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Abstract

Cetacean morbillivirus (CeMV) is a major natural cause of morbidity and mortality in ceta-
ceans worldwide and results in epidemic and endemic fatalities. The pathogenesis of CeMV
has not been fully elucidated, and questions remain regarding tissue tropism and the mech-
anisms of immunosuppression. We compared the histopathologic and viral immunohisto-
chemical features in molecularly confirmed CeMV-infected Guiana dolphins (Sotalia
guianensis) from the Southwestern Atlantic (Brazil) and striped dolphins (Stenella coeru-
leoalba) and bottlenose dolphins (Tursiops truncatus) from the Northeast-Central Atlantic
(Canary Islands, Spain) and the Western Mediterranean Sea (ltaly). Major emphasis was
placed on the central nervous system (CNS), including neuroanatomical distribution of
lesions, and the lymphoid system and lung were also examined. Eleven Guiana dolphins,
13 striped dolphins, and 3 bottlenose dolphins were selected by defined criteria. CeMV
infections showed a remarkable neurotropism in striped dolphins and bottlenose dolphins,
while this was a rare feature in CeMV-infected Guiana dolphins. Neuroanatomical distribu-
tion of lesions in dolphins stranded in the Canary Islands revealed a consistent involvement
of the cerebrum, thalamus, and cerebellum, followed by caudal brainstem and spinal cord.
In most cases, Guiana dolphins had more severe lung lesions. The lymphoid system was
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involved in all three species, with consistent lymphoid depletion. Multinucleate giant cells/
syncytia and characteristic viral inclusion bodies were variably observed in these organs.
Overall, there was widespread lymphohistiocytic, epithelial, and neuronal/neuroglial viral
antigen immunolabeling with some individual, host species, and CeMV strain differences.
Preexisting and opportunistic infections were common, particularly endoparasitism, followed
by bacterial, fungal, and viral infections. These results contribute to understanding CeMV
infections in susceptible cetacean hosts in relation to factors such as CeMV strains and geo-
graphic locations, thereby establishing the basis for future neuro- and immunopathological
comparative investigations.

Introduction

Cetacean morbillivirus (CeMV; genus Morbillivirus, family Paramyxoviridae) is the most sig-
nificant natural cause of morbidity and mortality in cetaceans worldwide, having caused mul-
tiple outbreaks of lethal disease in odontocetes and mysticetes [1]. Interepizootic, generally
endemic fatalities have also been recorded [2,3,4,5]. CeMV includes three well characterized
strains: porpoise morbillivirus, dolphin morbillivirus (DMV), and pilot whale morbillivirus, all
of which have been reported primarily in the Northern Hemisphere. Three new strains have
been reported, one of them detected in Brazil and considered the first description in South
America, namely Guiana dolphin (Sotalia guianensis) (GD)-CeMV [6]. CeMV may cause
severe respiratory, lymphoid, and neurologic disease in susceptible species, leading to strand-
ings and death [1]. Studies suggest that some species are more susceptible to CeMV infection,
including striped dolphins (Stenella coeruleoalba) and bottlenose dolphins (Tursiops truncatus)
[1,7]. The high susceptibility of Guiana dolphins to GD-CeMV was recently demonstrated in
the first unusual mortality event (UME) in South American cetaceans, in which approximately
250 Guiana dolphins died [8].

As in the case of other highly contagious and infectious morbilliviruses, such as measles
virus (MeV) and canine distemper virus (CDV), CeMYV is lymphotrophic and epitheliotropic
with common central nervous system (CNS) involvement [1]. Pathogenetic similarities exist
among morbilliviruses [9,10,11], and much knowledge of CeMV has been gained by extrapo-
lating from studies of MeV and CDV. Knowledge gathered since its first description in the late
1980’s [12] has led to distinction of four major disease presentations: acute (AS), subacute
(SS), chronic systemic (CS), and chronic localized encephalitis “brain only form of DMV infec-
tion” (BOFDI) [1,3,5,13,14,15,16,17]. These presentations are based on distribution of histo-
logic lesions, antigen detection, and molecular analysis [1], yet pathologic findings often
overlap, and suboptimal sample preservation, limited tissue sampling, and restricted labora-
tory analyses inherent to wildlife postmortem investigations hinder this classification. Many
questions about the pathogenesis of CeMV infection remain unanswered, particularly those
concerning pulmonary disease, CNS disease, and the mechanism of viral-induced
immunosuppression.

Since ethical issues preclude experimental infections, detailed investigations on naturally
occurring CeMV cases are warranted. For a better understanding of CeMV infection in highly
susceptible delphinids, we compared the histopathologic and immunohistochemical features
of CeMV-infected Guiana dolphins from Brazil and striped dolphins and bottlenose dolphins
from the Canary Islands (Spain) and Italy.
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Materials and methods
Data and sample collection

The research institutions participating in the study were the Laboratory of Wildlife Com-
parative Pathology-LAPCOM (Séo Paulo, Brazil), the Laboratory of Aquatic Mammals and
Bioindicators “Profa. Izabel M. G. do N. Gurgel”—MAQUA (Rio de Janeiro, Brazil), the Insti-
tute for Animal Health and Food Safety-IUSA (Canary Islands, Spain), the Department of
Comparative Biomedicine and Food Science of the Faculty of Veterinary Medicine of the
University of Padua (Legnaro, Italy), and the Laboratories of Histopathology and Immuno-
histochemistry of Istituto Zooprofilattico Sperimentale dell’Abruzzo e Molise “G. Caporale”
as well as of the Faculty of Veterinary Medicine of the University of Teramo (Teramo, Italy).
The marine mammal databases and tissue banks of these institutions were queried based
upon the following criteria: ‘Sotalia guianensis’, ‘Stenella coeruleoalba’, ‘Tursiops truncatus’,
‘CeMV reverse transcription polymerase chain reaction (RT-PCR)-positive” ‘“Toxoplasma
gondii PCR-negative.” Complete standard necropsies were performed, and only individuals in
a ‘fresh’ (code 2) post mortem preservation status, or in a ‘moderate post mortem autolysis’
(code 3) condition [18] were included. Another inclusion criterion was the presence of a suffi-
cient amount of formalin-fixed, paraffin-embedded (FFPE) and frozen tissues for immuno-
histochemical and cytokine gene expression investigations (manuscripts published elsewhere)
on target organs (brain, lymph nodes, spleen, lung). Epidemiologic and biologic data, nec-
ropsy reports, photographic material, and ancillary diagnostic techniques were retrieved and
further analyzed. Required permissions for the management of tissues from cetaceans found
stranded along the coasts of Brazil, the Canarian archipelago, and Italy were issued by the
respective official authorities. No experiments were performed on live animals. A few speci-
mens in this study were included in previously published studies [3,8,19,20,21]. The materials
used in this study are deposited in the different tissue banks of the collaborative research
institutions.

