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Embolic Encephalitis in a Porcine Model of Endocarditis
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Abstract. Background: Endocarditis is a severe disease in
which neurological complications are frequent and associated
with increased mortality and complex disease management.
In the present study, the pig was evaluated as a model of
embolic encephalitis as a complication of experimental
infective endocarditis. Materials and Methods: Brains from
pigs with experimental Staphylococcus aureus-associated
infective endocarditis (IE; n=2), experimental non-bacterial
thrombotic endocarditis (NBTE; n=5), experimental S. aureus
sepsis without endocarditis (SNE; n=3) and saline controls
(n=3), were used. The brains were examined for lesions
macroscopically, histologically and immunohistochemically.
Results: Lesions of focal encephalitis were found in the IE
and SNE pigs, at considerably higher numbers in the IE pigs.
Furthermore, microabscesses were common in the IE pigs,
which fits the association between brain abscesses and S.
aureus-associated endocarditis in humans. Conclusion:
Experimental porcine S. aureus-associated endocarditis is
advantageous for studying neurological complications, such
as brain abscess formation, as a result of endocardial
bacterial seeding.

Endocarditis is a severe disease which is associated with a
significant risk of embolism to other tissues, particularly the
brain (1, 2). In infective endocarditis (IE), neurological
complications are frequent, strongly associated with
mortality and can complicate management of the disease (3).
Septic embolism to the brain can result in encephalitis with
abscess formation, which in itself is a life-threatening
condition (4). Hematogenous spread from a primary
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infection outside of the central nervous system (CNS) is an
important cause of brain abscesses in humans (5), where
bacterial endocarditis and chronic pulmonary infection are
the most common foci of primary infection (6, 7). The most
frequent etiological agents of brain abscesses in humans are
Streptococcus spp. and Staphylococcus aureus (5), which
parallels S. aureus as the leading cause of IE (8, 3).

Animal models can be valuable in increasing the knowledge
of a disease, as well as for improving therapeutic and
diagnostic methods. Experimental models of brain abscess
have been described, however, the majority are produced by
bacterial inoculation into a local artery supplying the brain
(9, 10), or via direct inoculation into the brain parenchyma
(10-14). Despite the high frequency of neurological
complications in endocarditis, there is currently no
description of a model of brain abscess formation as a
complication of endocarditis, where hematogenous spread
from a primary infectious focus causes the disease.

The size of the pig is advantageous in that it allows for
utilization of human diagnostics and treatment methods, for
example with regard to diagnostic imaging and surgical
procedures. Furthermore, the finding of encephalic
microabscesses in pigs with spontaneous endocarditis has
been recently described (15), which leads to the theory that
the pig may be a suitable model for this disease complex.
However, there are no reports of examinations of brains from
pigs with experimental endocarditis. Thus, the aim of this
study was to evaluate the pig as a model of embolic
encephalitis as a complication of endocarditis.

Materials and Methods

Experimental design. Brain material from 13 pigs originating from
two previous experiments in which the impact on the CNS was not
examined, were used in the present study: one experimental porcine
endocarditis study and one experiment of porcine S. aureus sepsis,
respectively (Table I). The experimental animals were clinically
healthy, female Yorkshire-Landrace crossbreed pigs with a body
weight (BW) of 13-25 kg (6-10 weeks of age). The pigs originated
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Table 1. Experimental design and grouping of pigs.

Group Pig number Saline/ First Second Time from first
bacterial strain inoculation inoculation inoculation to euthanasia
Saline controls 1 Saline T:0 - 12h
2 Saline T: 0 T:12h 24 h
3 Saline T: 0 T:12h 48 h
Septic non-endcarditic 4% S. aureus S54F9 : 108 CFU/kg BW I: 108 CFU/kg BW 48 h
(porcine origin) T: 0 T:12h
5% S. aureus S54F9 : 108 CFU/kg BW I: 108 CFU/kg BW 48 h
(porcine origin) T: 0 T: 12 h
6% S. aureus S54F9 : 108 CFU/kg BW I: 108 CFU/kg BW 48 h
(porcine origin) T: 0 T:12h
Non-bacterial 7 S. aureus S54F9 : 105 CFU/kg BW I: 10 CFU/kg BW 11 days
thrombotic endocarditis (porcine origin) T: 0 T: 7 days
8 S. aureus 8325-4 : 105 CFU/kg BW I: 106 CFU/kg BW 11 days
9 (human origin) T:0 T: 7 days 11 days
10 S. aureus 8325-4 : 107 CFU/kg BW - 4 days
11 (human origin) T: 0 4 days
Infective endocarditis 12% S. aureus S54F9 : 107 CFU/kg BW - 24 h
13* (porcine origin) T: 0 48 h

