primary objective of the present study was to de-
termine the serum antibody prevalenceNbfcaninum andT. gondii in several species of
marine mammals. We also review information Brgondii, S neurona, andS canis-like
infections in marine mammals because these reports are scattered among many not easily
accessible scientific journals.

2. Materials and methods
2.1. Source of sera

2.1.1. Seaotters

2.1.1.1. Dead seaotters. Sea otters that died along the Pacific coast between 1992-2002
were submitted to the National Wildlife Health Center for necropsy. All California sea otters
(n = 100) found in good postmortem condition were submitted from 1992-1996, and 25%
of the fresh dead otters were submitted from 1997-2002. In addition, freshly dead sea otters
(n = 15) found along the Washington coast were also examinalol¢ 2. Carcasses were

Table 2
Prevalence of. gondii antibodies in marine mammals

Species Source No. No. % Positive No. with MAT titers of
tested positive (MAT >1:25)
1:25 1:50 >1:500

Sea ottersEnhydra lutris)

Dead California 100 82 82.0 10 32 40
Washington 15 7 47.0 1 2 4
Live Washington 30 18 60.0 0 3 15
Walruses Qbobenusrosmarus)  Alaska 53 3 5.6 2 1 0
Sea lions Zalophus Alaska 27 8 29.6 3 5 0
californianus)
California 18 11 61.1 3 6 2
Beluga whales[@elphinapterus  California 3 0 0 0 0 0
leucas)
Harbor sealsRhoca vitulina) Alaska 311 51 16.4 18 28 5
Ringed sealfhoca hispida) Alaska 32 5 15.6 2 3 0
Bearded seal&fignathus Alaska 8 4 50.0 1 3 0
barbatus)
Spotted sealsRhoca largha) Alaska 9 1 111 1 0 0
Ribbon sealsFhoca fasciata) Alaska 14 0 0 0 0 0
Dolphins (Tursiops truncatus) (A) California 94 91 96.8 9 76 6
(B)? Florida 47 47 100 3 34 10

aWild population from Sarasota.
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chilled or frozen, and shipped overnight to Madison, WI. Whole blood was collected from
the heart at necropsy, centrifuged, serum separated, and ster80 <E.

21.1.2. Liveseaotters. Fifteen live, clinically normal sea otters were captured between
Cape Alava and Destruction Island on Washington’s outer coast from August 3—11, 2001.
An additional 15 healthy sea otters were captured off the Washington coast in August
2002. Each otter was chemically immobilized while a blood sample was taken. Blood was
centrifuged, serum separated, and storeddft°C until analyses were conductetaple 2.

2.1.2. Sealions (Zalophus californianus), Atlantic bottlenose dolphins (Tursiops
truncatus) and beluga whal es (Del phinapterus leucas)

Serum samples were obtained from 16 January 1990 to 15 January 2002 from 94 dolphins
(group A), 22 California sea lions, and three belugas at the U.S. Navy Marine Mammal
Program (NMMP) in San Diego, CA.

Serum samples from 47 dolphins (group B) from Sarasota Bay, FL were obtained between
June 1992 and June 2003. These dolphins belonged to the Sarasota Dolphin Project, where
they conduct capture-release work with resident dolphins. The dolphins were from a few
years to 24 years old, and both sexes were represented.

2.1.3. Alaskan marine mammals

Blood samples were collected from 311 Pacific harbor s€atmg vitulina), 53 walruses
(Odobenus rosmarus), 32 ringed sealsRhoca hispida), 14 ribbon sealsRhoca fasciata),
27 sea lionsZalophus californianus), nine spotted seal®hoca largha) and eight bearded
seals Erignathus barbatus) in areas ranging from the coastal waters of Southeast Alaska
to the Bering Strait from 1976 to 1998. Sera were separated and frozen until the time of
testing.

2.2. Serologic testing for T. gondii

Sera were diluted 1:25, 1:50, and 1:500 and tested with the modified agglutination test
(MAT) as described bipubey and Desmonts (198 Bera from three sea lions from NMMP
were diluted two-fold and titrated to an end point. In addition, sera from these animals were
examined in parallel using formalin- and acetone-fixed antigens to differentiate between
acute versus chronic IgG antibodidh(lliez et al., 1985

2.3. Serologic testing for N. caninum

Sera were diluted two-fold starting at a 1:40 dilution, and tested witiNthe&aninum
agglutination test (NAT) as described Bypmand et al. (1998)