Systematic histopathologic analyses

For histopathologic analysis, tissues were sectioned at 5 um thickness and stained with hema-
toxylin-eosin (H&E). Tissue sections from the CNS, lung, spleen, and lymph nodes (mediasti-
nal, pulmonary, prescapular, mesenteric) were evaluated systematically through designed
templates (S1, S2 and S3 Tables), and a large variety of microscopic findings were recorded,
including subjective evaluations of lesion severity and extension as minimal (-/+), mild (+),
moderate (++), and severe (+++). Additional histochemical techniques, including periodic-
acid Schiff (PAS, for basement membranes and fungi), Grocott (for fungi), and Luxol fast blue
(LFB, for myelin) were carried out to better characterize microscopic changes in selected tissue
sections. Systematic morphologic diagnoses were recorded for each animal and related to the
cause of stranding and/or death (54 Table).

Neuroanatomical distribution of CeMV-associated microscopic findings

An analysis of neuroanatomical distribution of microscopic lesions was conducted on the
brains of striped dolphins (n = 7) and bottlenose dolphin (n = 1) from the Canary Islands due
to whole brain availability for broad and detailed sampling. Neuroanatomical areas consis-
tently sampled in these animals included the frontal and temporo-parietal cerebrum, dien-
cephalon including the thalamus, pons, medulla oblongata, cerebellum, and spinal cord (S1
Fig). One striped dolphin (case 18) also had the mesencephalon represented.
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Immunohistochemical analysis

Immunohistochemical (IHC) analyses employed the following primary antibodies (Abs): a
monoclonal IgG2B (kappa light chain) Ab against the nucleoprotein (N) antigen of CDV
(1:100 dilution; VMRD Inc, Pullman, WA, USA) that was used on FFPE brain, lymphoid tis-
sue, and lung [8], a monoclonal Ab against an anti-cytokeratin cocktail (AE1/AE3; 1:2,000
dilution; Biocare Medical, CA, USA) that was used on selected lung sections, a polyclonal anti-
S$100 (1:100 dilution; Dako, Glostrup, Denmark) Ab, and a polyclonal anti-glial fibrillary acidic
protein (GFAP) Ab (1:150 dilution; Eurodiagnostics, Appeldoorn, The Netherlands) for astro-
cytes. Dual IHC was performed in case 26 by means of the Envision Double Staining System
protocol (K-1395, Dako), following manufacturer’s instructions, and included the anti-CDV
Ab, anti-S100 Ab, and anti-GFAP Ab, in order to better define the origin of CeMV-positive
neuroglia. Positive control tissue consisted of lung from a Guiana dolphin infected with
GD-CeMV [8]. As a negative control, the primary antibody was eliminated and replaced by
nonimmune homologous serum.

Results

We analyzed 27 CeMV-positive dolphins, including 11 Guiana dolphins, 13 striped dolphins,
and 3 bottlenose dolphins. Guiana dolphins were infected by GD-CeMV [6,8], while striped
dolphins and bottlenose dolphins were infected by DMV [3,19,20,21]. Epidemiologic and bio-
logic data, as well as CeMV-RT-PCR-positive tissues, are recorded in Table 1. Animals were of
different ages: calves (n = 2), juveniles (n = 11), and adults (n = 14). Only one animal (case 14)
had evidence of entanglement. Four animals were visually confirmed to live-strand, while 23
were found stranded dead. A summary of main lesions, morbilliviral antigen distribution,
PCR-positive tissues, and suspected infection chronicity by geographic area and species are
recorded in Table 2. Detailed pathologic findings with most probable cause(s) of stranding
and/or death are recorded in S4 Table.

Central nervous system

Consistent CNS involvement was detected in striped dolphins and bottlenose dolphins
stranded in the Canary Islands and Italy. Only two Guiana dolphins (cases 9 and 10) had
lesions suggestive of CeMV infection, namely focal lymphocytic leptomeningitis. DMV -associ-
ated lesions in striped dolphins and bottlenose dolphins were of varying severity and extent.
There was a widespread neuroanatomical distribution of lesions (Fig 1) by decreasing fre-
quency and severity: cerebral cortex (Fig 2A), thalamus, cerebellum (Fig 2B), caudal brainstem,
and spinal cord. Randomly sampled spinal nerves and ganglia were rarely affected. The menin-
ges were consistently involved in all locations. The mesencephalon was underrepresented in
the sample set (n = 1; case 18).

The main microscopic findings in the CNS are summarized in S5 Table. Inflammatory
lesions, namely leptomeningeal infiltrates and perivascular cuffing, were more pronounced at
the gray/white matter interface and were largely composed of lymphocytes with fewer plasma
cells and macrophages. Degenerative changes occurred typically in gray matter and along the
gray/white matter interface and involved neurons and neuroglia, with satellitosis, nuclear mar-
gination, neuronal necrosis (Fig 2C), neuronophagic nodules (Inset in Fig 2A), neuronal chro-
matolysis, axonal swelling, astrocytosis/astrogliosis, oligodendrogliosis, spongiosus/myelinic
edema, and microglial hyperplasia and hypertrophy. Characteristic intranuclear and/or intra-
cytoplasmic inclusion bodies (INCIBs) were readily evident in some animals within neurons
(cortical, subcortical, and deep nuclei, Purkinje cells, and rare spinal neurons), astrocytes, and
oligodendrocytes. Multinucleate giant cells/syncytia (MGCS) were seen in some animals.
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Table 1. Epidemiologic and biologic data on Guiana dolphins (Sotalia guianensis), striped dolphins (Stenella coeruleoalba), and bottlenose dolphins (Tursiops trun-
catus). All animals were cetacean morbillivirus (CeMV) positive by conventional and/or real time RT-PCR.