T: Time from first inoculation, I: inoculum, CFU: colony-forming units, BW: body weight. *Pigs which developed clinical sepsis during the
experiment. Animals 7-13 received the first inoculation on day 4 after placement of a permanent cardiac catheter.

from the same specific pathogen-free (16) herd. In the experimental
endocarditis study, seven pigs underwent surgery with placement of
a permanent catheter in the left cardiac ventricle, and were
intravenously inoculated through an ear vein with either the porcine
S. aureus strain S54F9 (19) or the human S. aureus strain
NCTC8325-4 in dosages and time frames shown in Table I. The
animals were monitored clinically and echocardiographically, and
euthanized on day 1, 2, 4 or 11 after the first inoculation. The six
animals from the porcine S. aureus sepsis study did not receive a
cardiac catheter, and three of the pigs were inoculated twice with
the S. aureus strain S54F9 through an ear vein (Table I). The other
three pigs without cardiac catheter served as controls and were
sham-inoculated once or twice with sterile saline. The animals were
euthanized at time points presented in Table I. For further detailed
descriptions see Christiansen et al. (17) and Leifsson et al. (18). All
procedures were performed in accordance with the Danish National
Guidelines for Animal Care and were approved by the National
Authority (The Animal Experiments Inspectorate, licence no.
2008/561-37) in Denmark.

Histological preparation. The preparation of serial sections of the
brains was performed as described by Karstrup et al. (15). In brief,
the right or left half of a formalin-fixed brain was placed in a casting
mould filled with aqueous agar gel, left overnight at 5°, and
subsequently cut into 4-mm transverse slices. The tissue slices were
embedded in paraffin, cut and stained with hematoxylin and eosin
(HE) (20). To further characterize the findings, selected slides were
immunohistochemically stained. For the in situ detection of S. aureus,
a monoclonal mouse antibody to S. aureus (21) was used at a dilution
of 1:1000. For visualizing reactive astrocytes, a polyclonal rabbit
antibody to glial fibrillary acidic protein (GFAP) (22) was used at a
1:2000 dilution. The presence of T-lymphocytes was confirmed by
use of a monoclonal mouse antibody to CD3 (23) diluted to 1:1000,
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and finally, an immunostaining for myeloperoxidase was used as a
marker of neutrophils. The visualization of myeloperoxidase was
initiated by antigen retrieval using a commercial antigen-retriever
(DivaDecloaker 20x, Biocare Medical, LLC, Concord, CA, USA).
The sections were then blocked with 4% normal goat serum (ABC
kit, PK-6101; Vector Laboratories Inc., Burlingame, CA, USA) for
30 min. Endogenous biotin was blocked with an avidin solution for
15 min followed by a biotin solution for 15 min (Vector Laboratories
Inc.). The primary antibody identifying myeloperoxidase was a
polyclonal rabbit anti-human antibody (A 0398; DakoCytomation,
Denmark A/S, Glostrup, Denmark) used at a dilution of 1:2000.
Because of non-specific binding of the secondary antibody included
in the ABC kit, a separate biotin-conjugated goat anti-rabbit antibody
(Southern Biotech, Birmingham, AL, USA) was used at a 1:500
dilution. Thereafter, the ABC complex was incubated with the
sections for 30 min, before treatment with the chromogen (DAB) for
6 min. All sections were counterstained with Mayer’s hematoxylin.
Positive, negative and nonsense controls were included in the
myeloperoxidase  staining, as well as in the other
immunohistochemical protocols (21-23).

Histology. The animals were divided into four groups based on the
presence or absence of clinical sepsis and endocardial pathology,
respectively, as shown in Table I. All tissue sections were blinded
and systematically examined in their entirety, and the results were
recorded for each histological slide as lesion type, number,
characteristics and localization. An exact count of lesions was
performed up to 100; more numerous lesions were registered as
>100. The localization of lesions within the different anatomical
parts of the brain was registered, including the placement within
white matter, grey matter, or grey-white junction. Additionally, for
every finding, whether bacteria were identified in relation to the
lesion was registered.
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Table I1. Definitions and categorization of brain lesions found in the pigs.

Lesion

Definition

Classification

A: Focal encephalitis

B: Perivascular accumulation
of inflammatory cells
C: Leptomeningitis

D: Choroid plexitis

Focal or multifocal accumulation of inflammatory
cells within the brain parenchyma

Perivascular accumulation of inflammatory cells
Infiltration of inflammatory cells in the leptomeninges

Infiltration of inflammatory cells in the choroid plexus

Loosely suppurative (Figure 1a)
Microabscess (Figure 1d)

Densely organized round cells (Figure 1b and c)

Chronic focal encephalitis domin
by mononuclear cells

Including neutrophils (Figure le)
Mononuclear cells exclusively
Neutrophilic

Mononuclear

Neutrophilic

ated

Table II1. Type and number of lesions found in the brains from the experimental pigs.