2.4. Clinicopathol ogic examinations
2.4.1. Sealions

In spring of 1993, three of four (Nos. 1-4) previously healthy NMMP California sea
lions housed together in coastal, open-ocean waters in Charleston, South Carolina were
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found to have swollen tonsils and raised, white cutaneous lesions located on the ventrum
and inferior flippers. On April 26, 1993, a 9-year-old, castrated male sea lion (No. 1) was
lethargic, anorexic, had a rectal temperature of 38.,2and a heart rate of 100-120. After

2 days, the trainers reported a change in voice and swollen tonsils. Beginning 29 April,
amoxicillin/clavulanate (5 mg/Ib) was given twice daily for 5 days; prednisolone (20 mg)
was also administered. The animal appeared to be gradually improving until May 3, when
it became reluctant to swallow and ceased vocalizing. Hematologic examination on May
5 indicated a mild hypochloremia (98 mEq/l) (population meah.5 SD. = 106-112),
low-serum iron (7&.g/dl) (population meatt 1.5 SD. = 81-175), mild-elevated transam-
inases (LDH 1053 U/l (population meanl.5 SD. = 401-855), ALT 143 U/l (population
meant 1.5SD. = 23-73), and GGT 247 U/l (population meanl.5 SD. = 25-111)),
moderate hypergammaglobulinemia (6.0 g/dl) (population medrb SD. = 2.7-59),

and lymphocytosis (1812 U/l) (population me#&nl.5 SD. = 620-1800). Serum protein
electrophoresis indicated that the hypergammaglobulinemia was due to a polyclonal gam-
mopathy.

On May 4, two additional castrated male sea lions (Nos. 2 and 3) housed in the same
open-ocean water pen were reluctant to swallow and were not vocalizing. Over the following
3 days (May 5-7), in addition to lethargy and anorexia, all three animals developed a
rash localized mostly to the ventrum and/or the interior surface of the flippers; the rash
involved raised, white skin lesions with an intermittent epidural collarette. At this time,
all three animals had a mild-to-moderate lymphocytosis, and two had a thrombocytopenia.
Amoxicillin/clavulanate treatment was reinitiated in sea lion No. 1 due to the severity of its
clinical signs. The signs were milder in the other two animals, so they did not receive any
antimicrobials. Sea lion No. 1 was unresponsive to animicrobial treatment and supportive
care, and its health continued to deteriorate until it died on May 16, 1993. Its tissues were
fixed for histopathologic examination. The other two animals completely recovered within
30 days of iliness onset.

The fourth sea lion (No. 4) housed with the above cases did not develop clinical signs.
This animal had been deployed out of South Carolina on March 23 and did not rejoin the
other three animals until 12 April.

In 1997, a captive 13-year-old dead female Californiasealion (No. 5) in a private exhibitin
Islamorada, FL was submitted to the University of Miami, School of Medicine for diagnosis.

A complete necropsy examination was performed on both sea lions. Samples of tissues
were fixed in 10% buffered neutral formalin. Paraffin-embedded sections were qutrat 5
thickness and examined microscopically after staining with hematoxylin and eosin (H&E).
Retrospectively, paraffin sections of tissues from both sea lions were submitted to the lab-
oratory of the first author (JPD) for immunohistochemical staining with polyclonal rabbit
antibodies against gondii, N. caninum andS. neurona as described.{ndsay and Dubey,

1989; Dubey and Hamir, 2000A piece of formalin-fixed liver from sea lion No. 5 was
processed for transmission electron microscopy.

2.4.2. Antillean manatee

Tissues from an adult Antillean manatdeithechus manatus manatus) were examined
at necropsy by Dr. G.D. Bossart as part of a study on causes of mortality of manatees
(Bossart, 199p
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This manatee had died many years ago in a fresh water reservoir in Georgetown, Guyana.
No other information was recorded.

2.4.3. Atlantic bottlenose dolphin

During an investigation on the mortality of stranded dolphBshulman et al. (1997)
recorded toxoplasmosis in 1 of 86 dolphins that had died in an epizootic of morbilli virus
infection. No other details were provided. Histologic sections from this dolphin (AFIP
case no. 2392939) were retrieved and reexamined. This dolphin of unknown sex and age
was euthanized in 1988, and no other information was recorded. There were no unstained
sections or paraffin blocks available for immunohistological examination.

3. Results
3.1. Serologic

Antibodies toT. gondii were found in all species of marine mammals tested except ribbon
seals and beluga whaleEaple 2.