No Species Stranding Country BL (cm) Age Sex NS DC SC
1 S. guianensis® 09-Nov-2017 BR 177 Ad Fe Po 2 D
2 S. guianensis® 14-Nov-2017 BR 94 Ca Ma Mo 2 D
3 S. guianensis 17-Dec-2017 BR 164 Ju Ma Mo 3 D
4 S. guianensis 17-Dec-2017 BR 93 Ca Fe Go 3 D
5 S. guianensis 23-Dec-2017 BR 149 Ju Ma Mo 2 D
6 S. guianensis 25-Dec-2017 BR 125 Ju Ma Po 3 D
7 S. guianensis 26-Dec-2017 BR 188 Ad Fe ND 3 D
8 S. guianensis 27-Dec-2017 BR 176 Ad Ma Mo 3 D
9 S. guianensis 27-Dec-2017 BR 183 Ad Ma Mo 3 D
10 S. guianensis 27-Dec-2017 BR 186 Ad Ma Po 3 D
11 S. guianensis 15-Jan-2018 BR 130 Ju Fe Po 2 D
12 S. coeruleoalba” 13-Nov-2002 SP 224 Ad Ma Go 2 A
13 T. truncatus® 18-Jul-2005 SP 250 Ju Fe Mo 2 A
14 S. coeruleoalba 16-Aug-2005 SP 168 Ju Fe Go 2 A
15 S. coeruleoalba® 16-Apr-2007 SP 195 Ju Ma Po 2 D
16 S. coeruleoalba® 02-May-2008 SP 194 Ju Fe Po 3 D
17 S. coeruleoalba® 22-Jan-2009 SP 212 Ad Fe Go 2 D
18 S. coeruleoalba® 10-Feb-2011 SP 215 Ad Fe Go 2 D
19 S. coeruleoalba 28-Apr-2012 SP 203 Ju Ma Mo 2 D
20 S. coeruleoalba 04-Jul-2011 1T 205 Ad Ma Mo 3 D
21 S. coeruleoalba 20-Oct-2013 IT NR Ad Ma ND 3 D
22 S. coeruleoalba 02-Feb-2013 IT NR Ad Fe ND 3 D
23 T. truncatus 20-Mar-2013 1T 203 Ju Ma ND 2 D
24 S. coeruleoalba 05-Feb-2013 IT 202 Ad Ma ND 2 D
25 T. truncatus® 30-Jun-2011 IT 297 Ad Ma Mo 2 A
26 S. coeruleoalba 12-Oct-2017 IT 200 Ad Fe Mo 2 D
27 S. coeruleoalba 10-Nov-2017 1T 188 Ju Fe Mo 3 D

NR, not recorded; Ca, calf; Ju, juvenile; Ad, adult; Fe, female; Ma, male; NS, nutritional status; Po, poor; Mo, moderate; G, good; DC, decomposition code (2, fresh; 3,
moderate autolysis); SC, stranding condition (A: alive; D: dead). Partial results for these animals have been published (%, [8]; 1205 1211, 9, [3]).

https://doi.org/10.1371/journal.pone.0213363.t001

Reactive changes were associated with the aforementioned degenerative phenomena or

spanned the underlying and occasionally distant white matter. Mild spongiosis was a common
feature at the gray/white matter interface and in the white matter; however, LFB failed to dem-

onstrate significant demyelination in these areas.

Some variations among AS cases and between AS and CS cases were readily evident. Cases
14 (AS) and 26 (AS) had severe neurodegenerative changes in the frontal and temporo-parietal
cerebral cortical gray matter, while inflammatory and reactive changes predominated in the

white matter. Case 19 (AS) had mild neurodegenerative and reactive changes in the cortical
gray matter and thalamus, with absent to minimal inflammation; however, there was severe
neurodegenerative and reactive changes with extensive necrosis, neuronal/neuroglial loss, and
scattered foci of demyelination in metencephalic and myelencephalic sections. In these areas,
reactive changes and inflammation differed from all other cases, with marked and extensive
microgliosis, glial nodules, vasculitis, syncytia, edema, and frequent INCIBs. Case 18 (CS) had

nearly identical severe inflammatory and reactive changes throughout the cerebrum, thalamus,
mesencephalon, caudal brainstem, spinal cord, and cerebellum, mainly in the gray matter and
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Table 2. Summary of main lesions, morbilliviral antigen distribution and PCR-positive tissues (lung, lymph nodes, spleen, central nervous system), and suspected
infection chronicity by geographic area and species.

No | Species | Main histopathologic findings CeMYV antigen distribution * CeMV PCR/RT-PCR positive Chronicity
tissue(s)
1 GD (BR) | Generalized lymphoid depletion. Lung, spleen, mesenteric LN, Lung, spleen, cerebrum’ AS

Bronchointerstitial pneumonia (overlapped with Halocercus | cerebrum, cerebellum, spinal cord

2 | GD (BR) brasiliensis pneumonia). Lung, trachea, spleen, mediastinal LN, | Lung" AS
cerebrum
3 | GD (BR) Lung, mediastinal LN, spleen Lung' SS
4 | GD (BR) Lung Spleen, cerebrum ' AS
5 | GD (BR) Lung, spleen Lung, cerebrum ' AS
6 | GD (BR) Lung Lung, cerebrum " AS
7 | GD (BR) Lung Lung, cerebrum " AS
8 | GD (BR) Lung, mediastinal LN Lung' AS
9 | GD (BR) Lung, mediastinal LN, cerebrum Lung, cerebrum i AS
10 | GD (BR) Lung Lung' AS
11 | GD (BR) Lung, mediastinal LN, cerebrum, Lung, pulmonary LN, cerebrum’ | SS
cerebellum
12 | SD (CI) | Lymphoplasmacytic meningoencephalomyelitis. Lung, cerebrum, brainstem, spinal cord | Lung, cerebrum® [20,22] CS
13 | BD (CI) Multicentric lymphoid depletion with concomitant Lung, spleen, LNs, cerebrum, Lung, spleen, cerebrum® [21] SS

regenerative phenomena (hyperplasia).

: S ) cerebellum, brainstem, spinal cord
Bronchointerstitial pneumonia.

14 | SD (CI) Cerebrum Lung, cerebrum?® [20,22] AS

15 | SD (CI) Cerebrum, cerebellum, brainstem, Cerebrum * [20,22] AS
spinal cord

16 | SD (CI) Cerebrum Cerebrum * [20,22] BOFDI

17 | SD (CI) Cerebrum Cerebrum * [20,22] BOFDI

18 | SD (CI) Lung, cerebrum, cerebellum, Lung, cerebrum * [20,22] CS
brainstem, spinal cord

19 | SD (CI) Cerebrum, cerebellum, brainstem Lung, cerebrum #120,22] AS

20 | SD (IT) | Lymphoplasmacytic meningoencephalitis. Cerebrum Cerebrum * [23] BOFDI

21 | SD (IT) Multicentric lymphoid depletion with concomitant Neg Spleen ¢ [23] AS

regenerative phenomena (hyperplasia). +

22 |SD(T) Bronchointerstitial pneumonia. Neg Lung, cerebrum = [24] cs

23 | BD (IT) Cerebrum Lung, cerebrum * [24] AS

24 | SD (IT) Neg Lung ! [23] CS

25 | BD (IT) Lung, cerebrum Cerebrum * [19] SS

26 | SD(IT) Lung, cerebrum, spinal cord Lung, mediastinal LN, cerebrum, | AS

spinal cord * [20,22]
27 | SD (IT) Neg Lung, mediastinal LN, cerebrum, |SS

spinal cord #120,22]

GD, Guiana dolphin (Sotalia guianensis); SD, striped dolphin (Stenella coeruleoalba); BD, bottlenose dolphin (Tursiops truncatus); BR, Brazil; CI, Canary Islands
(Spain); IT, Italy; LN, lymph node; NE, not evaluated; Neg, negative; AS, acute systemic; SS, subacute systemic, CS, chronic systemic; BOFDI, brain only form of DMV
infection.

