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ABSTRACT

Parrot bornaviruses (PaBVs) are RNA viruses of the Bornaviridae family and the
causative agents of proventricular dilatation disease (PDD).

PDD has many aspects that remain to be elucidated, including the mechanisms
involved in its pathogenesis. The purpose of this work was to investigate different
hypotheses linked to the pathogenesis of Parrot bornavirus 2 (PaBV-2) infection in
psittacine birds.

We first tested the hypothesis of antibodies against gangliosides being involved in
the development of PDD in psittacine birds. We analyzed the relationship between the
presence of antiganglioside antibodies and microscopic lesions related to PDD in birds.
No association between the presence of anti-ganglioside antibodies and the development
of lesions resembling PDD was observed in our study, which corroborates with the
hypothesis that PDD is not an auto-immune disease as previously speculated.

Second, we analyzed the progression of viral antigen and inflammatory lesions
after the intramuscular inoculation of PaBV-2 in cockatiels. Histopathological,
immunohistochemical and molecular analyses were performed in tissues of cockatiels in
a chronological fashion. PaBV-2 was first detected in leukocytes in the inoculation site
and adjacent nerves, then reached the brachial plexus, centripetally spread to the thoracic
segment of the spinal cord, and subsequently invaded the other spinal segments and brain.
PaBV-2 then centrifugally spread out of the central nervous system (CNS) to peripheral
ganglia. Our results demonstrate that PaBV-2 first targets the CNS, before migrating to

peripheral tissues such as the GI system.



Finally, we aimed to evaluate the distribution of inflammatory foci and viral
antigen throughout 4 selected levels of brain and 3 segments of spinal cord in cockatiels
experimentally infected with PaBV-2. Immunolabeling was first observed in the ventral
horns of the thoracic spinal cord. Inflammatory lesions were first identified in the gray
matter of the thalamus and brainstem. Encephalitis was more severe in the thalamus and
brainstem, while myelitis was equally distributed between all segments of the spinal cord.
Our results demonstrate a caudal-rostral viral distribution of PABV-2.

Our results reemphasize the role of PaBVs as the causative agents of PDD; the
lack of an autoimmune component; and the detection of PaBV-2 in the CNS before

peripheral organs.
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| sincerely hope our results can help understanding this devastating disease and

contribute for the conservation of many species.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Bornaviruses

Bornaviruses are enveloped, non-segmented, single stranded, negative sense, RNA
viruses with an 8.9 Kb genome.! These viruses belong to the order Mononegavirales,
family Bornaviridae and to the genus Bornavirus. As observed in table 1, this
monogeneric family contains 8 species that encompasses 16 viruses, besides 4 unclassified
viruses that need more genetic evidence to be recognized as new species. Two species
have been identified in mammals (Mammalian 1 bornavirus and Mammalian 2
bornavirus); Five species can infect birds (Psittaciform 1 bornavirus, Psittaciform 2
bornavirus, Passeriform 1 bornavirus, Passeriform 2 bornavirus and Waterbird 1
bornavirus) and 1 species has been recognized in reptiles (Elapid 1 bornavirus).??

The Bornaviral genome encodes 6 viral proteins: nucleprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G), polymerase (L) and a nonstructural regulatory
protein named X protein. Bornaviruses use the RNA splicing machinery for gene
expression, which maximizes the use of the genome.* N, P and L proteins together with
the viral RNA form a viral ribonucleoprotein (RNP) complex, which is transmitted
between cells.> Once in the cytoplasm, the RNP complex is transported to the nucleus,
where viral replication and transcription take place. The mechanisms used by the
bornaviral RNP to be exported from the cell are still unclear.®” Only small numbers of

infectious particles are released from infected cells.*



Table 1. Taxonomy of bornaviruses

Order Family Genus Species Virus

Mononegavirales
Bornaviridae
Bornavirus
Mammalian 1 bornavirus
borna disease virus 1 (BoDV-1)
borna disease virus 2 (BoDV-2)
Mammalian 2 bornavirus
variegated squirrel bornavirus 1 (VSBV-1)
Psittaciform 1 bornavirus
parrot bornavirus 1 (PaBV-1)
parrot bornavirus 2 (PaBV-2)
parrot bornavirus 3 (PaBV-3)
parrot bornavirus 4 (PaBV-4)
parrot bornavirus 7 (PaBV-7)
Psittaciform 2 bornavirus
parrot bornavirus 5 (PaBV-5)
Passeriform 1 bornavirus
canary bornavirus 1 (CnBV-1)
canary bornavirus 2 (CnBV-2)
canary bornavirus 3 (CnBV-3)
Passeriform 2 bornavirus
estrilid finch bornavirus 1 (EsBV-1)
Waterbird 1 bornavirus
aquatic bird bornavirus 1 (ABBV-1)
aquatic bird bornavirus 2 (ABBV-2)
Elapid 1 bornavirus
Loveridge's garter snake virus 1 (LGSV-1)
Tentative, unclassified bornaviruses
Gaboon viper virus 1 (GaVV-1)
munia bornavirus 1 (MuBV-1)
parrot bornavirus 6 (PaBV-6)
parrot bornavirus 8 (PaBV-8)



One important difference between the avian and mammalian bornaviruses is that

avian bornaviruses lack the short open reading frame segment in the 5’ noncoding region

of the bicistronic mMRNA that encodes the X and P proteins of mammalian bornaviruses.®

This suggests that other mechanisms are involved in the regulation of these 2 proteins.

Briefly, the replication cycle of Bornaviruses consists of: %10

1.

Bornaviruses initiates attachment via binding of its envelope glycoprotein (G)
to unidentified cellular receptors;

Virus enters cells by receptor-mediated endocytosis;

Fusion between the cell and viral membranes is mediated by the acidic
environment of the late endosome, which releases the RNP into the cell
cytoplasm;

Viral RNPs are transported to the nucleus by unknown mechanisms;

Viral replication and gene transcription takes place in the nucleus;

Newly synthetized viral RNPs and the viral surface glycoproteins exit the
nucleus;

RNPs participate in the budding process and are incorporated into viral

particles.

Bornaviruses are non-cytopathic in cell culture,!* and establish non-cytolytic

persistent infections in their hosts.'> Among the animal RNA viruses, only three taxa can

replicate in the nucleus: The families Bornaviridae®® and Orthomyxoviridae,* and also

the Nyamanini virus (Family Nyamiviridae),'®> however, since Bornaviruses are the only



one of these taxa to have a non-cytolytic nature, they are the only known RNA viruses to

establish a persistent infection in the host nucleus.?

Parrot bornaviruses and proventricular dilatation disease

Initially described in the late 1970s and early 1980s as a disease of large psittacine
birds, and therefore originally named “macaw wasting syndrome”, proventricular
dilatation disease (PDD) is a fatal and important disease of psittacine birds worldwide,
however, its cause remained obscure for many decades.'®’

In 2008, two independent studies identified a group of enveloped, non-segmented,
negative sense single-stranded RNA viruses of the Bornaviridae family as the cause of
PDD.!® 19 This virus was initially named avian bornavirus, but further molecular
investigation revealed a diverse group of viruses.?%2* The discovery of this high genetic
variability of avian bornaviruses associated with the identification of the Variegated
squirel bornavirus 1 (VSBV-1),2° caused an important rearrangement in the monogeneric
family Bornaviridae, which was reorganized in 2015 to incorporate 8 distinct species of
mammalian, reptile and avian, besides unclassified and unassigned bornaviruses. Eight
viruses have been identified in psittacine birds, named parrot bornavirus 1 to 8 (PaBV-1
to PaBV-8). Five of these viruses (PaBV-1 to 4, PaBV-7) belong to the species
Psittaciform 1 bornavirus, whereas PaBV-5 is a member of the species Psittaciform 2
bornavirus, and PaBV-6 and PaBV-8 remain unclassified.? 28

These bornaviruses can affect a broad range of tissues and cell types, however,

neurotropism is a pronounced feature, which is reflected by a lymphoplasmacytic
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meningoencephalomyelitis and ganglioneuritis (remarkably prominent in the enteric
nervous system),?"? especially in psittacine birds. These lesions may give rise to
neurologic or gastrointestinal signs, or even a combination of both, including lethargy,
depression, ataxia, regurgitation, emaciation and impairment in digestion, 3932 therefore,
clinical presentation of PDD is markedly variable and recent studies suggest that different
parrot bornaviruses (PaBVs) can cause different patterns of PDD lesions and clinical
disease, with predominant neurological or predominant gastrointestinal presentations.®
The development of the disease is also particularly variable, ranging from acute death to
slow progression of clinical disease and not all infected psittacine birds develop clinical
disease.3234

Despite the intensive efforts on PDD research, the pathogenesis of this condition
and how PaBV causes disease, remains unclear. Several studies were able to reproduce
clinical disease and classical lesions of PDD after experimental inoculation of PaBVs, and
were also able to recover this virus from birds that developed the disease, which fulfills
Koch’s postulates and reaffirms PaBVs as the putative agents of PDD in psittacine
birds.17'35'36*37

Avian bornaviruses have been identified worldwide, including countries such as
the United States, Canada, Brazil, South Africa, Austria, Germany, Spain, United
Kingdom, Italy, Denmark, Australia, and Japan.®® Psittaciform 1 and 2 bornaviruses affect
different species of psittacine birds, such as amazon and grey parrots, macaws, cockatoos,

cockatiels, and conures. While, passerine birds and waterfowl harbor their own avian



bornaviruses, which are members of the species Passeriform 1 and 2 bornaviruses and

Waterbird 1 bornavirus, respectively.” 239

Pathogenesis of mammalian bornaviral infections

In mammals, three pathogenic processes cause neuronal damage associated with
bornaviral infection.* First, the virus replicates almost exclusively in neurons which
triggers immune-mediated attack by CD8+ T cells directed against viral antigens such as
the bornaviral N-protein.®® These T-cells mount a Th-1 response characterized by the
production of both IFN-y and TNF-a. It has been reported that in bornaviral lesions, the
perivascular infiltrates are predominantly CD4+ T cells, whereas the infiltrate in the brain
parenchyma is composed of CD8+ T cells. The neurotransmitters glutamine and
acetylcholine also favor T cell activation.414243

Immunosuppressive studies strongly support the crucial role of T cells in
bornaviral pathogenesis. It has been demonstrated that T cell elimination prevented
inflammation and development of clinical disease and administration of
immunosuppressive drugs such as cyclophosphamide and cyclosporine prior to infection,
was able to prevent bornaviral disease in rats. 44446 4" However, adult rats infected with
BoDV-1 only show the virus in the brain, while immunosuppressed infected rats also show
the virus in peripheral nervous system and other tissues, such as liver and lungs, suggesting
that T-cells have an essential role containing the virus in the central nervous system. 847

Studies following the immune response in the brain of BoDV-1 infected Lewis rats

have been important to demonstrate the participation of cytokines and inflammatory cells



in bornaviral infections.*® NK cells could be identified in the brain lesions 3.5 weeks after
inoculation and before any clinical signs. The chronicity of the disease was accompanied
by a reduction in the number of all cell types, and this phenomenon was interpreted as a
switch from a type 1 to a type 2 immune response, also supported by a rise in IgE levels.
Pro-inflammatory cytokines, such as IL-1a, IL-2, IL-6, TNF-a and IFN-y were increased
and peaked at 5 weeks post-inoculation, whereas IL-4, an anti-inflammatory cytokine,
reached the maximal levels at 15 weeks post-inoculation. It has been also suggested that
the reduction of inflammation in long-term bornaviral infections is also due to the
neuroprotective effects of Treg cells.®