The T. gondii antibody titer of the sea lion (No. 1) that died of histologically verified
toxoplasmosis (seBection 3.2.1was 1:51200, using both formalin and acetone-fiXed
gondii tachyzoites and the serum obtained on the day of deathl. Goadii antibody titer of
sealions No. 2 and 3 was 1:500. There was no serologic evidence of exposurel(iRBy
to T. gondii in the fourth sea lion, using sera obtained in July and November 1993[.The
gondii titers of two other sea lions with higher titers (1:3200 and 1:25600) in formalin-fixed
antigen were negative<(1:25) using the acetone-fixed antigen; the sera were obtained on
July 13, 1993. These 4 animals are not includedahle 2

N. caninum antibodies were found in 28 of 145 sea otters, 3 of 53 walruses, 1 of 27 sea
lions, 11 of 311 harbor seals, 4 of 32 ringed seals, 1 of 8 bearded seals and 43 of 47 dolphins
(Table 3. TheN. caninum antibody titers of three walruses were 1:400, 1:200, and 1:200.
Two of these animals were seronegativeTogondii and one had a titer of 1:50.

3.2. Histologic
3.2.1. Sealion

3.2.1.1. T. gondii infection. The main lesions were seen in the heart, liver, intestine, and
lung of sea lion No.1. Lesions in the heart consisted of multiple small foci of inflammatory
cells, primarily mononuclear cells in the myocardium, endocardium and epicardium with
more severe reaction in endocardiurny;, 1A). Numerous tachyzoites were present in the
myocardial valves. These tachyzoites stained poorly with hematoxylin but were more easily
recognized in sections stainedTgxoplasmaantibody fig. 1B and §. Inthe large intestine,

there was a diffuse mixed inflammatory infiltrate in the muscularis, submucosa, and lamina
propria with occasional clusters of protozoa. In the liver, there was central congestion with
multiple foci of necrosis and a mixed inflammatory filtrate in the sinusoids and periportal
regions. Pigment-laden macrophages were frequent in the sinusoids but protozoa were
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Table 3
Prevalence olN. caninum antibodies in sera of marine mammals

Species Source Tested No.of % Positive No. with MAT titers
positives (>1:40)

1:40 1:80 1:160 1:320

Sea ottersEnhydra lutris) Californiaand 115 17 14.8 7 6 2 2
(dead) Washington

Sea otters (live) Washington 30 11 36.7 7 1 3 0

Walruses Qbobenus Alaska 53 3 5.6 0 0o 2 1
rosmarus)

Sea lions Zalophus Alaska 27 1 3.7 1 0O o0 0

californianus)

Harbor sealsRhoca vitulina)  Alaska 331 11 35 7 3 0 1

Ringed sealsRhoca hispida)  Alaska 32 4 125 3 1 0 0

Bearded seals Alaska 8 1 0 1 0o o 0
(Erignathus barbatus)

Spotted sealdihoca largha) Alaska 9 0 0 0 0O O 0

Ribbon sealsRhoca fasciata) Alaska 14 0 0 0 0O O 0

Dolphins (B) (Tursiops Florida 47 43 91.4 15 23 3 2

truncatus)

not visible. The pulmonic lesions consisted of interstitial pneumonia, subacute, diffuse,
and with moderate type Il pneumocyte hyperplasia. Only a few tachyzoites were seen in
alveolar lumen. Protozoa stained positively with ahtgondii, but not withS. neurona and

N. caninum antibodies.

3.2.1.2. S canisinfection. The liver of sea lion No. 5 had moderate random parenchy-
mal inflammation and hepatocellular coagulative necrosis. The inflammatory cell infil-
trate consisted of degenerative leukocytes, mainly neutrodFids 2A). There was also
mild-multifocal portal fibrosis. Protozoa were seen within hepatocytes and among inflam-
matory cells. Immature schizonts with uninucledtg( 2B) nucleus divided into many

lobes Fig. 20), and mature schizonts were identified. Merozoites were formed internally
or peripherally Fig. 2D). Occasionally, an eosinophilic residual body was located centrally

in schizonts Fig. 2D). Free merozoites were approximately® x 1 um in size fig. 2B).

The protozoa did not stain with anfi-gondii, N. caninum, and S. neurona antibodies.
Ultrastructurally, the protozoa were located directly in the cytoplasm of hepatocytes and
macrophages without a parasitophorous vacuole. The merozoites contained a conoid, mi-
cronemes, but no rhoptries. The changes seen in lymph nodes, brain, lungs, kidneys and
spleen were consistent with disseminated intravascular coagulopathy.