* All Guiana dolphins had detectable morbilliviral antigen in additional tissues, accounting for systemic presentation (a detailed and complete list including cell types is
published elsewhere).

t RT-PCR

tConventional and/or real time RT-PCR.

§ RT-PCR.

¢ RT-PCR.

+ Real Time RT-PCR.

* Nested RT-PCR.

https://doi.org/10.1371/journal.pone.0213363.t002
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Fig 1. Neuroanatomical distribution and severity of dolphin morbillivirus-associated lesions in striped dolphins (Stenella coeruleoalba) and bottlenose
dolphin (Tursiops truncatus) from the Canary Islands (Spain). The size and density of dots indicates the severity and extent of the lesions. Bar: 1 cm. AcL,
anterior cerebellar lobe; H, hypothalamus; Hy, hypophysis; Met, metencephalon; My, myelencephalon; oc, optic chiasm; OccL, occipital lobe; OrL, orbital lobe;
PcL, posterior cerebellar lobe T; PL, paralimbic lobe; thalamus; TL, temporal lobe; Ve, vermis. Brain diagram adapted from Oelschlager, H. & Oelschlager, J.
(2009).

https://doi.org/10.1371/journal.pone.0213363.g001

at the gray/white matter interface; however, neurodegenerative changes were mild. All dol-
phins stranded in Italy had similar findings, but further comparisons were limited by the fact
that only the cerebrum was consistently represented in the sample set.

Two bottlenose dolphins (cases 13 and 25) had CNS lesions diverging from but overlapping
with classical CeMV-associated CNS pathology. Case 13 had pleocellular lymphohistiocytic to
granulomatous inflammation widely affecting the meninges and neuroparenchyma of the
cerebrum, thalamus, medulla oblongata, pons, cerebellum, neurohypophysis, spinal cord, the
ventricular system with their respective choroid plexuses, and multiple spinal nerves and gan-
glia. Vasculitis and chronic endarteritis with marked intimal hyperplasia were common in
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L L N
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Fig 2. Cetacean-morbillivirus (CeMYV)-associated lesions in central nervous system of striped dolphins (Stenella coeruleoalba), bottlenose dolphins
(Tursiops truncatus), and Guiana dolphins (Sotalia guianensis). (A) Cerebral meningoencephalitis (case 14). The leptomeninges are inflamed and there is
increased cellularity in the underlying cortex and subcortical white matter. A large perivascular cuff (arrow) and a few spongy foci (asterisk) are noted. 20x.
H&E. Right upper inset: small lymphocytic and plasmacytic perivascular cuff in the cerebral cortex (case 14). 400x. H&E. Right middle inset: thick perivascular
cuff at the gray/white matter interface (case 18). 200x. H&E. Right lower inset: degenerating neuron cell body with microglial neuronophagic nodule (case 19).
400x. H&E. (B) Cerebellar meningoencephalitis (case 13). Diffusely, the pia mater, arachnoid, and dura matter are infiltrated by mononuclear inflammatory
cells. 40x. H&E. Left inset: mononuclear inflammation at molecular, Purkinje cell, and inner granular cell layer interface with edema, rarefaction, and focal
multinucleate giant cell/syncytial cell (MGCS; arrow) (case 19). 200x. H&E. Right inset: Less severely inflamed cerebellar interface area with three degenerating
Purkinje cells, one of which displays a viral intranuclear inclusion body (arrow) (case 19). 400x. H&E. (C) Cerebral cortex (case 26). Degenerating swollen
neurons and necrotic neurons with intranuclear and intracytoplasmic viral inclusion bodies. 400x. H&E. Right upper inset: Degenerating swollen astrocyte
with intracytoplasmic inclusions. 400x. H&E. Right lower inset: Degenerating neuron with intranuclear inclusion body and adjacent necrotic neuron. 400x.
H&E. (D) Cerebral cortex (case 26). Marked positive labeling for CeMV-antigen (red) in degenerating neurons and fewer astrocytes (GFAP-brown) (arrow).
There is loss of astrocytic processes and cell bodies in this focus. 400x. Double IHC for CeMV and GFAP. (E) Cerebral cortex (case 26). Moderate labeling for
CeMV-antigen in neurons and less so in astrocytes (arrow). There is relative preservation of astrocytes in this focus compared to figure (D) but those present
have plump nuclei, cytoplasm, and processes. Note astrocytic processes reaching the perivascular space show occasional positivity for CeMV as well. 400x.
Double IHC for CeMV and GFAP. (F) Cerebellum (case 1). There is positive labeling for CeMV-antigen in endothelium focally and adjacent neuroglia. 400x.
THC for CeMV. Inset: CeMV positive labeling in neuronal soma and axon hillock of frontal cerebral cortex (case 9). 400x. IHC for CeMV.

https://doi.org/10.1371/journal.pone.0213363.g002

metencephalon and myelencephalon. This was a suspected case of Brucella and CeMV co-
infection based on cellular inflammatory components and neuroanatomical distribution of
lesions. Case 25 had concurrent fibrinosuppurative meningoencephalitis and a positive culture
of coagulase-positive Staphylococcus aureus [3].

Dolphins stranded in the Canary Islands and Italy showed morbilliviral antigen immunola-
beling in neurons (perykaria, dendrites, axons, and axonal hillocks) (Fig 2D and 2E), including
Purkinje cells, as well as in neuroglia, mostly in astrocytes and oligodendrocytes, throughout
most neuroanatomic locations. Double IHC labeling with the anti-CDV, anti-GFAP, and anti-
S100 Abs proved the neuroglial origin (astrocytes and oligodendrocytes) of morbilliviral anti-
gen-bearing cells. The abundance and intensity of the immunostaining reaction mostly paral-
leled the severity and extent of the neurodegenerative, inflammatory, and reactive changes in
the cerebrum, thalamus, cerebellum, caudal brainstem, and spinal cord. Animals with more
pronounced neurodegenerative changes (AS and CS cases) had a greater amount and more
widespread distribution of morbilliviral antigen in neurons, neuroglia, and MGSCs. By
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Fig 3. Cetacean morbillivirus (CeMV)-associated lesions in lymph nodes and spleen of striped dolphins (Stenella coeruleoalba), bottlenose dolphins
(Tursiops truncatus), and Guiana dolphins (Sotalia guianensis). (A) Pulmonary lymph node (case 27). Severe cortical and paracortical lymphoid depletion.
40x. H&E. Inset: Higher magnification of the squared area in 3A depicting severe cortical lymphoid depletion. 200x. H&E. (B) Mediastinal lymph node (case
13). Paracortical expansion and numerous multinucleate giant cells/syncytia (MGCS). 40x. H&E. (C) Mediastinal lymph node (case 2). There is diffuse
morbilliviral antigen in depleted cortex, paracortex, and sinusoidal leukocytes. 20x. IHC for CeMV. Inset: Diffuse morbilliviral labeling, including MGCS, at
squared area in 3E. 400x. IHC for CeMV.

https://doi.org/10.1371/journal.pone.0213363.9003

contrast, CS and BOFDI cases had a lesser amount and more restricted morbilliviral antigen
distribution. Only 4 Guiana dolphins (cases 1, 2, 9 and 11) exhibited viral antigen in the CNS,
and the degree of staining was limited. Specifically, cases 1 and 11 had a few positive neurons
(axon hillocks and soma), astrocytes, endothelial cells, pericytes, arteriolar smooth muscle
cells, and rare circulating leukocytes in the cervical spinal cord, cerebellum, and cerebrum (Fig
2F). Case 9 had moderate labeling of cortical neurons underlying inflamed meninges with scat-
tered labeling of lymphocytes and histiocytes. Case 2 had only scattered positive endothelial
cells.