In the late stages of infection, the virus infects microglia and astrocytes, which
leads to prolonged activation of microglia and increased release of cytokines and reactive
nitrogen species. Microglia normally remodel neuronal synapses and secrete neurotrophic
proteins; however, they release inflammatory cytokines and induce nitric oxide synthase
(INOS), reactive oxygen species (ROS) and reactive nitrogen species (RNS) when
activated. These molecules can be associated with neuronal dysfunction and death. In the
experimental rat model of bornaviral encephalitis, it has been demonstrated the close
association between the severity of the neurological signs and the iINOS and cNOS mRNA
expression. Furthermore, the distribution of iINOS-positive cells in the basolateral cortex
and the hippocampus correlates with the location of BoDV-1 infected cells. However, one
study has demonstrated that mice lacking IFN-y, Fas, iNOS and CXCR3 were not

prevented from developing neurological disease. 5152°354



Similar to other tissue-resident macrophages, classically activated microglia (M1
cells) can be differentiated into regulatory cells (M2 cells), therefore reducing
inflammation and promoting tissue repair, or they can undergo uncontrolled activation,
which triggers chronic inflammation and results in the production of neurotoxic factors
and progressive neuronal loss. In rats, there is supportive evidence that microglia directly
mediate pro-inflammatory cytokines in bornaviral disease.*®

Finally, it is reported that astrocyte dysfunction due to viral invasion disrupts
glutamate regulation and glutamate excess ultimately kills neurons through excitotoxicity.
Astrocytes are the major glial cell population in the brain and among their various
functions, they remove excess neurotransmitters such as glutamate. Astrocytes take up
extracellular glutamate, and transform it into glutamine using glutamine synthetase.
%%6Glutamate has an essential role associated with excitatory synaptic transmission,
however if the extracellular concentration of gluatamate is excessive, this will damage the
neurons. It has been demonstrated that cats and rats infected with BoDV-1 have a
dysfunction in the glutamate removal by astrocytes and consequently increased levels of
glutamate. Furthermore, T cells have receptors for glutamate, and glutamate is associated
with the increase of T cell adhesion, chemotactic migration, proliferation and protection
against antigen-induced apoptosis. Therefore, glutamate increase produced by
Bornavirus-induced astrocyte dysfunction, may attract T cells and promote T-cell-
mediated brain damage.®’

Additionally, bornaviral P-protein has been suggested to bind directly to Gamma-

aminobutyric acid (GABA) receptors, and that BoDV-1 could interfere with the GABA-



glutamate cycle reducing its inhibitory function and increasing excitotoxicity and T cell
activity. It has been recognized that Bornavirus also has effects on cholinergic activity and
dopamine system, besides disruption of several molecular pathways such as NF-kp and
RIG-1/MAVS.8>

Furthermore, it has been suggested that, similar to infections by large DNA
viruses, BDV infection could be accompanied by virus mediated change in the host cell
epigenome.* It has been demonstrated that BDV P protein inhibits cellular histone
acetyltransferase activities and consequently modulates viral replication.®

In rodents, BoDV-1 has a pronounced neurotropism for the limbic system and the
main affected areas in the brain are the olfactory bulb, the dentate gyrus, the caudate
nucleus, the hippocampus, mesencephalon, central gray matter, substantia nigra and
hypothalamus which are characterized by lymphoplasmacytic infiltrates.5:62 In horses,
sheep, and humans the highest viral titers and more prominent inflammatory lesions are
in the piriform cortex and hippocampus.*® In cats with bornaviral staggering disease, the
lesions are similar to the ones observed in horses and sheep, but plasma cells may be more
prominent.®® There are no studies with a consistent lesion distribution and viral presence

in the brain of avian species.

Pathogenesis of avian bornaviral infections
Several key mechanisms of bornaviral infection pathogenesis in psittacine birds
are still unclear, including natural route of infection, receptors, and cells involved in the

infection pathways. Bornaviral infections have been experimentally reproduced in several
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studies, !’ 31:32.35-37.64 ysing different species as experimental models, including cockatiels,
conures and canaries. In these studies, routes of infection of psittacine birds consisted of
single intramuscular, intravenous or intracerebral routes'” 323 or using different protocols
of intramuscular, oral, oculonasal, and subcutaneous routes combined3!:337.54 Recently,
a study involving cockatiels inoculated by intranasal or oral routes failed to induce PaBV
infection or to induce PDD lesions in any of the birds during 6 months of experiment®,
suggesting that these routes are unlikely to be involved in natural PaBV infection.

In these experimental studies, clinical signs induced after inoculation of PaBVs
included weight loss, undigested seeds in the feces, regurgitation, weakness, anorexia,
diarrhea, ataxia, and sudden death. The first time point of clinical signs ranged from 21 to
92 dpi, and in the majority of the studies, gastrointestinal signs have been observed before
neurological signs.t’: 31 323666

Serological investigation of PaBV-infected birds has been performed in several
studies using Western blot, ELISA, and indirect immunofluorescence assay (IIFA) for
detection of the PaBV-specific proteins, P40 (N protein), P24 (P protein), and/or P16 (M
protein) or evaluation of antibodies targeting these proteins.3® 7% Using ELISA,
antibodies against P40 are the most frequently detected in these studies, although variable
measurements have been reported for different species of psittacine birds infected with
PaBVs. Recent studies have demonstrated that not all birds expressing PaBV-protein
specific antibodies demonstrate clinical signs, suggesting a high number of asymptomatic
PaBV-carriers.%” Some investigations using Western blot have shown that between 82 to

94% of PDD-infected birds are reactive to a 38-40 KDa protein consistent with PaBVs N-
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protein, while approximately 15% of apparently healthy birds also reacted to this protein,
reinforcing the hypothesis of asymptomatic carriers.®® Serological techniques have also
been attributed to be more sensitive for the detection of PaBV infections than molecular
techniques, since the high genetic variability of different PaBVs species can interfere in
the RT-PCR results. For instance, studies using indirect immunofluorescence assay (11FA)
for the detection of, were able to detect PaBV- specific antibodies in 45% of infected
psittacine birds, while PaBV RNA was only amplified in only 36% of these birds.®°

Despite the strong evidence of the causal association of PaBV and PDD, several
aspects of its pathogenesis are still unclear. First, in some studies not all infected birds
developed clinical disease and died, and in fact some have become healthy carriers after
experimental inoculation.”® "t Secondly, although the published studies report when the
birds show the first clinical signs after experimental inoculation of PaBV, they do not
show a careful and detailed description of viral and lesion distribution in the multiple
organs that can be affected in PDD cases. This crucial information of the PDD
pathogenesis remains to be elucidated.

Pathological aspects of PDD and bornaviral infections in birds have been reported
since the 1980s.1® 72 Macroscopic alterations are restricted to the GI system and can be
seen as a thin-walled dilation of the crop, proventriculus, ventriculus and/or small
intestine. However, as the name of the disease suggests, the dilation of the proventriculus
is the most frequent gross finding observed in natural and experimental cases of PDD.
Histologically, lymphoplasmacytic infiltrates in gastrointestinal, adrenal, and epicardial

ganglia and nerves have been consistently reported in PDD cases. Additionally, these same
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infiltrates can affect the CNS of infected birds, predominantly forming perivascular
cuffing in the gray matter of brain and spinal cord, and have been extensively described
in the literature.”> ™

Immunohistochemistry has been widely implemented as an ancillary test for the
identification of PaBVs antigen in tissues. Antibodies against PaBV’s N and P proteins
have been the most common used IHC antibodies in a variety of studies involving
experimental and natural PaBV infections. Immunolabeling can be observed in the
nucleus, or nucleus and cytoplasm, of infected neurons, ependymal and glial cells in the
cerebrum, cerebellum, brainstem and spinal cord, additionally, in neurons and Schwann
cells in peripheral ganglia and nerves of multiple tissues including crop, esophagus,
proventriculus, ventriculus, small and large intestine, heart and adrenal gland are
immunolabeled. There are also reports of occasional immunolabeling in smooth muscle
cells of the Gl tract, cardiomyocytes, tubular epithelial cells of the kidneys, epithelial cells
of proventriculus and duodenum, pancreatic islet cells, photoreceptors in the retina and
medullary cells of the adrenal glands. Due the intranuclear replication of bornaviruses,
immunolabeling only in the cytoplasm of cells has been consistently interpreted as
spurious immunoreactivity and not associated with PaBV antigen.’: " 76. 77

Although well documented lesions and immunohistochemistry results of PaBV-
infected birds have been reported in the last decades, a more thorough description of the
main affected areas in the CNS and PNS are still required in order to elucidate some key

aspects of the pathogenesis of this disease.
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CHAPTER II
ANTI-GANGLIOSIDE ANTIBODIES AND PROVENTRICULAR

DILATATION DISEASE!

Introduction

Several mechanisms have been proposed to explain how PaBVs causes
ganglioneuritis as well as the encephalomyelitis in birds.!” 3 The pathogenesis of PDD
has been linked to two main hypotheses: the first and most accepted theory states that
PaBVs spread throughout the nervous system and directly triggers the inflammatory and
immunological changes that lead to damage in the CNS, the enteric nervous system and
peripheral nerves.®? The second hypothesis proposes the pathogenesis of PDD in psittacine
birds is caused by the production of autoantibodies targeting components of the nervous
system, "8 a similar mechanism to an autoimmune condition of humans called Guillain—
Barré syndrome (GBS).

GBS is the most common cause of acute flaccid paralysis in humans since the near
eradication of poliomyelitis.”® The disease results in a demyelinating neuropathy that
affects the PNS and causes symmetrical limb weakness that may lead to paralysis in 2 to
3 weeks.®® The pathogenesis of GBS and other autoimmune diseases such as, acute

disseminated encephalomyelitis and neuromyelitis optica, is associated with molecular

! Reprinted with permission from “Are anti-ganglioside antibodies associated with proventricular dilatation
disease in birds?” by Leal de Araujo J, Tizard I, Guo J, Heatley JJ, Rodrigues Hoffmann A, Rech RR, 2016.
Peer], 5, 83-87, Copyright 2016 by Leal de Araujo et al.
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mimicry. In this case, bacteria (e.g. Campylobacter jejuni) or viruses (e.g.
Cytomegalovirus, Zika virus, Chikungunya virus, Epstein-Barr virus) mimic the structure
of a specific host antigen and so triggers an immune reaction against tissue containing the
cross-reacting antigen, such as neuronal gangliosides.?28* These complex
glycosphingolipids are expressed in abundance on neurons of the CNS and PNS,®® and
have an important role in cellular interactions. When targeted by auto-antibodies, neuronal
damage occurs, leading to the development of GBS.%

This study aimed to evaluate the relationship between the experimental inoculation
of gangliosides or crude nervous tissues and the development of neurologic disease in
chickens (Gallus gallus domesticus) and PaBV-free quaker parrots (Myiopsitta monachus)

that could resemble PDD.

Material and methods
Experimental design

Two experiments were performed. The first experiment aimed to analyze whether
or not the inoculation of gangliosides in an avian species (chickens) could lead to the
development of neurological or gastrointestinal signs that could resemble PDD. Only
histologic examination was performed in this experiment. A second experiment was
performed in order to determine if the inoculation of crude nervous tissue or purified
gangliosides in a psittacine species (quaker parrots) could lead to neurological or

gastrointestinal disease, resembling those seen in cases of PDD. In this experiment, blood
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samples were collected in order to evaluate anti-ganglioside antibody and fibrinogen

levels. Samples were also collected for histologic examination.

Inoculum preparation and purification

Gangliosides were extracted from brain, spinal cord, sciatic and brachial nerves,
and nerve of Remak from ten healthy chickens, and three healthy PaBV-free quaker
parrots, using a modified technique®’ adapted for this purpose by Pesaro.®
Thin layer chromatography (TLC)

The isolation of brain gangliosides was confirmed using a thin-layer
chromatography (Scandroglio et al., 2009). Given the lack of commercially available
avian gangliosides, a bovine ganglioside mixture (Millipore, Billerica, MA) was used as
the standard for the TLC analysis. The solvent system utilized for this purpose was
composed of 50:42:11 volume of chloroform/methanol/0.2% aqueous CaCl,. After
separation, gangliosides were stained using Ehrlich’s reagent, prepared with 6 g of p-

dimethylaminobenzaldehyde in 50 ml of 37% hydrochloric acid and 50 ml of 95% ethanol.