3.2.2. T. gondii infection in Antillean manatee

The main lesion was non-suppurative myocarditis characterized by multifocal areas of
myocardial necrosis, and infiltration of mononuclear cdtig(3A). Individual and groups
of T. gondii tachyzoites were seen in lesiordd. 3B and §. Tissues were not available
for further studies, but according to Bossart (personal communication to Ruth Ewing), the
organisms had reacted Togondii polyclonal serum and were ultrastructurally consistent
with the morphology of tachyzoites af gondii.
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Fig. 1. Lesions and. gondii tachyzoites in the myocardium of a sea lion (H&E). (A) Severe mononuclear cell
infiltration and a group of. gondii (arrow). (B) Focal necrosis and a group of individual tachyzoites (arrows). (C)
Two groups (arrows) of organisms, not associated with lesion.

3.2.3. T. gondii-like infection in Atlantic bottlenose dolphin

Lesions associated with protozoal infection were confined to the adrenal glands. Ran-
domly within the adrenal cortex and extending into the medulla, there were small areas
of tissue architecture loss and replacement of normal cells by necrotic [Eglsl). Few
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Fig. 2. Sarcocystis canis-associated hepatitis in a sea lion. (A) Focal necrosis (arrow). (B) Uninucleate (arrow)
organism in a hepatocyte. (C) Schizont with a multilobed nucleus (arrow), all nuclear lobes are connected. (D)
Schizont with merozoites (arrowheads) budding at the periphery. (E) Individual merozoites (arrows) (H&E; bar
in A =20pm, bar in B-E=10pm).
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Fig. 3. Lesions and. gondii tachyzoites in the myocardium of an Antillean manatee (H&E). (A) Mononuclear
cellinfiltration. (B, C) Groups of tachyzoites (arrows).
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Fig. 4. Focus of necrosis and inflammation (arrow) in the adrenal of a dolphin (AFIP case 2392939)(H&E).

surrounding cells had pyknotic or karyolitic nuclei and loss of cellular detail. Admixed with,
and often times peripheral to these foci were varying numbers of histiocytes, neutrophils
and lymphocytes, necrotic cellular debris, hemorrhage, and edema fluid. Occasionally, usu-
ally on the periphery of the areas of inflammation and necrosis, but also in areas free of
inflammation, there were numerous protozoal groups measuripgn3@ 15um in diam-

eter, and containing numerous elongated zoitég. GA and B. The tissue cyst wall was

not clear and some groups stained too intensely to discern structural deiilSH). Also
associated with the areas of inflammation were abundant free elongated tachyzoites, which
stained darkly eosinophilic and contained a centrally located basophilic nucleus. Sections
of paraffin embedded tissue or formalin-fixed archival tissue was not available for additional
light microscopic interpretation or confirmation of the diagnosis.

4. Discussion and review of protozoal encephalitisin marine mammals
4.1. T. gondii infections
4.1.1. Serology

In the present studyl. gondii antibodies were found in 77% of dead and 60% of live
sea otters. This seroprevalence rate is much higher than reported previdillstyet al.



J.P. Dubey et al./ \eterinary Parasitology 116 (2003) 275-296 287

Fig. 5.T. gondii-like organisms in the adrenal of the dolphin showRiig. 4. (A) Note several individual tachyzoites
(arrowheads) and a faintly stained group (arrow). (B) Two darkly stained tissue cyst-like groups (arrows) (H&E).

(2002a,b reportedT. gondii antibodies in 42% of 116 live and 62% of 107 dead sea otters
in one study Killer et al., 2002a) In another study they fouril gondii antibodies in 61%

of 77 dead and 36% of 80 live sea otters from California, 38% of 21 live sea otters from
Washington and 0% of 65 sea otters from AlaskBller et al., 2002h. These differences

may be related in part to different serologic tests, threshold values, and source of sea otters
used. Therefore, it is necessary to discuss methods surveliéat. et al. (2002a,pused

an indirect fluorescent antibody test (IFAT) at a threshold value of 1:320 to detelinine
gondii antibodies in sea otterbliller et al. (2002b)evaluated the diagnostic efficiency of
IFAT for the diagnosis off. gondii infection in 77 dead sea otters by comparing serology
and demonstration of the parasite in tissues by immunohistochemistry and by isolation of
the parasite in cell culturd. gondii was demonstrable in 20 of 27 sea otters with IFAT
titers of 1:320 or higher, in one of five animals with a titer of 1:160, and in none of the 24
sea otters with an IFAT titer 0£1:80. Thus, they conservatively chose a diagnostic titer of
1:320 for IFAT.