Lymphoid system
Most lymphoid tissues consistently evaluated (spleen, mediastinal, pulmonary, prescapular,
and mesenteric lymph nodes) and those randomly sampled (paravertebral, pancreatic, gastro-
hepatic, and retroperitoneal/perirenal lymph nodes) had some CeMV-associated histopatho-
logic findings (S6 and S7 Tables). In the lymph nodes, there was consistent lymphoid
depletion. The cortex, primary and secondary follicles, and paracortex were more severely
depleted than the medullary cords (Fig 3A), often with readily evident lymphocytolysis.
Expansion or reactive hyperplasia of cortex and paracortex (Fig 3B and 3C), with or without a
‘starry-sky pattern’ and medullary cord hyperplasia and/or plasmacytosis, was seen in some
cases from the Canary Islands and Italy, mainly with chronic infections. MGCS of various
morphologies [25] were common, particularly in Guiana dolphins and one bottlenose dolphin
(case 13), including those morphologically compatible with a follicular B-cell origin and those
with an interfollicular and T cell-origin [25]. Eosinophilic lymphadenitis, characterized by
nodules with necrotic centers and compatible with tracks made by migrating nematode larvae
and fibrosis/fibrosclerosis were common findings, particularly in Guiana dolphins, but also in
dolphins stranded in the Canary Islands and Italy.

In the spleen, lymphoid depletion was a consistent finding, particularly in Guiana dolphins.
In general, the lymphoid follicles were more severely depleted than the periarteriolar lymphoid
sheaths, often with readily evident lymphocytolysis. Sinus histiocytosis was a common finding
in these cases, often accompanied by hemosiderosis, and less frequently, by erythrophagocyto-
sis. A few cases displayed lymphoid reactive hyperplasia, mainly involving follicles, and fewer
cases had splenitis.
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CeMV-labeling was typically detected in follicular lymphocytes and follicular and interfolli-
cular dendritic cells in lymph nodes and spleen, as well as in circulating lymphocytes and his-
tiocytes in sinuses (Fig 3D, 3E and 3F). The viral antigen’s labeling abundance and intensity
paralleled the severity and extent of lymphoid depletion. A few animals also had endothelial
cell, pericyte, and/or smooth muscle labeling in occasional lymph node and splenic arterioles,
more pronounced in GD-CeMV.

Respiratory system

There were CeMV-associated lung lesions in all dolphins but one striped dolphin (case 24),
characterized by interstitial to bronchointerstitial pneumonia of varying severity and extent
(Fig 4A, 4B and 4C). Guiana dolphins tended to have more severe lung lesions (S8 Table).
Degenerative epithelial changes were common in bronchi, bronchioles, and alveoli. Inflamma-
tory infiltrates composed of lymphocytes, plasma cells, and macrophages were common in
alveolar septa, submucosae, and interstitium, together with fibrosis and varying degrees of
parenchymal remodeling (scarring) and sclerosis of airways (Fig 4C). The latter were particu-
larly severe in Guiana dolphins. Alveolar exudates were mainly composed of macrophages and
neutrophils, which varied depending on concurrent etiologies. MGCS of various morphologies
[25] and viral INCIBs were seen in some animals and typically coexisted. Most lung MGCS
were AE1/AE3-positive (Inset in Fig 4A). Case 19 recapitulated features of ‘giant cell pneumo-
nia’ (Fig 4A) [26]. Preexisting pulmonary disease and opportunistic infections were common.
The former included verminous pneumonia by H. brasiliensis in Guiana dolphins and Ste-
nurus spp. and Halocercus spp. in striped dolphins and bottlenose dolphins. Secondary lung
infections included unidentified bacteria, mainly in striped dolphins stranded in Italy and the
Canary Islands. In case 25, bacteriological analyses identified coagulase-positive Staphylococcus
aureus in lung, liver, urine, and brain, confirming septicemia [3]. Pulmonary coinfections by
hyphate fungal agents suggestive of Mucorales were found in two Guiana dolphins (case 3 and
11) and one striped dolphin (case 27). Additional non-specific findings were patchy atelectasia
and emphysema, as well as bronchial/bronchiolar sphincter constriction with/without smooth
muscle hypertrophy/hyperplasia, submucosal fibrosis, and dystrophic mineralization of the
lamina propria.

Fig 4. Cetacean morbillivirus-associated lesions and comorbidities in lung of striped dolphins (Stenella
coeruleoalba), bottlenose dolphins (Tursiops truncatus) and Guiana dolphins (Sotalia guianensis). (A) Lung (Case
19). Detail of severe inflammation of alveolar spaces and septa with numerous multinucleate giant cells/syncytia
(MGCS). Right upper inset: MGCS lining an alveolar septum. 400x. H&E. Right lower inset: pancytokeratin-positive
MGCSs lining alveolar septa. 200x. IHC for AE1/AE3. (B) Lung (case 3). Morbilliviral labeling in areas adjacent to
occlusive bronchiolar fungal masses (asterisks). 40x. IHC for CeMV. Inset: Epithelial and MGCS labeling in a
bronchiole with lamina propria mineralization (asterisks) and luminal adult H. brasiliensis (arrow). 400x. IHC for
CeMV.

https://doi.org/10.1371/journal.pone.0213363.g004
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Morbilliviral antigen immunolabeling was observed in type I and II pneumocytes and
MGCS (Fig 4D and 4E) of most cases, as well as in alveolar and interstitial macrophages, and
to a lesser extent in intravascular/circulating monocytes and lymphocytes. In some cases, viral
antigen was also detected in endothelial cells. Although the trachea was underrepresented in
the sample set, viral antigen immunolabeling was noted in case 2 (Fig 4F).