Experimental animals

The experiments described here were performed under animal use protocol number
IACUC 2014-0006, approved by the Texas A&M University Institutional Animal Care
and Use Committee. To determine if the inoculation of brain gangliosides into an avian
species could induce neurologic disease, we performed a preliminary study using 17

healthy female, white, leghorn chickens, between 10 to 15 weeks old, and vaccinated for
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Marek's disease originated from Texas A&M University Poultry Science Center, which
were divided into 2 groups: The first group was comprised of 11 chickens (C1 to C11),
inoculated with 1 ml of purified gangliosides and FCA in the pectoral muscle. The second
group consisted of 6 chickens (C12 to C17) inoculated only with phosphate-buffered
saline (PBS) and served as controls. All chickens were inoculated twice with 31 days
between each inoculation, as performed before by Pesaro, 2008. The chickens that did not
present clinical signs were euthanized 62 days post inoculation (dpi).

The second experiment included 5 healthy adult quaker parrots (Myiopsitta
monachus) selected from a colony tested for PaBV every 3 months by RT-PCR and
Western blot, as previously described,®® and were consistently negative at all times. The
quaker parrots were divided into 3 groups and a solution was injected in the pectoral
muscle, as follows: group 1, one quaker parrot (QP1) was inoculated with 0.5 ml of FCA
(negative control); group 2, two quaker parrots (QP2 and QP3) were inoculated with 0.5
ml of an emulsion of FCA and purified quaker brain gangliosides; and group 3 (QP4 and
QP5) consisted of two quaker parrots inoculated with 0.5 ml of an emulsion of FCA and
crude nervous extracts (mixture of brain, spinal cord, sciatic, and brachial nerves, and
nerve of Remak). All quaker parrots were inoculated three times, with 24 days interval
between each inoculation and euthanized at 83 dpi (Figure 1). In contrast to the chickens,
an additional inoculation was performed in the quaker parrots in order to stimulate the
production of antibodies and consequently lesions. All animals in this experiment were
anesthetized with Isofluorane and then euthanized with carbon dioxide (CO.). All birds

were clinically evaluated daily and any abnormal signs (particularly neurological or
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gastrointestinal signs) or behavior were documented. Blood samples from quaker parrots
were collected at different time points for Western blot, ELISA and fibrinogen

determination (Figure 1).
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3d pre-inoculation 25 dpi 83 dpi
PaBV testing PaBV testing PaBV testing
(Swabs) (Swabs) (Brain)
1 dpi : 25 dpi 48 dpi
Blood sampling Blood sampling | | Blood sampling
|
49 dpi
Blood sampling

Figure 1. Experiment timeline for quaker parrots. They were divided into 3 groups and
inoculated 3 times with 0.5 ml of three different preparations (Purified gangliosides +
Freund’s adjuvant; Crude nervous tissues + Freund’s adjuvant; or only Freund’s adjuvant)
with 24 days between each inoculation. RT-PCR for PaBV was performed from cloacal
swabs at 3dpi, 25 dpi and from brain at 83 dpi. Blood samples were collected at 1 dpi, 25
dpi, and 48 dpi and were used for serological and fibrinogen analysis, and at 49 dpi to
evaluate fibrinogen levels following the second ganglioside inoculation.
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RT-PCR

The quaker parrots used in this experiment were further tested for PaBV by RT-
PCR. Cloacal and choanal swabs were collected for RT-PCR 3 days before inoculation
and 25 dpi. Samples from brain, spinal cord and nerves were also collected during
necropsy at 83 dpi and tested by RT-PCR. Briefly, RNA was extracted from samples using
a QlAamp® Viral RNA Mini Kit (Qiagen,Valencia,CA) and reverse-transcribed and
amplified using primers targeting the PaBV matrix gene, as previously described (Guo et
al., 2014). Positive and negative samples from other psittacine birds not related to this
study were used as positive and negative controls. The amplification products were
analyzed by a 1.5% agarose gel electrophoresis. The nervous tissues used for the
preparation of the inoculum were also tested by RT-PCR for PaBV prior to inoculation

into the quaker parrots.

Fibrinogen assessment

Plasma samples from quaker parrots were submitted to the Clinical Pathology
laboratory at the Veterinary Medicine Teaching Hospital at Texas A&M University for
measurement of fibrinogen concentrations using the heat precipitation method as
previously described.®® Samples were collected at 1 dpi, 25 dpi, 48 dpi and 49 dpi (Figure

1).
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Pathology
A systematic necropsy was performed on all birds and representative tissues of
CNS, PNS, gastrointestinal tract, skin, musculoskeletal, endocrine and genitourinary

systems were collected and processed for routine histological examination.

Serology

Quaker parrot sera were evaluated for reactivity against the crude and purified
extracts used for inoculation by Western blot. This technique was performed based on
previously described methods.®% %! Briefly, crude and purified extracts were mixed with
gel loading buffer and electrophoresed on 10% polyacrylamide gels. Proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane in transfer buffer at 100 mA
for 2 hours. Membranes were incubated in blocking solution at room temperature for 2
hours and then cut into strips and incubated for 2 hours with each individual bird serum
diluted 1:1000 in blocking solution and acting as the primary antibody. The membrane
stripes were then incubated with alkaline phosphatase labeled goat anti-macaw IgY
antibody diluted 1:5000 in blocking buffer for 1 hour. Membranes were rinsed and stained
with 5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue tetrazolium chloride (BCIP/NBT)
(Sigma-Aldrich, St.Louis, MO).

Measurement of anti-gangliosides antibodies was performed using enzyme-linked
immunosorbent assay as previously described,®? with minor modifications for use with
bird serum. Sera from 1 dpi, 25 dpi and 48 dpi from each quaker parrot was analyzed by

ELISA and a healthy macaw serum was also used as negative control. Microtiter plates
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were coated with 100 ul per well of the crude or purified extracts in triplicate, and
incubated at 4°C overnight. Following incubation, wells were blocked with 5% fat-free
dried milk in PBST for 1 hour. Serum from each bird was diluted 1:5000 and added to the
wells and incubated for 1 hour at room temperature. After three washes of PBST, the plates
were incubated for 1 hour with 100 pul of anti-macaw IgY antibody. TMB (3,3', 5,5;-
tetramethylbenzidine) substrate (Invitrogen, Carlsbad, CA) was added and incubated for
15 min. Sulfuric acid (H2SO4) was used to stop the reaction and optical density (OD) was
measured at 450 nm. Sera with absorbance values higher than 0.1 were considered

positive.

Results
Thin Layer Chromatography (TLC)

Using a solvent system comprised by chloroform/methanol/0.2% aqueous CaCl.
50:42:11 volume, we were able to separate the aqueous phase of the inoculum
demonstrating the presence of gangliosides when compared to the standard bovine
ganglioside mixture. Using Ehrlich’s reagent, gangliosides reacted as grey spots on the

TLC plate.

Clinical signs
Chicken C1 presented with mild walking difficulty and weakness at 14 dpi and
was euthanized. All of the other chickens remained healthy and were euthanized at the end

of the experimental period at 62 dpi. None of the quaker parrots presented clinical signs
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that resembled PDD (i.e. undigested seeds in the feces, regurgitation, neurological signs)
or a peripheral neuropathy that could resemble GBS. However, nonspecific signs such as

mild depression (QP2 and QP5) and weight loss (QP4) were observed.

PaBV-RT-PCR

All quaker parrots tested negative for PaBV on cloacal and choanal swabs by RT-
PCR 3 days before inoculation and 25 dpi. Samples collected from the brain, spinal cord
and nerves from all quaker parrots at time of euthanasia, as well as the inoculum used to

inject the birds, were negative for PaBV by RT-PCR.

Fibrinogen analysis

Fibrinogen levels, an important inflammatory marker in birds, were increased in
QP5, 24 hours after each inoculation, reaching levels up to 400mg/dL (Table 2). QP2,
QP3, QP4 had variable fibrinogen levels, with the highest levels at 49 dpi. The fibrinogen

levels for control QP1 were less than 100mg/dL throughout the study.
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Table 2. Fibrinogen levels (mg/dL) in quaker parrots measured at 4 different timepoints.

QP# 1 dpi 25 dpi 48 dpi 49 dpi
1 <100 <100 <100 100
2 <100 100 <100 200
3 <100 <100 <100 400
4 100 <100 100 400
5 200 300 300 400
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Serology

The Western blot using the crude extract showed fewer bands from the sera from
the quaker parrots inoculated with the purified ganglioside extract (QP2 and QP3) and
several nonspecific bands for the birds inoculated with the crude extract (QP4 and QP5)
(Figure 2). The Western blot from control QP1 did not present any bands. The blots loaded
with the purified extract only reacted with the sera of the birds inoculated with the purified
extract, showing fewer faint bands when compared to the crude extract blots. A 45 kDa
band was observed in the blots from QP2 and QP3, which were treated with purified

gangliosides. This is the molecular weight of ganglioside binding proteins.®
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Figure 2. Western blot. Purified (A) and crude (B) nervous extracts exposed to sera from
5 different quaker parrots. Bird 1 was inoculated only with Freund’s adjuvant and served
as control. Quaker parrots 2 and 3 were inoculated with purified gangliosides and quaker
parrots 4 and 5 were inoculated with crude nervous tissue extracts. Quaker parrots 2 and
3 presented bands with approximately 45 kD (arrows), while the crude extract blots
presented several unspecific bands when exposed to QP4 and QPS5 sera.
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All inoculated quaker parrots (QP2 to QP5) presented a marked increase in the
absorbance values on ELISA (Figure 3) using the purified and crude ganglioside extracts
when comparing the first timepoint to the second and third timepoints. Due to the lack of
a positive control originated from a quaker parrot with proved anti-ganglioside antibodies,
the ELISA evaluation was performed based on the exposure of QP1 serum to the crude
and purified extracts and also the serum from a healthy macaw exposed to these extracts.
For the plates coated with the purified extract, QP2 had absorbance values, almost 2 times
higher than sera from QP1, when comparing the second and third timepoints. The plates
coated with crude extract, QP4 had absorbance values from the second and third
timepoints almost 3 times higher when compared to QP1 (control). The sera from QP1
and the healthy macaw sera had constant low values at all 3 timepoints for plates coated

with purified and crude extracts.
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Figure 3. Enzyme-linked immunosorbent assay. Variability of auto-ganglioside
antibodies of each quaker parrot serum measured by ELISA for three different timepoints.
A. Plate coated with purified gangliosides. B. Plate coated with crude extracts. The vertical
axis demonstrates the absorbance readings values at 450 nm. A healthy macaw serum was
used as a negative control.
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Pathology

Chicken C1 (euthanized at 14 dpi) had an intense inflammatory reaction in the site
of the inoculation in the pectoral muscle. No gross lesions were observed in any of the
quaker parrots. Histologically, C1, presented with a mild perivascular and perineural
lymphocytic infiltrate in the proventriculus, while C5, and C6 presented with minimal to
mild, focal, lymphocytic aggregates in the cerebrum. QP2 had a mild, multifocal,
lymphoplasmacytic encephalitis in the optic tectum (Figure 4A). QP4 had a mild,
multifocal lymphoplasmacytic and histiocytic myelitis in the thoracic and lumbar

segments (Figure 4B).
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Figure 4. Histopathology. A. Chronic, mild, multifocal lymphoplasmacytic encephalitis
in quaker parrot 2. B. Quaker parrot 4 had a chronic, mild, multifocal lymphoplasmacytic
and hystiocytic myelitis.
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Discussion

Despite numerous studies published on PDD and its association with PaBV, the
pathogenesis of this disease remains unclear. Based on studies in rats inoculated with
Borna disease virus (BDV), a T cell-induced immunopathological mechanism has been
favored® for lesion development in the central and autonomic nervous system of birds
inoculated with PaBV; however, few investigators have speculated an autoimmune
component might play an important role in PDD pathogenesis.” % Previous studies
developed,’® & suggested that immunization of birds with gangliosides could trigger the
development of PDD-like lesions.