One disadvantage of the IFAT is that its specificity depends on the species-specific con-
jugate needed in the test, for whibdiller et al. (2002a)used anti-ferret conjugate. In the
present study, a direct modified agglutination test (MAT) was used instead of IFAT. The
MAT is simple to perform, the antigen is stable for months a€4and the test works
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for all species of mammals and birds infected witlgondii. Although the specificity and
sensitivity of MAT have not been evaluated for the diagnosis of toxoplasmosis in marine
mammals, it is the most evaluated and specific test for the diagnosis of toxoplasmosis in
animals, particularly pig&fubey et al., 1995, 2002; Dubey, 199The threshold value of
1:25 used for MAT is based on experience with thousands of sera from many naturally- and
experimentally infected species of animals (J. P. Dubey, unpublished). In our opinion, a 1:25
titer in the MAT is specific foiT. gondii, although,T. gondii has been isolated occasionally
from animals with MAT titers lower than 1:2%{bey et al., 1995, 2002Hemolysis of
sera is not a major problem for detectionTofgondii antibodies with MAT using a 1:25
dilution of serum and using the mouse-derived tachyzoites, contrary to the experience of
Miller et al. (2002b) Unfortunately, the only known cases of seropositivity by MAT and
demonstration of. gondii in a naturally infected marine animal is in a whale that had a
low-MAT titer of 1:25 and had demonstrable gondii in tissues Klikaelian et al., 2000
seeTable ) and the sea lion in the present study.

For serologic surveys even lower titers should not be ignored unless the serologic tests
have been extensively evaluated. Although the studyilbier et al. (2002b)is commend-
able, cell cultures and immunohistochemistry are very insensitive methods to detect low
levels ofT. gondii infections in subclinically infected animals. Less than 5 g of total brain
tissue was used for their study. The lack of isolatiom.ofondii from 14 attempts using
untrypsinized brainNliller et al., 2002 indicates thaifl. gondii is unevenly distributed
in brain tissue of sea otters. One should also take into consideration that the sea otters
selected for isolation were dead and possibly diseased. Therefore they may have a higher
concentration of parasites than in apparently healthy but infected animals. For example, in
naturally exposed pigs, the densityfgondii may be as low as 1 tissue cyst in 100 g of
tissue, which is not likely to be detected by histology, by bioassay in mice, or by cell culture.
In one study, hearts of 1000 naturally exposed pigs were bioassayed in 10,000 mice and
183 hearts were bioassayed additionally in caitgondii was not detectable by bioassay
in mice inoculated with a pepsin-digest of 100 g of hearts from each of 62 pigs that were
shown to be infected by bioassay in cafabey et al., 1996 Bioassay in mice is much
more sensitive than detection by bioassay in cell culture for isolatidngdndii (Abbas,
1967).

In the present study, antibodiesTogondii were found in ringed, bearded, spotted and
ribbon seals, and walruses for the first time. As mentioned earlier, Mgdndii antibodies
had been previously reported in 7.6% of 38 Pacific harbor skealsljourn et al., 2001
Additionally, there were reports @t gondii antibodies in four other marine mammals.
Guardo et al. (1995keported 1gG antibodies in a striped dolphin and a Risso’s dolphin
from ltaly. Riemann et al. (1974pund an indirect hemagglutination test titer of 1:64 in a
captive sea lion in USAMikaelian et al. (2000)eported MATT. gondii antibodies in 6 of
27 beluga whales from Canada.

4.1.2. Clinical toxoplasmosis
4.1.2.1. Sealions. Inthe present study, we report the death of an adult NMMP California

sea lion fromT. gondii infection. In sea lion No. 1, diagnosis was confirmed immunohis-
tochemically as well as by serologic examination. This animal had a very high antibody
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titer in both formalin- and acetone-fixed antigens indicative of acute infection. Two other
animals housed with this sea lion developed only low antibody titers. While all three sea
lions developed similar clinical signs within a short time period, conclusive diagnosis was
made only in the animals that died. As paired serum samples were not submitted on the
same day, active infection could not be confirmed or ruled out via serum antibody titers. As
such, another primary etiology (e.g. a viral infection), leading to immunosuppression and
reactivation of a latenk gondii infection in the animals that died, cannot be ruled out. If this
was a common source outbreak of toxoplasmosis in the sea lions, exposugertdii was

more likely to have occurred in the environment. At NMMP all animals are fed controlled,
fresh frozen, thawed fish, decreasing the likelihood of foodborne exposure. Animals are
housed, however, in open-ocean, coastal water enclosures, and it is not uncommon to find
stray cats along the coastline.