Lesion Saline Septic non- Non-bacterial Infective
controls endocarditic thrombotic endocarditis endocarditis
Pig no. 1 2 3 4 5 6 8 9 10 11 12 13
Focal encephalitis
Suppurative 6 13 11
Microabscess 1 21 20
Densely organized round cells 20 8
Chronic focal encephalitis
Perivascular accumulation of inflammatory cells 12 2 2 2 3 7 10 8 19 7 7 >100 >100
Leptomeningitis™
Neutrophilic 25 28 21 13 6
Mononuclear 25 1 3
Choroid plexitis’
—neutrophilic 6 2 3 1

fChoroid plexitis and leptomeningitis were registered as present or not present per slide and the number reported is therefore the number of slides
in which the lesion was present. All other lesions were registered as the number of lesions per histological slide, and then totalled-up to give the

reported number.

Results

Pathology. No macroscopic lesions were observed in the
brains. The microscopic brain lesions could be categorized
into four main types (A-D), as summarized in Table II, with
the registered number of lesions presented in Table III.

A: Focal encephalitis was subdivided based on morphology
into loosely suppurative (Figure la), more organized
microabscess (Figure 1d), densely organized round cells
(Figure 1b and c) and chronic focal encephalitis, and was
present in all animals with IE and in two of the SNE pigs (no.
4 and 6). The SNE pigs had two and nine lesions, respectively,
while there were 54 and 39 in the animals with IE. In both
groups, there was a clear reaction in the vessels surrounding
the encephalitic processes, consisting of reactive endothelial
cells, vasculitis and perivasculitis. Many of the processes with

densely organized round cells had a distinct concentric
arrangement (Figure 1b). Furthermore, edema and necrosis of
the brain tissue were common findings within and around the
lesions. There were some differences in the characteristics of
the focal encephalitis in the two groups: i) Bacteria were only
seen in encephalic processes of animals with IE. ii) The
lesions present in the IE animals were larger than in the SNE
pigs. iii) Focal encephalitis consisting of densely organized
round cells was only present in the IE animals.

B: Perivascular accumulations of inflammatory cells
(Figure le) were present in all animals but in various
numbers. The finding was most frequent in the animals with
IE, both with regard to the number of perivascular
accumulations that included neutrophils and overall.

C: Suppurative leptomeningitis was present in the IE and
SNE pigs. In one pig with NBTE (no. 9), the presence of
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Figure 1. a: Focal encephalitis, suppurative. A bacterial colony is visible, grey matter. Pig no. 12, HE. Bar, 50 um. b: Focal encephalitis, densely-
organized round cells, grey matter. Pig no. 12, HE. Bar, 100 um. c: Cellular details of a lesion from a pig of the focal encephalitis subgroup with
densely-organized round cells. Pig no. 13, HE. Bar, 50 um. d: Focal encephalitis, microabscess, grey matter, pig no. 12, HE. Bar, 150 um. e:
Perivascular infiltration of inflammatory cells, and an inflammatory reaction involving the vessel (vasculitis), dominated by neutrophils, grey matter.
Pig no. 13, HE. Bar, 50 um.
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Figure 2. The localization of focal encephalitis in all pigs.

moderate mononuclear meningitis was noted. Mononuclear
meningitic lesions were also present in low numbers in the
animals with IE, in which the meningitis was otherwise
dominated by neutrophils.

D: Suppurative choroid plexitis was registered in the
animals with IE and in two SNE pigs.

Most of the type A and B lesions were present in the grey
matter, followed by the grey-white junction. The localization
of focal encephalitis in the brains is visualized in Figure 2.