In our first study, only one chicken (C1), presented with mild difficulty walking
after 14 dpi. The clinical signs were likely related to the inflammatory reaction in the site
of inoculation, characterized by a locally extensive granulomatous myositis and steatitis
extending to the air sacs. Besides the lesion in the site of inoculation and air sacs, the only
histologic lesion seen in this chicken was a lymphocytic infiltrate observed surrounding
(but not within) one ganglion and around a vessel of the proventriculus. This lymphocytic
infiltrate was interpreted as a lymphoid aggregate, occasionally observed in the
gastrointestinal tract of avian species.®® No histologic lesions were detected in the CNS or
PNS of this chicken. Few lymphocytic aggregates were observed in the brain of two
chickens, these random infiltrates of mononuclear cells are also occasionally seen in the
brain of otherwise healthy chickens.®’

The clinical signs in quaker parrots were only observed right after the inoculation

of gangliosides (mild depression) and were attributed to an expected reaction to the foreign
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substances. Histologic lesions were observed in only two quaker parrots and were limited
to the CNS. They included a mild, multifocal, lymphoplasmacytic encephalitis (QP2) and
a mild, multifocal, lymphoplasmacytic myelitis (QP4). These two quaker parrots also had
the highest levels of anti-ganglioside antibodies by ELISA and showed bands compatible
with the molecular weight of ganglioside binding proteins on Western blots. Quaker parrot
3 also presented a similar band, but did not have any gross or histologic lesions. All quaker
parrots tested negative for PaBV by RT-PCR suggesting that these lesions were provoked
by the inoculations rather than a viral agent. We cannot discard the possibility of other
nervous components have caused the myelitis in QP4 since this bird was inoculated with
non-purified nervous crude extracts. This finding corroborates with the hypothesis that the
inoculations might have triggered an autoimmune response, rather than an
immunomediated activity, as seen in PDD cases.’ Most experimental studies involving
PaBV inoculation in psittacine birds, were able to induce the first clinical signs of PDD,
including depression, regurgitation and undigested seeds in the feces, between 21 and 66
dpi.l” 32 3698 Additionally, dilation of the proventriculus associated with myenteric
ganglioneuritis is a consistent lesion observed in all experimental birds that presented
encephalomyelitis and also in most of the natural cases of PDD,**-1%! which supports that
if the experimental inoculation of gangliosides is directly related to the development of
PDD signs, these classical neurological and gastrointestinal signs and lesions should have
been observed during the 83 days of our experiment.

The hallmark of GBS is a peripheral neuropathy with limb weakness, a feature not

observed in our experiment (and not a feature of PDD). Although birds unable to walk or
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perch have been observed in cases of PDD,?* 3! inflammatory infiltrates affecting the
peripheral nerves responsible for the innervation of the limbs, are not a consistent lesion
of PDD.3! 192 Because encephalomyelitis is one of the common lesions of PDD, a central
disorder is more likely to be the cause of impaired deambulation. GBS lesions from nerve
biopsies consist of endoneurial and epineurial infiltrates of CD3+ T cells and CD68+
macrophages. Similar lesions are observed in experimental allergic neuritis induced in
Lewis’ rats, a well-established model of human autoimmune neuropathies (Shin et al.,
2013).103

Autoreactive T lymphocytes are known to be key players in autoimmune diseases
and they can be either regulatory and effector cells.1® These cells can be activated by
several mechanisms including molecular mimicry, and viral and bacterial
superantigens.'® The role of autoreactive T lymphocytes has not been studied in PDD so
far, and the importance of T-cell immunopathological mechanisms has only been
extrapolated from studies in rats experimentally infected with BDV.1%6198 These studies
indicated that the immunopathology of BDV is mediated by CD8" T cells which require
help from CD4" T cell subsets. These CD8" T cells have shown active cytolytic activity
against target cells infected with BDV or expressing BDV antigens.%® Macrophages have
an essential role in the development of nerve lesions in GBS cases, being associated with
axonal demyelination.?® %112 |n birds, the lesions caused by PaBV consist of a
lymphoplasmacytic infiltrate in either the CNS or PNS*® 13 and demyelination is not a

feature of PDD.

33



Published studies involving experimental inoculation of PaBV in psittacine birds
and following the premises of Koch’s postulates” 31 114116 have been able to induce
clinical disease and cause CNS and PNS inflammation in most inoculated birds,
supporting the viral etiology of PDD. This data corroborates with the hypothesis that
PaBV, like other neurotropic viruses, such as Lyssavirus, directly invades the nervous
tissues and triggers inflammation and consequently provokes the damage in the nervous
system. Nonetheless, in some diseases such as human idiopathic achalasia, antineuronal
antibodies are generated following nervous tissue damage and do not directly influence
the development of the disease.!'” 18 A similar association has been proposed for the
recent cases of human fatal encephalitis associated with variegated squirrel 1 bornavirus.
119

In our study, quaker parrots inoculated with gangliosides and examined 83 dpi had
no signs of myenteric ganglioneuritis, which differs from experimental studies with PaBV
and corroborates with the hypothesis that anti-ganglioside antibodies are not involved in
the pathogenesis of PDD. Our results suggest that an autoimmune response to brain
gangliosides does not cause the development of PDD-like lesions, and supports that an
immune-mediated response might be associated with the pathogenesis of this disease.
Additionally, psittacine birds experimentally inoculated with gangliosides and nervous
tissues extracts are not an appropriate animal model for GBS. Further studies are needed
in order to analyze the participation of anti-gangliosides antibodies in natural cases of

PDD and in birds experimentally inoculated with PaBV.
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CHAPTER Il
PARROT BORNAVIRUS 2 INFECTION PATHOGENESIS IN COCKATIELS

(Nymphicus hollandicus)?

Introduction

Despite the intensive efforts on PDD research, the pathogenesis of this condition
and how PaBVs cause disease remain unclear. Several studies were able to reproduce
clinical disease and classical lesions of PDD after experimental inoculation of PaBVs and
recover this virus in birds that developed the disease, which fulfills Koch’s postulates and
reaffirms PaBVs as the putative agent of PDD in psittacine birds.2* 31-33 36, 120-123 Thage
studies were also able to study the course of avian bornaviruses by analysis of intra vitam
samples such as swabs and serology. However, they did not evaluate the infection progress
and sequence of tissues infected by the virus at different sequential timepoints. The aim
of this study was to analyze the infection pathway after experimental inoculation of PaBV-
2 in cockatiels using molecular, histological and immunohistochemical methods and to

evaluate the viral presence and inflammation at early and later infection.

2 Reprinted with permission from “From nerves to brain to gastrointestinal tract: A time-based study of
parrot bornavirus 2 (PaBV-2) pathogenesis in cockatiels (Nymphicus hollandicus)” by Leal de Araujo J,
Rech RR, Heatley JJ, Guo J, Giaretta PR, Tizard I, Rodrigues Hoffmann A., 2017. Plos One, 12 (11),
e0187797, Copyright 2017 by Leal de Araujo et al.
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Material and methods
Ethics Statement

All procedures in this study were conducted using protocols approved by the Texas
A&M Biosafety and Animal Use Committees (IACUC 20150-0045) and Institutional
Biosafety Committee (IBC2015-021 and 1BC2015-142), that meets all federal
requirements, as defined in the Animal Welfare act (AWA), the Public Health Service

Policy (PHS) and the Humane Care and Use of Laboratory Animals.

Viral culture, titration and inoculum preparation

PaBV-2 isolate was inoculated into duck embryo fibroblasts (DEF, Schubot center
laboratory cell collection) cultured for 7 passages in minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS, Gibco, ThermoFisher Scientific,
Walthan, MA), and subsequently maintained in MEM supplemented with 2% FBS until
70-80% cell confluence. The cells cultures were subjected to three cycles of freeze thaw
and brief sonication. The cell debris were removed by centrifugation at 3000g for 10
minutes. Serial 10-fold dilutions of three stocks of virus aliquots were analyzed by focus-
forming assays in order to determine viral titration. Titers above 8 x 10° focus forming
units per milliliter (FFU/mI) were considered acceptable for the experimental inoculation

as previously described.3®8°
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Experimental animals, virus inoculation, and infection timeline

Thirty-four cockatiels (Nymphicus hollandicus) originated from 2 breeders were
used for experimental inoculation of PaBV-2 (CK1-34). Cloacal and choanal swabs from
all cockatiels were tested weekly 3 times by RT-PCR in order to exclude the possibility of
them being carriers of PaBVs. Twenty-seven cockatiels were inoculated with 0.1 ml of
infected DEF lysates containing 8 x 10* FFU of PaBV-2 in the right pectoral muscle.
Seven cockatiels (CK5, CK8, CK12, CK15, CK20, CK23, and CK32) were inoculated
only with 0.1 ml of PaBV-free DEF and served as negative controls. Cockatiels were
divided into 12 different groups that corresponded to different euthanasia timepoints (5,
10, 20, 25, 30, 35, 40, 60, 80, 95, 100, and 114 days post-inoculation, dpi) (Fig 1). All
cockatiels were evaluated twice a day for any alterations in the normal behavior and
general health. Any clinical signs, in special the ones related to PDD (emaciation,
anorexia, regurgitation, undigested seeds in the feces and neurological signs) were
documented. At the correspondent timepoints or in case the animals presented
neurological or/and gastrointestinal signs, cockatiels were humanely and painlessly
euthanized with carbon dioxide (CO2) after being anesthetized with isoflurane (IsoThesia,
Henry Schein, Melville, NY). Cockatiels were kept in cages with no more than 6 animals,
with access to high-quality food, water, solar light and environmental enrichment.
Animals with clinical signs of diseases other than PDD were excluded from the
experiment and treated accordingly. One cockatiel originally obtained for this study had a

self-inflicted traumatic injury and it was excluded from the experiment.
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Figure 5 Distribution of infected (green) and control (blue) cockatiels throughout timepoints. Cockatiels that

naturally died during the experiment are represented in orange.
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Postmortem examination and sample collections

A complete necropsy was performed in each bird. During necropsies, samples
from cloacal and choanal swabs, blood, site of inoculation (pectoral muscle), feather
calamus, skin between the scapulae, skin from wing, skin behind the neck, crop,
proventriculus, ventriculus, small intestine, large intestine, kidney, spleen, heart, liver,
brain, spinal cord, brachial plexus and adrenal gland were collected for RT-PCR.
Additionally, samples from skin behind the neck, skin between the scapulae, skin from the
wing, skin from uropygium, site of inoculation (pectoral muscle), leg muscle, brachial
plexus, vagus nerve, sciatic nerve, heart, thyroid and parathyroid glands, tongue,
pharynx/larynx, thymus, esophagus, crop, proventriculus, ventriculus, small intestine,
pancreas, large intestine, cloaca, spleen, liver, kidney, adrenal glands, trachea, syrinx,
lungs, brain, spinal cord, eyes, head sinuses, tibiotarsus, and adjacent ganglia of all organs

were also collected for histopathology and immunohistochemistry.