There are two previous reports of fatal generalized toxoplasmosis in sea lions kept in
captivity. The first case was a 10-day-old aninRh{cliffe and Worth, 1951born in a
Philadelphia zoo and the other was an adult kept for thermoregulation studies. Both of these
previous cases would have had ample opportunities to be infected’wgtmdii oocysts
shed by cats in their immediate environment. Moreover, the adult sea lion had been kept in
a fresh water pool.

4.1.2.2. Seals. Seals are related to sea lions and both are pinnip&asPelt and Dietrich
(1973)described toxoplasmosis-like hepatitis in a newborn seal (1-h old). The animal also
had concurrent staphyloccal sepeticemia. Numerous protozoa, considered. igobdii
tachyzoites and tissue cysts were present in hepatic lesions. The diagnosis was based solely
on examination of sections stained with hematoxylin and eosin. In the opinion of the primary
author, this case resembles ieanis-like hepatitis (se&ection 4.4

Holshuh et al. (1985)eported disseminated toxoplasmosis in an 18-year-old fur seal
found stranded on a California coast. The animal died 1 month after capture. Diagnosis was
confirmed immunohistochemically. In retrospect, it is uncertain if the animal was infected
before capture or became infected in captivity.

Gulland et al. (1997jnentioned a case of toxoplasmosis in a Pacific harbor seal. From
1990-1995, 700 live seal pups were stranded on a California coast and transported to a Ma-
rine Mammal Center where 379 died after various times in captivity. Of these, 162 animals
were studied histologically. Of those examined, 74 had lesions in adrenal glands suggestive
of herpes virus infection, and all of them had marked lymphoid atrophy in thymus, spleen,
and lymph nodes. Among these 74 animals was a case of protozoal meningoencephalitis.
Based on detailed serologic and immunohistologic investigation, this case was not due to
T. gondii (Lapointe et al., 2003 The parasite in this seal did not react withgondii, N.
caninum, andS. neurona antibodies. The seal had flogondii antibodies, and the parasite
was structurally distinct from any known apicomplexan (for details, .sgminte et al.,

2003.

4.1.2.3. Dolphins. All cases ofT. gondii-like illness summarized ifable 1were in
free-range stranded dolphins except the case reportddrdine and Dubey (2002)n
all cases, toxoplasmosis occurred in young animals or in those animals considered to be
in an immunosuppressed state. There are four reports of toxoplasmosis in newborns and
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their mothersinskeep et al. (1990escribed disseminated toxoplasmosis in a strafided
truncatus and her calf. Both animals died within 36 h of capture. The age of the calf was
unknown but the animal was considered to be nursing. Lactation is known to aggravate
latent toxoplasmosidubey and Beattie, 1988and may have accounted for more severe
lesions in the motheCruickshank et al. (199@)escribed generalized toxoplasmosis in an
immature dolphin. Both dolphins reportedlmgkeep et al. (1990)ad lesions and numerous

T. gondii in adrenal glands suggesting immunosuppression probably due to morbillivirus
infection.

Jardine and Dubey (2002¢ported the first case of confirmed congenital toxoplasmosis
in a dead fetus born to a captive dolphin that became infected in capRésendes et al.
(2002b)documented generalized toxoplasmosis in a dolphin and her fetus; no cause for
immunosuppression was found.

Toxoplasmosis was diagnosed in 7 of 62 cetaceans stranded off the coast ilitaly (
Guardo et al., 1995a)b4 of 58 dolphins in Spaindjomingo et al., 1992 and 1 of 742
dolphins in USA Gchulman et al., 1997all of these cases are considered to be in animals
suffering from morbillivirus infection. Therefore, prevalence of clinitagondii infection
in normal dolphin population is unknowReidarson et al. (1998pund aT. gondii-like
organism in 1 of 18 common dolphinB€lphinus del phis) stranded on the California coast.

A single tissue cyst measuring 1afn in diameter and containing many 281 x 1 um
organisms was thought to Begondii. However, in the opinion of the primary author, the
tissue cyst was too large to Begondii. Tissue cysts of. gondii in histologic sections of
brain are smaller than j0m in diameter Dubey and Beattie, 1938We were unable to
trace material from this dolphin in records of AFIP to verify diagnosis.

The parasite in the Atlantic bottlenose dolphin tBahulman et al. (199#gported and
restudied in the present report resembliegbndii but diagnosis could not be confirmed be-
cause no sections were available for immunohistochemistry. The tissue cyst-like structures
seen in this animal were not typical fgondii.