Causes of stranding and/or death

In four animals known to have live-stranded (cases 12, 13, 14, and 25), ‘stranding stress
response (SSR)’ or ‘capture myopathy-like’-associated vascular, muscular, and presumed acute
renal dysfunction likely contributed to death. Eight of 23 animals found dead had gross and/or
histopathologic findings suggestive of SSR, so this could have played a role in these cases as
well. Taking all gross and microscopic lesions together, the most plausible cause of stranding
and/or death in most animals was considered to be systemic/localized CeMV infection and
comorbidities, with major involvement of the CNS, lung, and/or lymphoid system. Impair-
ment of vital CNS functions and/or cardio-respiratory failure could reasonably explain strand-
ing and/or death in most animals [1,2,3,14,15]. Entanglement was likely a major contributor
to death in case 14.

Discussion

We have provided a comprehensive and comparative analysis of the results of histopathologic
and viral immunohistochemical investigations on CeMV-associated pathology in GD-
CeMV-infected Guiana dolphins from Southwestern Atlantic (Brazil) and DMV -infected
striped dolphins and bottlenose dolphins from the Northeast-Central Atlantic (Canary Islands,
Spain) and Western Mediterranean Sea (Italy). There are remarkable pathologic similarities
between infections by terrestrial mammal morbilliviruses and CeMV, and much of the current
knowledge on CeMV originated from elegant comparative studies of MeV and CDV
[3,14,15,27,28,29], the two most studied morbilliviruses in humans and dogs, respectively. Rin-
derpest virus (RPV) and Peste des petits ruminants virus (PPRV) infections are similar to
CeMV infection, but they typically lack neurotropism [30].

DMYV showed remarkable neurotropism in striped dolphins and bottlenose dolphins, in
contrast to GD-CeMV in Guiana dolphins. Only two Guiana dolphins had findings suggestive
of CeMYV infection in the brain, while 4 exhibited some morbilliviral antigen labeling in the
CNS. In these cases, there were scattered positive neurons and rare positive astrocytes and
arteriolar endothelial cells, pericytes, and/or smooth myocytes in the cervical spinal cord, cere-
bellum, and cerebrum, as well as rare circulating leukocytes. These findings suggest leukocyte
trafficking and blood brain barrier circumvention as a possible route of entry for CeMV into
the brain, a phenomenon that remains largely unknown in cetaceans. Lack of neurodegenera-
tive, reactive, or inflammatory changes in most Guiana dolphins suggests low neurovirulence
of this strain in this cohort of animals; however, it is conceivable that CNS involvement occurs
at a later stage of infection and that these animals succumbed too early for CNS pathology to
be observed. Host-related and pathogen-related determinants, along with environmental fac-
tors, could influence GD-CeMV neurotropism in Guiana dolphins. It is possible that all mor-
billiviruses transiently infect the CNS in their natural hosts, but development of disease is
dependent on the efficiency of the immune response, abundance of receptors, and viral repli-
cation and perpetuation mechanisms [30].

We detected CNS lesions as part of the currently proposed AS, SS, CS, and BOFDI forms
[1] in striped dolphins and bottlenose dolphins infected with DMV [2,3,19,20,21]. ‘Canonical’
AS infections in striped dolphins and bottlenose dolphins (cases 14, 15, 19, 21, 23, and 26)
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included degenerative and reactive changes of neurons and neuroglia, along with varying
degrees of inflammation in both the gray and white matter. Current ‘canonical’ SS cases com-
prised those with some evident CeMV-identifiable lesions complicated by secondary infections,
namely suspected brucellosis (case 13) [31], and confirmed coagulase-positive Staphylococcus
aureus infection (case 25), and localized or disseminated mycosis (cases 3, 11, and 27). In these
cases, CeMV-pulmonary, -lymphoid, and -CNS attributable lesions did not differ from systemic
acute cases, although they were variably obscured by the inflammatory response to the concom-
itant pathogens [1]. No demyelinating meningoencephalitis was noted in any of these cases,
which differs from previous studies [1]. We believe that the SS disease category remains poorly
delineated, as most if not all of its features may overlap with acute and chronic presentations
[1]. A better definition of subacute cases will require deeper knowledge of the disease, specifi-
cally of the host immune response, including viremia and seroconversion profiling.

There is also some controversy in the classification of CS disease cases. Histopathologic,
IHC, and/or PCR findings in cases that were argued as prototypical of chronic systemic CeMV
infections [16,32,33] did not differ from suggested subacute cases [1]. In our study, we believe
cases 12, 18, 22, and 24 represent CS cases based on histopathologic, immunohistochemical,
and/or PCR results [1]. Specifically, there was scattered morbilliviral labeling by IHC in lung
(cases 12 and 18), as well as restricted molecular positivity in lung (cases 12, 18, 22, and 24)
and brain (cases 12, 18, and 22).

Presumably less controversy exists regarding BOFDI cases, where by definition there are no
extraneural lesions nor viral antigen and/or genome attributable to CeMV [4]. This is probably
the less prevalent form of CeMV infection worldwide, apart from the still cryptic ‘subclinical’
cases [34,35,36] and those involving ‘CeMV non-susceptible’ species [37]. The chronology of
lesions in reported cetacean BOFDI-affected striped dolphins is not clear, yet the various
reports indicate perivascular cuffing, diffuse gliosis, and glial nodules with neuronophagia as
the most consistent findings [2,3,4,5]. A recent study has identified a prominent colonization
of calbindin (CALB)-immunoreactive (IR) neurons and, to a lesser extent, also of nitric/
nitrous oxide synthase (NOS)-IR neurons in the brain tissue from BOFDI-affected striped dol-
phins [38]. That study also showed a very limited involvement of astrocytes, despite the pres-
ence of astrogliosis/astrocytosis. In the present study, cases 16, 17, and 20 had CNS
histopathologic findings and extraneural IHC/PCR results that support a BOFDI diagnosis.
We observed chiefly lymphoplasmacytic perivascular cuffing with occasional meningitis, sub-
jective neuron loss, and reactive neurogliosis in these cases. In case 17, however, metencephalic
and myelencephalic lesions were more severe and extensive than prosencephalic ones, which
diverges from previous BOFDI reports [4]. Cases 16 and 20 had only the cerebrum and thala-
mus evaluated, so further conclusions cannot be drawn. In acute CeMV cases, gray and white
matter involvement predominated, whereas chronic cases tended to have most changes in the
gray matter. For the most part, these results are largely in agreement with previous observa-
tions in striped dolphins and bottlenose dolphins [1].