Histopathology and immunohistochemistry

Samples collected during necropsy were fixed in 10% neutral buffered formalin
and processed routinely for histopathology. A morphologic diagnosis indicating
chronicity, severity, and nature of lesions was documented for each organ or tissue.
Lymphoplasmacytic inflammation related to PaBV-2 infection was scored as follows: -
(absent), + (minimal), ++ (mild), +++ (moderate), ++++ (severe). Immunohistochemistry
was performed on the serial tissue sections, mounted on charged slides, and examined by

light microscopy. Processing was done on an automated stain equipment, using rabbit
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polyclonal antiserum raised against PaBV-2 N protein. Briefly, after manual
deparaffinization and rehydration, antigen retrieval was performed on a pressure cooker
utilizing the commercial compound EMS buffer C, PH 4.5 (Electron microscopy sciences,
Hatfield, PA) for 20 min under 121°C. Sections were treated with 0.3% hydrogen peroxide
in order to block endogenous peroxidase activity for 45 minutes and with a protein blocker
for endogenous protein activity for 10 minutes. Slides were incubated with rabbit anti-
PaBV-N serum (1:1000) for 1 hour, followed by 10 minutes incubation with antibody
enhancer and 15 minutes incubation with a goat anti-mouse/rabbit polymer visualization
system (Thermo Fisher Scientific, Waltham, MA). Additionally, 3, 3'-Diaminobenzidine
(DAB, Thermo Fisher Scientific) was used as a chromogen for color development. Slides
were counter-stained with hematoxylin and examined under light microscopy. Polyclonal
antibodies were developed by a commercial company (Lifetein, Somerset, NJ) against a
specific region of the PaBV-2 N-protein. Due to the intranuclear replication nature of
PaBVs, only cells with intranuclear or intranuclear and intracytoplasmic immunolabeling
were considered positive. Cells only with intracytoplasmic immunolabeling were
considered negative. Slides were scored based on the amount of positive cells in the
section: - (absent), + (1-3% affected cells), ++ (4-10% affected cells), +++ (11-25%
affected cells) and ++++ (more than 25% affected cells). The score of histopathology and
immunohistochemistry for each timepoint was based on the average of the results of all
birds in the respective timepoint. However, when only one bird presented inflammation

or was positive by IHC, its score was considered representative for the timepoint. A
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complete list of results for each individual bird is available as supporting information

(Supporting table 1).

RNA extraction, RT-PCR and agarose gel electrophoresis

Collected samples were evaluated for presence of PaBV-2 RNA by RT-PCR
detection of PaBV-2 matrix (PaBV-M) genes, as previously described.'?* Viral RNA was
extracted from tissues using an RNeasy mini kit (Qiagen, Valencia, CA, USA), following
manufacturer’s instructions. Viral RNA was reverse transcribed using high capacity
cDNA synthesis kit (Applied Biosystems, Foster City, CA) and cDNA generated using
random primers. Finally, PaBV-2 cDNA was amplified using the following primers
targeting the M (Matrix) protein gene: PaBV M F (5-GGTAATTGTTCCTGGATGG-3)
and PaBV M R (5-ACACCAATGTTCCGAAGACG-3). The PaBV-2-infected DEF used
for viral culture were used as a positive control. After amplification, the PCR products
were separated by size using electrophoresis in an agarose gel that was examined under
ultraviolet light. Bands on the agarose gel were scored as positive (+) or negative (-). The
timepoint was considered positive for PaBV-2 RNA by RT-PCR when at least one bird
was positive in the given timepoint. Selected samples were also tested by gPCR as
previously described elsewhere,*?* and using primers and probes targeting the M protein
gene: ABV M1F primer-5-GGTAATTGTTCCTGGATGG-3 (36 uM) and ABV M2R
primer-5-GG[Y]TC[Y] [Y]TCACTGAAAGAAA[H]GG-3 (36 uM), and ABV M
TagMan Probe -5 FAM-CCAACAAAGTCTAT[Y]TCCA[R]C-3 -BHQ (10 uM), in order

to compare sensitivity and confirm the conventional PCR results. Quantification cycles
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above 35 were considered negative, based on our standard curve threshold. A complete
list of RT-PCR and gPCR results for each individual bird is available as supporting

information (Supporting table 2).

Results

Clinical disease and macroscopic findings

At 35 dpi, one of the cockatiels (CK19) presented with acute signs of depression, dyspnea,
and lethargy (Fig 2A), and died shortly thereafter. A post-mortem examination was
promptly performed. At 60 dpi, CK24 presented with mild signs of lethargy, ruffled
feathers and regurgitation (Fig 2B) and euthanasia was elected, followed by necropsy.
Additionally, CK29 was found dead at 95 dpi with no prior signs of illness. Macroscopic
lesions were observed in 6 cockatiels (CK19, 23, 28, 29, 33, 34) and consisted of crop
and/or proventricular dilatation (Fig 3B). None of the control birds presented clinical

signs or macroscopic lesions.
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Figure 6 Clinical signs of cockatiels (Nymphicus hollandicus) infected with
PaBV-2. Lethargy and depression of CK19 at 35 dpi (A) and ingesta-stained
feathers in the foreneck and breast of CK24 (60 dpi) after regurgitation (B).
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Figure 7 Gross findings. Comparison of proventriculus size (arrowheads) in a
control (A) and infected (B) cockatiels of the same timepoint (35 dpi). Note
the distention of the proventricular wall in CK19 when compared to a control

cockatiel (CK15).
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Microscopic findings

Inflammatory lesions were observed as soon as 5 dpi in the site of inoculation,
which was a consistent finding throughout all timepoints and most likely to be caused by
the injection itself. This inflammatory infiltrate was characterized by multifocal
aggregates of lymphocytes, plasma cells and macrophages and ranged from a minimal to
severe myositis frequently organized around vessels, and extending to intercostal and
pectoral nerves. The first lesions outside the site of inoculation were then observed in the
brachial plexus at 20 dpi in CK6 and consisted of minimal lymphoplasmacytic neuritis.
At 25 dpi, inflammatory lesions were observed in the cervical, thoracic and lumbar
segments of the spinal cord and adjacent ganglia, as well as in the brain. Inflammation in
the CNS was comprised of perivascular cuffing, mainly in the gray matter and meninges,
with occasional gliosis and glial nodules at later timepoints. From 25 dpi and beyond,
encephalitis and/or myelitis were consistently observed in all cockatiels. At 30 dpi, besides
the CNS, inflammatory lesions were observed in the crop and intestinal ganglia, vagus
nerve and in the adrenal medulla and adjacent ganglia. CK19, at 35 dpi, was not only the
first cockatiel to develop clinical signs of PDD and die, but also the first cockatiel to
present proventricular and ventricular ganglioneuritis and also lymphoplasmacytic
infiltrates in the optic and sciatic nerves. These lesions were intermittently observed in the
subsequent timepoints. At 40 dpi, the epicardial and renal ganglia, and nerves in the
cloacal region presented the first inflammatory lesions. A lymphoplasmacytic dermal
neuritis was observed at 80 dpi, and the skin from the wing was not only the first skin site

to present inflammation but the most frequent one, being further observed at 95, 100, and
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114 dpi. Dermal neuritis was observed in the skin from the uropygial gland (95, 100, and
114 dpi), skin behind the neck (80, 100, and 114 dpi) and skin between the scapulae (100
and 114 dpi). These histopathological findings were observed intermittently until 114 dpi
and severity ranged from minimal to severe. No lesions related to PaBV-2 infection were
observed in the liver, spleen, tongue, leg muscle, trachea, lungs, head sinuses, syrinx,
thyroid and parathyroid glands, tibiotarsus, or thymus of any infected cockatiels.
Additionally, no inflammatory lesions associated with bornavirus infection were observed

in any tissues of the control cockatiels.
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Immunohistochemistry

The site of inoculation was consistently positive throughout the timepoints, with
lower signal with the progression of the infection and no signal at the last two timepoints.
Lymphocytes and plasma cells presented positive intranuclear immunolabeling and
macrophages presented intracytoplasmic labelling in these sites (Fig 4B). Nuclei of
Schwann cells in the branches of the intercostal and pectoral nerves were also positive in
some of the early timepoints (Fig 4B). Brachial plexus was the first site outside of the
pectoral muscle to demonstrate intranuclear immunolabeling in Schwann cells starting at
20 dpi. Neurons of the dorsal root ganglia had a similar immunolabeling at this timepoint
(Fig 4F). Neurons of the ventral horn in the thoracic segment of the spinal cord were the
first cells in the CNS to present positive intranuclear and intracytoplasmic
immunolabeling at 20 dpi. After 25 dpi, neurons and glial cells in the cervical and lumbar
segments of the spinal cord as well as throughout the brain presented intranuclear and
intracytoplasmic immunolabeling (Fig 4J). These sites were consistently positive until the
end of the experiment, varying in severity and extension. Simultaneously at 30 dpi,
neurons of the ingluvial and intestinal ganglia were the first immunolabeled cells in the
gastrointestinal tract along with adrenal ganglia neurons and cells of the adrenal medulla
(Fig 4R) were positive. Ganglia and nerves of the proventriculus (Fig 4N), ventriculus,
and eyes as well as the vagus nerve were first positive at 35 dpi. Esophageal, epicardial,
renal and cloacal ganglia were first positive at 40 dpi. At 60 dpi, scattered cells of islets of
Langerhans of the pancreas were positive, which were intermittently positive until 114

dpi. Interestingly, at 80 dpi, nerves and the smooth muscle in the skin (Fig 4X) from
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multiple regions (behind the neck, wing and uropygial gland) and also the smooth muscle
of crop, proventriculus, ventriculus, intestines, cloaca and tunica media of vessels from
different tissues, including the spleen, started to have a diffuse immunolabeling that was
intermittently positive until the last timepoint. Epithelial cells of the Gl system also
showed few scattered intranuclear immunolabeling at this timepoint. Additionally, nerves
and smooth muscle of the feathered skin between the scapulae and the squamous
epithelium and occasionally the feather shaft of feather follicles from the wing started to
be positive at 100 dpi and 114 dpi, respectively. Samples from tongue, trachea, lungs, head
sinuses, syrinx, thyroid, parathyroid, tibiotarsus, or thymus, were negative at all timepoints

and no control cockatiels presented immunolabeling in any of the examined tissues.
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Figure 8 Sequence of histological findings and immunohistochemical labelling in
tissues from infected cockatiels during early and late infection. The first tissue to
present lymphoplasmacytic inflammation and positive labelling was the site of
inoculation, which showed marked lymphoplasmacytic myositis (A) and positive
immunolabeling in the nuclei of inflammatory cells as well as in Schwann cells of
intercostal and pectoral nerves (B) in early infection (CK2, 5 dpi) and reduced
inflammatory infiltrates (C) and no positive immunolabeling (D) at late infection
(CK34, 114 dpi). PaBV then reached the spinal cord through adjacent ganglia and
nerves, which provoked minimal myelitis (E) and infection of few neurons (F) in the
early timepoints (CK9, 25 dpi) and severe inflammation (G) and widespread viral
distribution (H) in late infection (CK26, 80 dpi). When PaBV reached the brain (CK10,
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25 dpi), minimal inflammation (1) and positive immunolabeling of few neurons (J) was
observed, whereas severe inflammation (K) accompanied by widespread
immunolabeling (L) was observed in chronically infected cockatiels (CK30, 100 dpi).
Only after invasion of the CNS, PaBV was identified at 30 dpi (CK19) in the GI tract
(N), initially with mild inflammation (M) that progressed to moderate to severe
ganglioneuritis (O) and diffuse immunolabeling in ganglia, smooth muscle and few
scattered epithelial cells (P) in the late infection timepoints (CK28, 80 dpi). Adrenalitis
was only observed in small areas of the adrenal medulla (Q) accompanied by scattered
PaBV positive cells (R) in the early infection (CK14, 30 dpi), however, adrenalitis and
ganglioneuritis (S) were severe in late infection (CK25, 60 dpi) and followed by wide
spread immunoimmunolabeling (T) affecting the adrenal medulla and adjacent ganglia.
Finally, tissues such as skin had no inflammation (U) or immunolabeling (V) in the early
infection timepoints (CK7, 20 dpi) but presented multifocal positive immunolabeling
pattern (X) in late infection (CK34, 114 dpi), accompanied by mild to moderate
inflammation (W).
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RT-PCR