4.1.2.4. Sea otters.  Southern sea otters of California are listed as a threatened species
under the Endangered Species Act in the United States. There are at least three distinct
geographically separated, established “colonies” off the coasts of California, Washington,
and Alaska with minimal, if any, intermixing among groupéilier et al., 20026. The role

of T. gondii as the primary cause of mortality in sea otters has not been established but is
under investigationThomas and Cole, 1996; Cole et al., 2000; Miller et al., 200Cble

et al. (2000)isolatedT. gondii from 15 of 67 selected sea otters. Two of these animals
had severe encephalitis suggestingondii was the cause of iliness. In the remaining 13
animals proven to be infected with gondii, lesions were mild and may not have been
the cause of deathindsay et al. (2001ajescribed toxoplasmic encephalitis in a sea otter
from Washington state witfi. gondii demonstrated in lesions, but this animal also had a
concurrent infection witls neurona and the lesions associated wmeurona were more
extensive than those associated wilitlgondii (Lindsay et al., 200JaMiller et al. (2002b)
isolatedT. gondii from the brains of 24 sea otters and detected itimmunohistochemically in
13 out of 77 selected dead sea otters in California. The protozoa that reactdd geitilii
antibodies did not react with neurona antibodies but it is unclear if these animals were not
concurrently infected witls. neurona (Miller et al., 2002h. AlthoughMiller et al. (2002b)
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identified T. gondii immunohistochemically in 13 of 77 dead sea otters, it was not stated
if T. gondii was responsible for encephalitis. Thus, there is little information at present
concerning the role of. gondii as a cause of mortality in sea otters.

4.1.2.5. Whales. Ofthree belugawhalesincludedinthe present study, none had antibodies
to T. gondii. As stated inTable 1, toxoplasmosis was diagnosed in two beluga whales from
the St. Lawrence Estuary, Que., Canada. In both cases, evidence for morbilli virus or other
infections was not found\Jikaelian et al., 200D

4.1.2.6. Manatees. Manatees are large marine mammals that prefer warm wakers.
gondii tissue cysts were found in sections of brain of an animal that had mild lesions
in the brain Buergelt and Bonde, 1983} is uncertain ifT. gondii was the cause of death
because tachyzoites were not seen.

The case reported in the present study differs from the case report@ddrgelt and
Bonde (1983who found only tissue cysts, probably an incidental finding, whereas in the
present animal. gondii was the cause of the myocarditis. In addition, the present case was
from an Antillean manatee from the Caribbean whereas the previously published case was
in a West Indian manatee from Florida.

4.1.3. Sources of T. gondii infection in marine mammals

The ingestion of oocysts in contaminated food or water and the ingestidrgohdii-
infected tissues are the two main sources of postdatgindii infection. The mechanism
of T. gondii infection in marine mammals is most intriguing because most feed on fish or
invertebrates, cold-blooded animals, or they are exclusively herbivorous, thus ingestion of
T. gondii-infected meat is unlikely. Felids are the only known hosts that can excrete en-
vironmentally resistant oocysts. Cats can excrete millions of oocysts, and there are >100
million cats in the United StateMiller et al. (2002a)presented evidence that land-based
surface runoff was of significant risk far. gondii infection in sea otters, so it is possi-
ble thatT. gondii oocysts could be washed into the sea via runoff contaminated by cat
excrement. The role of marine invertebrates in the life cyclé&. @ondii is unknown.T.
gondii oocysts are extremely resistant to environmental influences and therefore likely to
survive in the sea. Although gondii oocysts were mentioned Bihomas and Cole (1996)
to have sporulated in seawater, there is a need to study the surviVayaridii oocysts
in seawater and marine invertebrat&€sgondii does not parasitize any cold-blooded an-
imals. However, mollusks can filter large quantities of water and may thus concentrate
microbes from the water. Experimentallygondii oocysts have been concentrated by mol-
lusks (Lindsay et al., 2001pb Sea otters feed on a variety of invertebrates and may thus
become infected if oocysts were concentrated by these transport hosts. Indian manatees
are completely herbivores and feed on aquatic plaBtergelt and Bonde (1983ug-
gested that the Indian manatee might have become infected by ingesting oocysts washed
in with sewage because manatees are warm-water animals and they inhabit coastal areas
that are highly urbanized; however, walruses are cold-water animals that live away from
urban areas.

T. gondii infection of dolphins is even more intriguing because they drink little or
no water and their nutritional requirements are derived from fish, squid, or other cold-
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blooded sea animals they consume. The findind.ajondii antibodies in 100% of the
wild Atlantic bottlenose dolphins from Sarasota in the present study needs further
investigation.