The pathology of CNS infection by both MeV and CDV is quite variable [30]. In humans,
three MeV-CNS complications with relatively low incidence are acute disseminated encepha-
lomyelitis (ADEM), measles inclusion body encephalitis (MIBE), and subacute sclerosing pan-
encephalitis (SSPE) [39,40]. The pathogenesis of these entities is variable, including viral
invasion of brain via infected lymphocytes, autoimmune molecular mimicry, T-cell dysfunc-
tion, and persistent slow virus infection with mutated virus. These conditions may have neuro-
anatomical predilection sites, and there is considerable overlap in histopathology between
them. In most instances, the pathologic picture is conditioned by epidemiologic information.
Thus, these neuropathologic findings have clinical connotations that are difficult if not impos-
sible to ascertain in CeMV-infected free-ranging cetaceans.
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In dogs, CDV-CNS disease may show distinctive manifestations with variable incidences:

1) a major gray matter tropism as acute fulminant encephalopathy and encephalitis (AFE-E)
often targeting the cerebellar and cerebral cortex in experimentally infected, young, and
immunologically naive dogs; 2) post-vaccinal encephalitis (PVE), largely a necrotizing
polioencephalitis involving the cerebral cortex and caudal brainstem and characterized by neu-
ronal necrosis, mononuclear perivascular cuffs, and occasional neuronal INCIBs [29,41]; 3)
old dog encephalitis (ODE), believed to occur in immunocompetent dogs with neuronal per-
sistence of replication-defective virus [29,41] and involving primarily a gray matter distribu-
tion pattern [42]; 4) inclusion body polioencephalitis (IBP), which occurs in dogs that are
neither aged or have a history of recent vaccination [43]; and 5) subacute to chronic CDV-CNS
infection leading to demyelinating leukoencephalitis (CDV-DL) [29,44].

We observed that striped dolphins and bottlenose dolphins shared neuropathologic features
with MIBE, IBP, and SSPE/ODE, but not ADEM, AFE-E, PVE, and CDV-DL. Furthermore,
lesions in AS/SS and CS showed interindividual variation. AS/SS cases tended to have more
neurodegenerative alterations coupled with more abundant and widely distributed morbilli-
viral antigen. BOFDI cases had relatively milder inflammation and little evident neurodegen-
erative alterations. All Guiana dolphins from Rio de Janeiro (Brazil) included in this study
died during a 5-month UME that claimed more than 250 animals [8], which further supports
the acute/subacute systemic nature of lesions observed. None of the animals from the Canaries
belonged to an epizootic, so they may be interpreted as ‘endemic’ cases. Regarding the Italian
Mediterranean specimens, only cases 22, 23, and 24 represented epidemic fatalities, while the
remaining cases were thought to be interepizootic or ‘endemic’ cases.

In cetaceans, CeMV-associated lesions and antigen distribution are relatively well-charac-
terized in prosencephalic and metencephalic regions, but less so in diencephalic and myelence-
phalic locations [1,3,4,14,15,45]. Morbilliviral antigen was more frequently detected in the
cytoplasm and nuclei of neurons, astrocytes, and oligodendrocytes of the cerebrum, cerebel-
lum, thalamus, caudal brainstem, and spinal cord. These results are largely in agreement with
previous studies [2,3,4,5,14,15,20,21,46]. This study is the first to employ double IHC labeling
to address the origin of neuroglial cells harboring morbilliviral antigen in FFPE cetacean tis-
sues. There is a lack of data on oligodendrocytic involvement in CeMV. The role of oligoden-
drocytes in MeV and CDV neuropathogenesis remains unclear, as studies have shown variable
results [47,48,49]. CDV is believed to cause early axonal damage followed by (secondary)
demyelination and subsequent axon-myelin-glia disturbances. Also, a major role for p75 neu-
rotrophin (NTR)-positive bipolar cells during CDV-DL has been postulated [44]. These
hypotheses remain to be proven in cetaceans. This study found frequent axonal alterations,
mainly swelling and some loss, suggesting a pathogenetic role in CNS-CeMYV infection, as
reported in early CNS-CDV infection [29]. Our findings in this cohort of animals do not sup-
port demyelination as a major pathologic feature, either in acute or chronic lesions, including
BOFDI cases. A limitation in this study was the use of S-100 as a marker for oligodendrocytes;
future studies may use a more specific marker, such as oligodendrocyte transcription factor
(Olig 2) and dual IHC. Also, dual IHC with neuron and microglia immunomarkers may prove
of value for better characterizing neuropathogenetic aspects of CeMV.

We found consistent pneumotropism of DMV and GD-CeMYV. In humans, two major
MeV-pneumonia patterns are recognized [26]: a) ‘giant cell or Hecht pneumonia’, and b)
interstitial to bronchointerstitial pneumonia. The latter is also the most common in canine dis-
temper [41]. In giant cell pneumonia, there is intense alveolar damage, abundant MGCS, and
type I pneumocyte necrosis, while interstitial to bronchointerstitial pneumonia is character-
ized by septal inflammatory infiltrates, rare giant cells, and little disturbances in alveolar epi-
thelium with only rare pneumocyte necrosis, [26]. Common additional findings include

PLOS ONE | https://doi.org/10.1371/journal.pone.0213363 March 20, 2019 13/21


https://doi.org/10.1371/journal.pone.0213363

@ PLOS | 0 N E CeMV comparative pathologic investigations

peribronchial mononuclear cell infiltrates, proliferation of type II pneumocytes, formation of
hyaline membranes, and squamous metaplasia of bronchial epithelium [26]. Most animals in
this study featured interstitial to bronchointerstitial pneumonia with or without INCIBs in
MGCS and epithelial cells. Only case 19 had lesions that fit the description of ‘giant cell pneu-
monia’[50]. Interpretation of pneumonia patterns was complicated by preexisting and/or sec-
ondary infections. Almost all Guiana dolphins and most striped and bottlenose dolphins had
gross and/or histologic evidence of lungworms, most likely acquired prior to CeMV infection.
Verminous pneumonia by H. brasiliensis was particularly extensive and severe in Guiana dol-
phins, and it was likely a major contributor to morbidity and mortality in these cases.

Coinfections in CeMV are common but not well characterized [1]. Pulmonary bacteria
were relatively common in our cases, but their identity was only known in a Guiana dolphin
(case 11) with Escherichia coli isolated from bronchial exudate and a bottlenose dolphin (case
25) with confirmed systemic S. aureus [3,51]. Two Guiana dolphins and one striped dolphin
had severe concomitant fungal pneumonia morphologically compatible with Mucorales or
possibly Entomophthorales [52]. Many questions remain about the interactions between bacte-
ria, viruses, fungi, and CeMV in the development of pneumonia. The consistent severe and
extensive lesions with the presence of intrapulmonary morbilliviral antigen lend support to
major respiratory transmission, particularly in systemic acute/subacute cases. This route of
infection was likely a major factor in the recent UME in Rio de Janeiro.