All samples from the site of inoculation for the timepoints between 20 and 114 dpi
were positive for PaBV RNA by PCR. The brachial plexus, spinal cord, brain, crop,
proventriculus, ventriculus, small intestine, large intestine, adrenal gland and heart/great
vessels of the heart RT-PCR results were positive and correlated to the IHC positive
results. Cloacal swabs were first positive at 35 dpi and choanal swabs at 60 dpi, and both
samples remained positive until 114 dpi. Although the feathered skin between the scapulae
was negative by IHC until 95 dpi and the skin behind the neck and from the wing were
negative until 80 dpi, these samples were positive by RT-PCR as early as 60 dpi. Samples
from spleen were positive at 100 and 114 dpi. Samples from blood and liver were collected
and tested by RT-PCR but were negative at all timepoints. Unfortunately, samples from
the site of inoculation were not available at 5 and 10 dpi. All samples from control
cockatiels were negative at all timepoints.
Real time PCR was one serial dilution more sensitive than conventional PCR when 10-
fold dilutions were compared between the 2 techniques, therefore selected samples from
cloacal and choanal swabs, brachial plexus, spinal cord and brain for early time points,
and samples from blood and liver of all cockatiels were tested with this more sensitive
technique in order to confirm the accuracy of conventional PCR results. For the early time
points, samples of cloacal and choanal swabs, brachial plexus and spinal cord tested
positive in additional cockatiels that were negative by conventional PCR. However, these
cockatiels were within timepoints where other birds were already positive by conventional

PCR. One exception was the choanal swab, which was positive in one cockatiel (CK22)
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at 40 dpi, while conventional PCR first detected it at 60 dpi. Viral RNA was only detected
in samples of spleen from cockatiels that were positive by conventional PCR. All samples
of liver and blood tested negative at all time points. A complete list of the qPCR results

can be found as supporting information (supporting table 2).

Discussion

This is the first experimental study to demonstrate the viral spread and distribution
of histological lesions in a time-based approach after intramuscular inoculation of PaBV-
2 in cockatiels (Fig 5). PaBV-2 was first detected in the areas of inflammation in the site
of inoculation in the pectoral muscle, reaching branches of the intercostal and pectoral
nerves. Subsequently, PaBV-2 reached the brachial plexus, and centripetally extended
through the dorsal root ganglia to the spinal cord, which was followed by the invasion of
the brain. After successfully invading the CNS, PaBV-2 centrifugally spread to the ganglia
in the gastrointestinal system, adrenal gland, heart and kidneys through the sympathetic
and/or parasympathetic innervation. Finally, a shift in the specific tropism of the virus was
observed in the late timepoints, and not only nerves and ganglia were affected but also the
smooth muscle and/or scattered epithelial cells of tissues such as crop, intestines,
proventriculus, kidneys, skin, and the tunica media of the vessels culminating in a
widespread viral distribution.

Previous experimental studies with PaBV-2 and PaBV-4 have been able to
successfully induce clinical disease, and the classical meningoencencephalomyelitis and

ganglioneuritis. 3% 32 37.114.120-123 However, whether the virus spread to the CNS from the

52



PNS or vice-versa was never clearly understood since in these studies the birds were only
euthanized when they presented clinical disease or at the end of the experiment. Therefore,
these investigations analyzed early infection aspects only by intra vitam parameters such
as viral shedding and seroconversion, and important information about the viral pathway
that was present in the early infection, and could have been detected by histopathology
and immunohistochemistry, was consequently missed. Interestingly, we first detected
viral RNA in cloacal swabs at 35 dpi and in choanal swabs at 60 dpi, which contrasts with
some experimental studies in canaries and cockatiels where viral shedding was detected
intermittently after the first week post-inoculation.?* 1% However, important factors such
as the species used in the experiment and mixed routes of experimental infection must be
taken into consideration for explaining this earlier viral shedding. Additionally, other
studies using intramuscular and subcutaneous route of infection in cockatiels were able to
first detect viral RNA in swabs between 7 and 11 weeks post-inoculation, which

corroborates with our results.'??
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Figure 9 Chronologic infection pathway based on PaBV N-protein detection by IHC.
Positive immunolabeling after intramuscular inoculation (1) was first observed at 20
dpi in the spinal cord (2), followed by brain (3) at 25 dpi. Ganglia in the Gl tract (4)
and adrenal gland (5) were first positive at 30 dpi. Positive immunolabeling in the
epicardial ganglia (6) was first observed at 35 dpi. Extra-neural tissues such as skin
(7) only had positive immunolabeling at late infection timepoints, as early as 80 dpi.
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The natural route of infection of PaBVs is a nebulous aspect of PDD pathogenesis.
Experimental studies were able to infect psittacine birds using single intramuscular,
intravenous or intracerebral routes®? 120 or using different protocols of intramuscular,
oral, oculonasal, and subcutaneous routes combined.?! 3 3. 114 Recently, two studies
involving cockatiels inoculated by oculonasal or oral routes failed to establish persistent
PaBV-2 or PaBV-4 infection or to induce PDD lesions in any of the birds during 6 months
of experiment®® suggesting that these routes are unlikely to be involved in natural PaBV-
2 infection. Furthermore, in our experiment, the successful induction of PaBV-2 infection
through intramuscular inoculation, and the widespread distribution of PaBV-2 in late
infection timepoints indicate that direct transmission of PaBV-2 through trauma wounds
or tegument injury might play a pivotal role in the pathogenesis. A novel bornavirus
recently identified in variegated squirrels (VVariegated squirrel bornavirus-1; VSBV-1) was
linked to three cases of fatal encephalitis in humans who were breeders of this squirrel
species.?® Although the route of infection still remains unclear in these cases, family
members reported skin injuries due to squirrel bites and scratches for 2 of the patients,
which indicates that this route of infection might be involved in the VSBV-1 transmission.
Interestingly, VSBV-1 RNA was observed in several tissues of the variegated squirrels
that had contact with the breeders, including brain, heart and kidneys, and VSBV-1 RNA
and antigen were identified in the neurons, glial cells and neuropil in the brains of the
breeders. The hypothesis that VSBV-1 could be transmitted via skin injuries is further
supported by a recent study where 11 out of 468 squirrels originated from private

institutions, zoological gardens and roadkill were screened in Germany and Netherlands
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and tested positive for VSBV-1 RNA with the highest loads in the CNS, oral cavity and
skin.1?® Furthermore, the presence of VSBV-1 in the oral cavity of infected variegated
squirrels could be associated with transmission of this virus to humans in eventual biting
accidents.

Neurotropic pathogens can invade the brain by different strategies, including
retrograde axonal transport, hematogenous spread across the blood-brain barrier (BBB),
direct infection of endothelial cells and via spread of infected leukocytes across the BBB
into the parenchyma, also known as “trojan horse” mechanism.?” In the early timepoints
of our experiment, PaBV-2 was restricted to branches of pectoral muscle nerves, brachial
plexus, neurons of the dorsal root ganglia and spinal cord, even before inflammation could
be observed in the latter two tissues. Only after reaching the brain, PaBV-2 was observed
spreading to extra-neural tissues. Our results suggest that PaBV-2 reaches the CNS
through retrograde axonal transport in a similar way to another neurotropic negative sense
single-stranded RNA virus such as Rabies virus (RABV). RABYV is transmitted by the bite
of infected animals, infects motor neurons at the neuromuscular junctions in the site of
injury, and then spreads to the spinal cord by retrograde axonal transport, which eventually
leads to infection of the brainstem and limbic system.?® Once in the brain, RABV migrates
throughout the CNS and then back to the periphery via anterograde axonal transport. Late
in infection, the virus can be seen in the skin, salivary glands, heart, kidney and cornea.'?°
Experimental studies have provided evidence that Borna disease virus 1 (BoDV-1) uses
nerve endings in the nasal and pharyngeal mucosa to gain access to the olfactory bulb and

consequently to the brain via retrograde axonal transport and can infect neurons,
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astrocytes, ependymal cells and oligodendrocytes of experimentally infected rodents.*°
In contrast to the scenario seen in PaBV reservoir hosts, mammalian Bornaviruses are
strictly neurotropic and encephalitis is the most striking manifestation of bornaviral
infection in its dead-end hosts, including horses, sheep, cats, and rodents.!? In contrast,
in the bicolored shrew (Crocidura leucodon), the natural reservoir of BoDV-1, this
Bornavirus was identified in several neural and extra-neural tissues, and continuously shed
through secretions, excretions, and even skin scalping.’® BoDV-1 infection in
experimental and erroneous hosts is mainly restricted to the gray matter of the brain and
spinal cord, and despite vision impairment has been mostly attributed to central
blindness,**° degeneration of retinal neurons has also been reported.3? Other neurotropic
agents such as Poliovirus!®® or Scrapie prions'* may also use retrograde axonal transport
to spread to the CNS, however, in these cases, viremia and/or infection of the
gastrointestinal associated lymphoid tissue (GALT) occur after oral ingestion of these
agents, which precedes invasion of CNS.

The combination of immunohistochemistry and molecular methods used in our
experiment was able to provide valuable information about viral antigen localization and
its relationship with viral RNA. For instance, although samples from spleen were positive
by PCR at 100 and 114 dpi, IHC revealed that only smooth muscle of the splenic vessels
were positive, which corroborates with the late infection pattern seen in our study and
agrees with the results of other studies that were able to demonstrate only low viral loads

in this tissue.®> 122 Additionally, we could not detect viral antigen nor viral RNA in any
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samples of liver, which also corroborates with other studies that demonstrate very low or
no load of PaBV-2 in this tissue.1?% 123

Although a slow growing virus in cell culture, PaBV-2 detection can be observed
in vivo as early as 20 dpi, using an intramuscular route of infection. Interestingly, despite
the hallmark lesion of PaBV infections being the dilation of the proventriculus, our results
demonstrated this virus affects the CNS at least 10 days before migrating to peripheral
tissues like the GI system. In the late infection, viral tropism for neural tissue is not as
strict as in the early infection timepoints, and PaBV-2 has broad tissue tropism affecting
extra-neural tissues. Our findings reinforce the potential of samples for antemortem
diagnostic methods such as crop immunohistochemistry and cloacal swabs PCR for
detection of PaBV-2 in early infection timepoints, as early as 30 and 35 dpi, respectively.
Additionally, skin samples and choanal swabs might be useful for detection of PaBV-2 by
RT-PCR in chronically infected patients. On the other hand, we were not able to detect
PaBV-2 RNA in the blood of any of the cockatiels in this experiment, which corroborates
with other studies that concluded that blood samples are not reliable for PaBV-2 detection
by RT-PCR?® . 13 and viremia is unlikely to take place in the pathogenesis of PDD.
Future research is necessary to understand key features of PaBV-2 infection and PDD
pathogenesis such as natural route of infection, receptors in target cells, and immune

response.
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CHAPTER IV
DISTRIBUTION OF INFLAMMATORY LESIONS AND VIRAL ANTIGEN IN
COCKATIELS (Nymphicus hollandicus) EXPERIMENTALLY INFECTED