4.2. S neurona infections

4.2.1. Seaotters

Thomas and Cole (1996irst associated protozoa with encephalitis in sea otters and
suggested a protozoa different frofm gondii may be involved Rosonke et al. (1999)
first reportedS. neurona in histologic sections of brain of a captive sea otter housed in a
public aquarium in Oregomindsay et al. (2000, 2001andMiller et al. (2001a)solatedS.
neuronain cell cultures inoculated with neural tissue of two different encephalitic free-range
sea otters from California; these isolates were found to be molecularly identicaBwith
neurona isolates obtained from horsebli(ler et al., 2001a; Rosenthal et al., 2005,
neurona was considered the primary cause of encephalitis in both of these sea otters with
provenS. neurona infection.

The epidemiology ofs. neurona infections in sea otters is as intriguing as it is with
gondii. OpossumsDidel phisvirginiana) are the only known definitive host f& neurona
in the US Pubey et al., 2001 However, sarcocysts & neuronawere found in a sea otter
suggesting that there might be another definitive host that ingests marine mamuoizgy (
et al., 2001p. Unlike T. gondii, opossums excrete low numbers of sporocysts/oocysts but
can do it for many months whereas cats excrete large numbers of oocysts but for only
1-2 weeks. Based on limited dagneurona sporocysts are less environmentally resistant
thanT. gondii oocysts. For exampld, gondii oocysts have survived for 54 months &t
(Dubey, 1998, whereasS neurona was rendered non-infective after 18 months stored at
4°C (JPD, unpublished).

4.2.2. Pacific harbor seals

Lapointe et al. (1998jirst reportedS. neurona-associated encephalitis in free-range
Pacific harbor seals from California, aMlller et al. (2001b)isolated viableS. neurona
from the brain and cerebrospinal fluid of an encephalitic seal in California. They found that
the S neurona isolated from the seal was molecularly similarSoneurona from horses
(Miller et al., 2001b.

4.3. N. caninum infections

The finding ofN. caninum antibodies in sea otters, walruses, and dolphins in the present
study is intriguing because unlikie gondii andS. neurona, the only known definitive host
(dogs) forN. caninumexcretes relatively few oocyst8ICAllister etal., 1998; Gondim et al.,
20032. FurthermoreN. caninum oocysts have been found only in two naturally infected
dogs and in both cases there were less than 100,000 oocysts pi&sssd €t al., 2001;
Slapeta et al., 2002

Miller et al. (2001b)also reported &. caninum titer of 1:160 in serum from an en-
cephalitic Pacific harbor seal that had demonstr&bieurona in encephalitic lesions and
was also co-infected with. gondii. The seal serum had a 1:18i@ospora IFAT titer, which
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is considered to be below their cutoff value determined specific for their IKANTef et al.,
20018B.

For the presentl. caninum survey, sera were tested with tNeospora agglutination test
(NAT). Although the specificity and sensitivity of NAT has not been verified in naturally
infected animals (and this may not be possible because of the difficulty of isoftozg-
inumfrom naturally-infected tissues), no cross-reactivity has been found in experimentally
infected animalsRomand et al., 1998Cross-reactivity was not found betwe&rgondii
andN. caninum in sera from walruses. Results of the present study suggest marine mam-
mals have been exposedNocaninum. The titer that should be considered specificNor
caninum has not been determined. Therefore, all titers are presentadia 3 Even NAT
titers of 1:25 are considered specific fdrcaninum infection in cattle Dubey, 2003.

4.4. Sarcocystis canis and other unidentified infections

S canisis related td5. neurona. However, its sarcocysts, oocysts, and definitive hosts are
unknown Pubey and Speer, 199Congenital infections have been reported in d@ggiey
and Speer, 1991It can cause severe hepatitis in grizzly and black bears, chinchillas, dogs,
horses, and marine mammals, and infections have been diagnosed in the US and Spain. Fatal
hepatitis was diagnosed in a sea lidiefse et al., 1992 a Hawaiian monk sealantis
et al., 2003, and a striped dolphirResendes et al., 20028 he present sea lion case was
from a different exhibit than the case reported\bgnse et al. (1992)n both instances, the
initial diagnosis was toxoplasmosis. The case of hepatitis in a newborn seal described by
Van Pelt and Dietrich (1973)s toxoplasmosis was probal8ycanis based on lesions and
description of the parasite.

Currently there is no specific immunohistochemical test to diagBasmis because the
parasite has yet to be cultivated in the laboratory. Howevaanis does not react witls.
neurona, T. gondii andN. caninum antibodies. In both sea lions, protozoa were confined to
the liver. Although mature schizonts &fcanismay be confused witlh. gondii tissue stages,
finding immature schizonts can differentiate these proto2aaanis should be considered
in the diagnosis of. gondii-like infections.
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