MeV-lymphadenitis may occur in the course of measles infection or days to weeks after vac-
cination [53]. In naive humans and nonhuman primates (NHPs), there is diffuse paracortical
immunoblastic hyperplasia with relative depletion of small lymphocytes at earlier stages [53].
The most commonly infected cell type may be B lymphocytes in lymphoid follicles, rapidly fol-
lowed by follicular dendritic cells [54]. There may also be acute inflammation and necrosis,
and secondary lymphoid follicles may be absent or poorly developed. These lesions result in
immunosuppression [55]. In all three dolphin species, we observed consistent CeMV-associ-
ated alterations in nearly all lymphoid tissues examined, including the spleen and mediastinal,
pulmonary, prescapular, and mesenteric lymph nodes. The most consistent finding was mild
to marked lymphoid depletion, most prominent in Guiana dolphins. In the lymph nodes, lym-
phoid depletion was most prominent in the cortex and the paracortex and was often associated
with lymphocytolysis. Lymphoid depletion appeared less pronounced in the medullary cords.
These features are similar to findings in MeV and CDV infections [29,53,56], as well as previ-
ously reported CeMV infections [14,15].

MGCS, often referred to as ‘Warthin-Finkeldey cells’ (WFCs), usually appear in the prodro-
mal phase of measles in hyperplastic primary, secondary, and tertiary lymphoid tissues [53]. In
nonhuman primates, four types of MGCS have been recognized, with chronological implica-
tions: WEC, reticular, phagocytic, and plasma cell type [57]. In this study, we observed MGCS
of various morphologies, often with INCIBs [25]. WFCs bear morphologic and immunophe-
notypic heterogeneity [25]. A clear-cut distinction between MGCS in CeMV infection requires
further THC analysis, but we observed those cytomorphologically compatible with follicular B-
cell origin and interfollicular T cell-origin [25]. Reactive hyperplasia of the paracortex, cortex,
and medullary cords, including occasional plasmacytosis, was noted in lymph nodes of a few
dolphins, mainly in striped dolphins from the Canary Islands. The potential implications of
these findings in understanding the chronology of CeMV infection will require further studies
[57].

Many questions remain unanswered regarding immunosuppression in CeMV. In distem-
per, the diminished immune function in the early phase of the disease is associated with vire-
mia and lysis of lymphocytes and macrophages. Immunosuppression during the acute phase
of infection is accompanied by a lack of recirculating T lymphocytes in the marginal sinus of
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lymph nodes, and morphological alterations of the immune system are partially reversed by
repopulation and germinal center formation of lymphoid tissues in persistently infected and
convalescent dogs, respectively [29]. These events remain to be demonstrated in CeMV infec-
tion. Although the chronology of CeMV is unknown, the apparent zonal distribution of deple-
tive phenomena correlated with morbilliviral antigen abundance and labeling intensity.

In addition to CeMV-associated lymphadenitis, nodular to diffuse eosinophilic lymphade-
nitis, suggestive of larval nematode migration tracts was a common finding, particularly in
Guiana dolphins. Parasitic lymphadenitis was also seen in striped dolphins and bottlenose dol-
phins. Prevalence, chronicity, and severity of parasitic lymphadenitis in these cases paralleled
verminous pneumonic lesions, and most of these animals had systemic endoparasitism. Stud-
ies have shown that cytokine imbalance in TH1 and TH2 immune responses play a major role
in disease susceptibility and progression in MeV- and CDV-infected individuals, and hosts
with TH2 deviated immune responses have more severe disease. The comparative histopatho-
logic results in this study lend support to the hypothesis that preexisting TH2-predominant
responses associated with systemic parasitosis, most prominent in lungs and lymph nodes,
could have rendered some animals, particularly Guiana dolphins, more susceptible to CeMV.
This hypothesis will be better addressed by ongoing IHC and cytokine gene expression
analyses.

In the spleen, the most consistent CeMV-associated finding was lymphoid depletion, which
was most pronounced in Guiana dolphins. In general, the lymphoid follicles were more
severely depleted than periarteriolar lymphoid sheaths. Lymphocytolysis was less common in
the spleen than in lymph nodes. These changes paralleled morbilliviral antigen immunolabel-
ing, which involved follicular lymphocytes and dendritic cells, circulating lymphocytes, and
histiocytes in sinuses.

A variety of pathologic findings unrelated to CeMV infection was seen in this cohort of ani-
mals. Opportunistic infections likely contributed to stranding and/or death in all these ani-
mals, and while a thorough discussion of these is out of the scope of the study, examples of
these coexisting disease processes have been reported in the literature [3,14,15].

This study did not investigate the effects of chemical pollutants on the immune function of
these animals, but further studies should integrate this information in order to better delineate
immune status in animals with CeMV. A few animals included in this study had known high
levels of certain pollutants per parallel studies, e.g. heavy metals in dolphins stranded in Italy,
and elevated blubber and hepatic levels of polychlorinated biphenyls, organochlorides pesti-
cides, polycyclic aromatic hydrocarbons, persistent organic pollutants, mercury, and selenium
in dolphins stranded in the Canary Islands [58,59]. Future studies on CeMV may benefit from
integrative eco-toxico-pathologic analyses with individual and population level emphasis [60].

CeMYV is showing a steady host and geographic range expansion, but precise measurements
of CeMV incidence and mortality are lacking [1,8,46]. There is almost a complete lack of clin-
ico-epidemiological information on most CeMV-infected dolphins [37], so determining the
precise chronology and progression of pathologic changes is difficult. Although chronological
data for CeMV infection in these animals is not available, our findings agree with the generally
accepted pathophysiological mechanisms described for MeV and CDV infections [28].

In conclusion, our results suggest CeMV-AP may vary depending on virulence of virus
strain and host species. The host age and immune status also likely play important roles. We
observed pneumotropism and widespread lymphohistiocytic tropism of DMV in striped dol-
phins and bottlenose dolphins, as well as of GD-CeMYV in Guiana dolphins. DMV infections
showed remarkable neurotropism, characterized by meningoencephalitis, in contrast to
GD-CeMV infections. The lymphoid system was involved in all three species, with consistent
lymphoid depletion. Multinucleate giant cells/syncytia and characteristic viral inclusion bodies
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were variably observed in these organs. Overall, there was widespread lymphohistiocytic, epi-
thelial, and neuronal/neuroglial CeMV-antigen detection with some individual, host species,
and CeMYV strain differences. Preexisting and opportunistic infections were common, particu-
larly endoparasitism, followed by bacterial, fungal, and viral infections, and in certain cases
contributed significantly to stranding and/or demise. These results lend support to the hypoth-
esis that preexisting TH2-predominant responses could have rendered these dolphins, particu-
larly Guiana dolphins, more susceptible to CeMV-infection. Thefindings also contribute to
understanding convergences and divergences of CeMV infections between CeMV strains,
hosts, and different geographic locations, thereby setting the basis for future neuro-immuno-
pathological and neuro-immunopathogenetic comparative investigations.
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neuroanatomical sampling (indicated as black rectangles) in striped dolphins (Stenella coeru-
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orbital lobe; oc, optic chiasm; OccL, occipital lobe; PcL, posterior cerebellar lobe; PL, parietal
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