WITH PARROT BORNAVIRUS 2

Introduction

Neurotropism is an important feature of mammalian bornaviruses and has been
extensively studied in natural and experimental cases of Borna disease.*® 94 12%.136 BopDV/-
1 infection occurs in horses and sheep in central Europe!®” and causes a
lymphoplasmacytic meningoencephalomyelitis with predilection for the gray matter. It
affects primarily the hippocampus, caudate nucleus, substantia nigra, mesencephalon and
hypothalamus.* 3 Eosinophilic intranuclear inclusion bodies known as Joest-Degen
bodies are produced by the viral replication machinery®*® and, although not a consistent
finding, they can be seen in neurons of animals affected by Borna disease,'*® and are
particularly prominent in the hippocampus.!® Additionally, retinal degeneration and
lymphoplasmacytic optic neuritis have been reported as a cause of blindness in horses
infected with BoDV-1.1%2 141 BoDV-2 was isolated from a horse with severe neurological
disease in Austria and although it differs from BoDV-1 by more than 15% of nucleotide
identity, the clinical and pathological presentation were identical to BoDV-1 infections.!#2

The distribution of inflammatory lesions of natural and experimental bornaviral
diseases in other mammals such as variegated squirrels, humans and immunocompetent

rodents are similar to those observed in horses and sheep.* “° In contrast, neonatal rodents
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experimentally inoculated with BoDV-1 lack evidence of encephalitis, but suffer
significant developmental injury in the central nervous system (CNS), particularly in the
hippocampus and cerebellum including dentate gyrus involution and the loss of cerebellar
granular cells, respectively,!3 136143

Neurons, glial and ependymal cells are the main target cells of the brains infected
by both mammalian and avian bornaviruses.'*4 Immunolabeling is expressed in the
nuclei alone or nuclei and cytoplasm of these cells, reflection of the intranuclear
replication of the bornaviruses,? a characteristic shared among only three other taxa of
animal RNA viruses: the families Orthomyxoviridae, Retroviridae and Nyamiviridae.***°

Although neurotropism is a prominent characteristic of PaBVs, studies on the
precise localization of inflammatory lesions and viral distribution are limited and lack a
systematic approach.'#® 10 The aim of this study was to analyze the distribution of
inflammatory lesions and PaBV nucleoprotein antigen localization in a chronologic and
systematic manner to ultimately provide a good understanding of the CNS areas affected

by this virus and its pathogenesis.

Material and methods
Ethics Statement

All procedures in this study were conducted using protocols approved by the Texas
A&M Biosafety and Animal Use Committees (IACUC 20150-0045) and Institutional

Biosafety Committee (IBC2015-021 and 1BC2015-142), that meets all federal
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requirements, as defined in the Animal Welfare act (AWA), the Public Health Service

Policy (PHS) and the Humane Care and Use of Laboratory Animals.

Viral culture and inoculum preparation

Parrot bornavirus 2 (PaBV-2) was inoculated into duck embryo fibroblasts (DEF,
Schubot Exotic Birds health center laboratory cell collection) cultured in minimum
essential medium (MEM) supplemented with 10% fetal bovine serum (FBS, Gibco,
ThermoFisher Scientific, Walthan, MA), and subsequently maintained in MEM

supplemented with 2% FBS, as previously described.14

Experimental animals, virus inoculation, and infection timeline

Thirty four cockatiels (Nymphicus hollandicus) originated from two PaBV-
negative aviaries were used for experimental inoculations of PaBV-2 (CK1-34), as
previously described.27 Briefly, cockatiels were divided into 12 different groups that
corresponded to different euthanasia timepoints (5, 10, 20, 25, 30, 35, 40, 60, 80, 95, 100,
and 114 days post-inoculation, dpi). Twenty-seven cockatiels were inoculated with PaBV-
2 while seven cockatiels were inoculated only with PaBV-free DEF and served as negative
controls. Cockatiels were inoculated using intramuscular injection in the right pectoral
muscle with 4x104 focus-forming units of virus. Any clinical signs observed during the
experimental period were documented. At the correspondent timepoints, cockatiels were
anesthetized with isoflurane (IsoThesia, Henry Schein, Melville, NY) and then humanely

euthanized with carbon dioxide (CO2).
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Histology

Brain and spinal cord of each bird were placed in 4% neutral formaldehyde for 48
hours. Coronal sections of the brain were obtained from the cerebrum at the level of the
hyperpalium and nucleus basorostralis (Level 1), cerebrum at the level of the striatum
(Level 1), and cerebrum at the level of the arcopalium and hindbrain (Level IlI).
Additionally, a sagittal section was taken from the rhombencephalon encompassing the

hindbrain, midbrain and cerebellum (Level 1V) (Figure 1).
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Figure 10. Selected levels of the brain for histological and immunohistochemical
analysis in PABV-2 inoculated cockatiels. I. Cerebrum at the level of the nucleus
basorostralis. 1. Cerebrum at the level of the striatum. I11. Cerebrum at the level of the
arcopalium and midbrain. I1V. Brain at the level of the rhombencephalon, encompassing
cerebellum and brainstem.
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Four transversal serial samples from cervical spinal cord between C1 and C13,
thoracic spinal cord between T1 and T7 and the lumbosacral spinal cord at the level of the
fused vertebrae of the synsacrum and the 5 caudal vertebrae (Figure 11) were also
collected from all birds. Samples of spinal cord were collected with intact vertebrae and
submitted to decalcification, which allowed the visualization of the adjacent spinal

ganglia. All samples were processed routinely for histologic examination.
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Figure 11. Selected levels of the spinal cord for histological and immunohistochemical
analysis of lesion in PaBV-2 inoculated cockatiels. I. Cervical spinal cord (C1-C13). Il.
Thoracic spinal cord (T1-T7). I1l. Lumbosacral spinal cord (Synsacrum and S1-S5).
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The neuroanatomic location of each inflammatory focus was mapped in a diagram
and the description of the regions of the brain followed what has been suggested by the
avian brain nomenclature consortium,®**3 and adapted for this purpose (Figure 3). A
single vessel surrounded by layers of lymphocytes and plasma cells or a glial nodule was
interpreted as a single inflammatory focus and was indicated by a dot in the diagram. The
severity of inflammation was represented by four different dot sizes (minimal, mild,
moderate or severe) and each bird with inflammatory lesions was represented by a
different color. Lesions were considered minimal when one single layer of perivascular
cuffing and no more than one focus was in the analyzed section; mild when two layers of
inflammatory cells and/or between two to three foci were in the analyzed section;
moderate when vessels had by three layers perivascular cuffing and/or between four to
seven foci in the analyzed section and severe when four or more layers of perivascular
cuffing and/or more than six inflammatory were foci in the analyzed section. All sections
were analyzed separately for each bird and then overlapped to generate the final diagram
using a graphic software (Photoshop elements, Adobe systems, San Jose, CA).
Lymphoplasmacytic inflammation related to PaBV-2 infection was scored as follows: -

(absent), + (minimal), ++ (mild), +++ (moderate), ++++ (Severe).
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Figure 12. Schematic map for histological landmark orientation in the 4 selected brain
levels (1, 11, 111, 1V). See supplementary table for a list of all abbreviations.
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Immunohistochemistry

Immunohistochemistry was performed using polyclonal antibodies against a
specific region of the PaBV N-protein as previously described,”” on serial tissue sections,
mounted on charged slides, and examined by light microscopy. Due to the intranuclear
replication nature of PaBVs, only cells with intranuclear or intranuclear and
intracytoplasmic immunolabeling were considered positive. Cells with only
intracytoplasmic immunolabeling were considered negative. Immunolabeling was scored
as previously described™®* and the progression of positive immunolabeling for each CNS
section was recorded in schematic plates. Briefly, slides were scored based on the number
of N-protein positive cells in the whole section of brain or spinal cord as follows: -
(absent), + (1-3% affected cells), ++ (4-10% affected cells), +++ (11-25% affected cells)

and ++++ (more than 25% affected cells).

Results
Inflammatory infiltrate distribution

For infected birds, lymphoplasmacytic inflammation was more prominent in the
central core of the brain, mainly in the thalamus (Level 1l1) and brainstem (Level V)
(Figure 4). In the spinal cord, lesions were equally distributed between the three segments

with wide distribution between ventral and dorsal horns (Figure 5).

68



Qoo

25 dpi:CiK 11
30 dpi:
35 dlpi:
40 dpi:
60 dpi:

60dpi:
80 dpi:
100 dpi: CK 30 CK 31
114 dpi: CK 33 CK 34

80 dpi:
95 dpi:

K27 CK 28

CK18CK19 100 dpi:CK 30 CK31

114 dpi:

CK 34

Qoo
5
8
a
=3

30 dpi:
35 dpi:
40 dpi:
60 dpi:

80 dpi:

CK28

CK18CK19 100 dpi:CK 30 CK31

114 dpi:

80 dpi:
CK18CK19 95 dpi:
100 dpi:CK 30 CK31

114 dpi:

CK34

27 CK 28

CK34

Figure 13. Inflammation distribution and severity across 4 selected levels (I, 11, 11l and
IV) of the brain. Inoculated cockatiels with PABV-2 that presented inflammatory lesions
are represented by different colors. Each dot represents an inflammatory focus and the
four different dot sizes represent different degrees of severity (minimal, mild, moderate

and severe).
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Figure 14. Inflammation distribution and severity across cervical (top), thoracic (middle),
and lumbosacral (bottom). Cockatiels that presented inflammatory lesions are represented
by different colors. Each dot represents an inflammatory focus and the four different dot
sizes represent different degrees of severity (minimal, mild, moderate and severe).
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At 25 dpi, the first areas of the brain to present inflammation were the brainstem
(level 1V) and the thalamus (level I11). More specifically, encephalitis was more prominent
in the gray matter and first spreading through the nucleus magnocellularis, nucleus olivaris
superior and nucleus laminaris in the brainstem and through the paraventricular nucleus
of the thalamus. By 30 dpi, inflammation had spread laterally through thalamic nuclei,
including the nucleus ovoidalis and nucleus rotundus, and dorsally to the commisura
posterior, which was the main region of the white matter affected by inflammation. The
nuclei septalis, and scattered areas in the cerebrum at the level of the striatum and
nidopallium (level I1) were also affected at 30 dpi. At 35 dpi, inflammatory foci reached
the optic tectum of the midbrain. Inflammation in the brainstem was consistently present
in the areas corresponding to the nucleus olivaris superior, nucleus solitarius, nucleus
laminaris, and nucleus decussationis. Out of the 17 cockatiels with inflammation at level
IV, only 5 had inflammatory foci in the cerebellum, which only started at 40 dpi and were
concentrated at the nucleus cerebellaris intermedius and nucleus cerebellaris internus.
Inflammation also reached the most dorsal areas comprising the mesopallium and
hyperpallium at 40 dpi affecting both gray and white matter at level Il. At level I, the
inflammation reached scattered areas in the mesopallium and nidopallium at 60 dpi
Sections of level 111 and level IV continuously presented inflammatory foci throughout
60, 80, 95, 100, until 114 dpi. Interestingly, the cerebrum at the levels I and Il did not
show inflammation at 95 dpi. At 60, 80, 100 and 114 dpi, inflammatory foci were mainly
concentrated in the mesopallium and hyperpallium. Meningitis in the brain was only

observed at 60, 100 and 114 dpi, and its severity ranged from minimal to mild.
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The first spinal cord segment to develop inflammatory foci was the thoracic spinal
cord at 25 dpi. Inflammation was predominant in the ventral horns accompanied by
ganglioneuritis until 35 dpi when it started to spread to the dorsal horns. Both cervical and
lumbosacral segments of the spinal cord first developed inflammation at 30 dpi affecting
both dorsal and ventral horns as well as adjacent spinal ganglia. All sections presented
inflammation, primarily in the gray matter throughout all timepoints until 114 dpi.
Although less frequent and severe than inflammation in the gray matter, inflammatory foci
in the white matter were first observed close to nerve insertions of the ventral funiculus at
30 dpi, followed by the dorsal funiculus at 80 dpi. Then white matter inflammation was
more concentrated close to nerve insertions in the ventral, dorsal and lateral funiculi,
mostly in the interface of gray and white matter until 114 dpi. No ganglioneuritis was
observed at 25 and 114 dpi in the cervical segment, at 95 and 100 dpi in the thoracic, and
at 40 dpi in the lumbosacral spinal cord. Ganglioneuritis was more severe and frequent in
the latter segment. Meningitis in the spinal cord was only observed at 80, 95, 100 and 114
dpi and it was also more frequent and severe in the lumbosacral segment. No inflammation

was observed in the glycogen body.

Viral antigen distribution

Immunolabeling was observed in the nuclei and/or nuclei and cytoplasm of
predominantly neurons, but glial and ependymal cells were also intermittently positive
(Figure 6). Immunolabeling was observed as early as 20 dpi unilaterally in the neurons

and glial cells of the ventral horn and adjacent ganglia of the thoracic spinal cord, and at
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25 dpi in the cervical and lumbosacral segments. At 40 dpi, the immunolabeling spread to
the ependymal cells, to the adjacent neurons and glial cells including cells in the dorsal
horns in all 3 segments of the spinal cord. Immunolabeling in the glial cells of the white
matter was first observed at 80 dpi. In all following timepoints (80, 95, 100, 114 dpi), a
diffuse labelling involving neurons, glial and ependymal cells in both gray and white

matter as well as neurons of the adjacent ganglia, was observed (Figure 7).
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A B

Figure 15. Immunolabeling for PaBV nucleoprotein in neurons (A), glial cells (B), and
ependymal cells (C).
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80 dpi 95 dpi 100 dpi 114 dpi

Figure 16. Progression of immunolabeling for PaBV N-protein across all timepoints
in the thoracic spinal cord.
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In the brain, the thalamic nuclei (level Il1) and the brainstem (level 1V) were
simultaneously the first areas of the brain with PaBV immunolabeling at 25 dpi. From 25
to 30 dpi, scattered neurons of the paraventricular nuclei of the thalamus and glial cells
scattered throughout the thalamus were positive. At 30 dpi, few neurons of the nucleus
basorostralis (level I) and striatum (level I1) were positive. At 35 dpi, the labelling rapidly
spread throughout the central core reaching the nuclei septalis in the subpallium; and to
neurons of the nuclei cereberallis of the molecular layer and also in the granule cell layer
of the cerebellum. Ependymal cells were also positive at 35 dpi, particularly in the
organum vasculosum of the hypothalamus, surrounding the third ventricle. At 40 dpi,
immunolabeling was strongly positive in the pallial areas, particularly prominent in the
arcopallium and nidopallium. Also at 40 dpi, PaBV-positive neurons and glial cells were
identified in the optic tectum and hyperpallium. At level I, the most widespread
immunolabeling for this section only started at 60 dpi. A diffuse pattern affecting virtually
all regions of the cerebrum was observed from 60 to 114 dpi. A widespread pattern
affecting not only the cerebellar nuclei but also the white matter and the Purkinje cells was
first observed at 80 dpi and remained positive until 114 dpi (Figure 8).

No inflammatory foci or antigen immunolabeling were observed in control birds.

76



Figure 17. Progression of PaBV immunolabeling for N-protein at 35, 60, 80 and
114 dpi in all 4 selected brain levels.
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Discussion

All infected birds experimentally inoculated with PaBV-2 in the pectoral muscle
developed a lymphoplasmacytic meningoencephalomyelitis. This was associated with
consistent intranuclear immunolabeling of PABV N protein antigen mainly in neurons;
compatible with what it has been described in natural cases of PDD.32 Although previous
studies have been able to identify PaBV N-protein antigen and inflammatory lesions in
the CNS of natural and experimental cases of PDD,7: 31 32.36. 64,66 the distribution of the
inflammation and/or immunolabeling are often only broadly determined with minimal
neuroanatomic mapping.®! In this study, immunolabeling for PaBV N-protein preceded
the development of inflammation and the ventral horns of the thoracic spinal cord were
the first positive CNS areas at 20 dpi. The brainstem (Level 1V) and the thalamus (Level
I11) were the first areas of the brain to simultaneously present viral antigen and
inflammation at 25 dpi. The interval between 25 and 60 dpi was crucial for the viral spread,
progressively and consistently affected several areas in both gray and white matter.
Timepoints after 60 dpi presented a diffuse and widespread pattern of inflammation and
viral antigen distribution throughout the three most caudal areas of the brain. Level |
remained as the least affected area until 100 dpi. Additionally, throughout all timepoints,
both inflammation and viral distribution were more concentrated to the ventral areas of
the brain.

Interestingly, some studies show that experimentally infected cockatiels have
gastrointestinal signs prior to developing neurological signs,®? *2° and ganglioneuritis has

been reported as a more consistent finding than meningoencephalomyelitis.t” 24 3256 Qur
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results suggest that the common practice of collecting and assessing only a single section
of the brain could lead to a false-negative diagnosis in PaBV-infected birds, especially in
the early timepoints of infection. We observed that levels IIl and 1V developed
inflammation in cockatiels from 9 out of the 12 timepoints (25 to 114 dpi). On the other
hand, we only identified lesions in level | in cockatiels from 60, 80, 100 and 114 dpi.
Therefore, sampling limited to rostral areas of cerebrum would be prone to miss the vast
majority of inflammatory lesions which might result in the misleading assumption that
gastrointestinal ganglioneuritis were present prior to the meningoencephalomyelitis.

In this study, the inflammatory lesions bear some similarities to what has been
described for mammalian bornaviruses. Lymphoplasmacytic meningoencephalomyelitis
with predilection for gray matter, including areas such as the thalamus and hypothalamus,
and relatively sparing the cerebellum and dorsal cerebrum was our main histological
finding as reported for horses, sheep, variegated squirrels, humans and immunocompetent
rodents.* 40 43.94,129.136 aqditionally, immunohistochemistry of human and squirrel brain
samples infected with VSVB-1 generally follow a pattern affecting the nuclei, cytoplasm,
and neuronal and glial processes,? similar to that observed in our study.

In contrast, the predilection for olfactory bulb and hippocampus in mammals, a
feature that fits the olfactory route of infection proposed for BoDV pathogenesis'*® and
follows a rostral-caudal progression of BoDV infection, was not observed in our study.
The natural route of infection for PaBVs remains to be elucidated, and while experimental
olfactory infection has failed to induce disease in cockatiels,®® a potential intramuscular

route of infection, as reproduced in our experiment,'>* creates the possibility of PaBVs
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being spread first to the spinal cord and only reaching the rostral areas of the cerebrum in
the late course of infection, which results in a caudal-rostral progression of infection and
explains the reduced inflammation and presence of viral N-protein antigen seen in the
more rostral areas during the late timepoints.

Although the hippocampus is associated to spatial memory in both birds and
mammals, its localization and structure differs enormously between both classes.*>® While
in mammals it is located rostral to the midbrain and ventral to the thalamus, the
hippocampus in birds has a dorsal localization in the pallial region of the cerebrum.*>! This
area was not affected in the cockatiels of this study, probably due the central core
predilection of the virus and consequent inflammation concentrated in the ventral areas of
the brain. Additionally, birds lack a distinguished dentate gyrus, which makes the
progressive cell death for the granule cells reported in the hippocampus of BoDV-infected
rats difficult to be assessed in birds.® 1%

The pathognomonic feature of mammalian BoDV infection, the eosinophilic
intranuclear inclusion bodies known as Joest-Degen bodies,**° were not observed in this
study.*® Although these inclusion bodies have been reported in few PDD cases,>"1%°
demonstration of the inclusion bodies in H&E preparations as observed for mammals?’
has not been consistent and a careful analysis of the morphological and staining
characteristics of the inclusion bodies must be taken in consideration to differentiate them
from fragmented nucleoli or artifacts.

In conclusion, our results suggest that thalamus and brainstem were considered the

most appropriate sections of the brain for sampling to determine PaBV-2 infection spread
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and inflammation. Little or no difference was observed between the three segments of the
spinal cord in our PaBV-2 experimental study based on distribution of viral antigen and
inflammatory lesions. Further research is needed to understand whether a similar process
happens in naturally infected birds and elucidate the mode of viral spread from animal to
animal as well as to more fully understand the physiologic and behavioral effects of viral
and inflammation spread during the infection progression. Additionally, we advocate the
processing of the spinal cord with the vertebral bodies in birds, once our results
demonstrate the outstanding visualization of the spinal ganglia and the decalcification

process did not interfere on viral antigen detection.
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CHAPTER V
CONCLUSIONS

Our results have enlightened important aspects of the pathogenesis of bornaviral
infections in psittacine birds and PDD.

The lack of evidence of classical PDD clinical signs and lesions after inoculation
of gangliosides in quaker parrots as discussed in Chapter Il, demonstrates the fragility of
the theory that speculates PDD as an autoimmune disease with similar features of GBS.
We were able to detect anti-ganglioside antibodies in the inoculated birds, but we were
not able to find any evidence of a correlation between these antibodies and PDD.

On the other hand, our experimental inoculations of PaBV-2 in cockatiels
successfully filled Koch-s postulates and triggered neurological and gastrointestinal
clinical signs commonly seen in PDD, that were supported by macroscopic and/or
microscopic lesions , and identification of antigen and viral RNA in tissues. The
experiments described in Chapters 111 and 1V bring the causal relationship of PaBV-2 and
PDD to light, and reinforce the immunopathological mechanisms involved in the
pathogenesis of this devastating disease.

Furthermore, we were able to demonstrate the viral progression of PaBV-2 through
12 different timepoints and its relationship to the development of lesions in early and late
infection. The thorough examination of a wide variety of tissues from infected cockatiels
by histopathological, immunohistochemical and molecular methods described in Chapter
I1l, was able to list the degree of compromise of different organs and consequently

indicated the appropriate tissues for diagnostic evaluation.
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Finally, neurotropism is a striking feature of bornaviral infections, which is clearly
reflected in PDD. The studies discussed in Chapter IV provide a unique understanding of
the distribution of PaBV-2 and the lesions provoked by this virus in the CNS of infected
cockatiels. We were able to trace the progression of PaBV-2 and lesions across 4 different
sections of the brain and 3 different sections of the spinal cord, which resulted in the
understanding of the predilection of PaBV-2 for thalamus and brainstem, and no
significant differences was observed across the segments of the spinal cord. These results
have an important contribution for the enhancement of the diagnoses and future research
of bornaviral infections.

Nevertheless, our results correspond to experimental and controlled conditions,
and further research is necessary to understand if our results corroborate with the findings

observed across different psittacine species and with natural cases of PDD.
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APPENDIX A

SUPPLEMENTARY TABLE
List of abbreviations
AL Ansa lenticularis
AP Arcopallium
Bas Nucleus basorostralis
Cbl Nucleus cerebellaris internus
CbM Nucleus cerebellaris intermedius
CP Comissura posterior

DBC Nucleus decussationis brachiorum conjunctivorurr
DIVA  Dorsalis intermedius pars ventralis anterior

DLP Nucleus dorsolateralis posterior thalami
DMP Nucleus dorsomedialis posterior thalami
GCt Substantia grisea centralis

HP Hyperpallium

La Nucleus laminaris

Mc Nucleus magnocellularis

MLd Nucleus mesencephalicus lateralis
MP Mesopallium

NP Nidopallium

0OS Nucleus olivaris superior
Ote Optic tectum

Ov Nucleus ovoidalis

OVH Organum vasculosum of the hypothalamus
P Pallidum

PvVT Paraventricular nuclei of the thalamus
Rt Nucleus rotundus

S Nucleus solitarius

SL Nucleus septalis lateralis

SM Nucleus septalis medialis

SRt Nucleus subrotundus

St Striatum

VeD Nucleus vestibularis descendens

VeL Nucleus vestibularis lateralis

VMH  Ventromedial nucleus of hypothalamus
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