Immunohistochemistry. Positive controls reacted in agreement
with the various protocols, and negative and non-sense
controls were without reactivity for all protocols. In the anti-
CD3-stained slides, lesions of focal encephalitis with densely
organized round cells were negative, with some positively
stained cells in the tissue surrounding the lesions.
Microabscesses were also negative, with very few positively
stained cells in the surrounding tissue. Regarding perivascular
accumulation of mononuclear cells, the anti-CD3 stain
revealed variable results. In pigs no. 10 and 12, some
positively stained cells were apparent in the perivascular
accumulations. In pig no. 9, a large perivascular accumulation
surrounding a large vessel contained many positively stained
cells, although this pig had other, smaller perivascular
accumulations where all cells were negative for CD3. In other
perivascular accumulations, which included neutrophils (pig
no. 13), no cells stained positively for CD3. This staining also
confirmed the presence of CD3-positive cells in sections with
mononuclear leptomeningitis. In tissue sections with focal
encephalitis stained for GFAP, there was no staining inside
the lesions, while there was a positive reaction consistent with
hypertrophy and proliferation of astrocytes surrounding the
lesions (Figure 3a). Furthermore, the S. aureus staining
confirmed the findings in HE, in that all retrieved bacterial
colonies stained positively (Figure 3b). With staining for

Figure 3. a: Staining of glial fibrillary acidic protein (GFAP). Focal
encephalitis with densely-organized round cells. Cells located
centrally in the lesion are negative and surrounded by positive cells
(reactive astrocytes). White matter, pig no. 13. Bar, 200 um. b:
Immunostaining for Staphylococcus aureus shows positive colonies
centrally located in a lesion of focal encephalitis with densely-
organized round cells. Grey matter, pig no. 12. Bar, 200 um. c:
Immunostaining for myeloperoxidase, focal encephalitis. Grey matter,
pig no. 12. Bar, 150 um.
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myeloperoxidase, the encephalitis subtype with densely
organized round cells was further characterized. The stain
showed positive cells inside the foci and in the tissue
surrounding them (Figure 3c). Additionally, there was a
diffuse positive reaction in and around the lesions, which
gradually faded in the surrounding tissue.

Discussion

Focal encephalitis was one of the main types of brain lesion in
pigs of this study. It was only present in animals with IE and
SNE, and the numbers of lesions of focal encephalitis were
notably higher in the IE animals, despite the sepsis also
present in the SNE pigs. This indicates that the numerous
lesions of focal encephalitis in the IE pigs resulted from
hematogenous spread of bacteria from the infectious focus in
the heart, corresponding to the human condition (2). S. aureus-
associated endocarditis in humans is associated with a high
rate of embolic events and neurological complications are
frequent, with an estimated occurrence in as many as 35-39%
of the cases (8). Brain abscess is a potentially life-threatening
complication of IE, and is described to be more prevalent in S.
aureus-associated endocarditis than in IE due to other bacteria
(2, 24). Brain microabscesses are more common than
macroabscesses in patients with IE, and microabscesses are
most commonly associated with S. aureus infections (25). In
this study, microabscesses were common in the pigs with IE,
and together with the finding of focal encephalitis with
microabscesses in pigs with spontaneous bacterial endocarditis
(15), this increases the potential for use of the pig as a model
of this condition. The number of microabscesses in pigs with
spontaneous endocarditis (15) was lower than in the IE pigs
of this study, indicating that the experimental induction of S.
aureus-associated IE is additionally favorable for
hematogenous spread of bacteria to the brain.

Metastatic seeding from a primary infection outside of the
CNS, such as endocarditis, is an important cause of brain
abscesses in both humans (5) and animals (26). However,
brain abscess formation following experimentally-induced
bacteremia is described as being rare (5), as also observed in
the present study, i.e. 11 foci recorded in the SNE group
compared to 93 in the IE group. Therefore, experimental
induction of brain abscesses has usually been performed
either by inoculation through local injection into a vessel
leading to the brain (9, 10), or via direct inoculation into the
brain parenchyma (10-14). This, however, does not
correspond to the clinical situation in the type of brain
abscesses which are due to hematogenous spread of bacteria
from a distant infectious focus.

Regarding the localization of lesions, brain abscesses
caused by hematogenous spread of bacteria have been
described to typically develop in the grey matter, since it
receives a larger amount of blood than the white matter (26).
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In addition, the grey-white junction is said to be predisposed
for localization of brain abscesses, because of the poor
microcirculatory flow in this area (26). This localization also
matches the results from the current study where the lesions
were predominantly found in the grey matter, followed by
the grey-white junction. Differences in the volumes of the
grey and white matter, respectively, might also have
influenced these results.

The immunostaining for GFAP showed a positive reaction,
revealing hypertrophy and proliferation of astrocytes
surrounding microabscesses and in the subtype of focal
encephalitis with densely organized round cells. This is in
accordance with the inflammatory response in the brain,
where encapsulation of lesions is normally dominated by
astrocytes, as fibroblasts are sparse in the brain tissue (27).
With regard to the focal encephalitis subtype with densely
organized round cells, different immunostainings were
utilized to identify the cell types in these lesions. The results
were that the majority of cells reacted positively with the anti-
myeloperoxidase stain and negatively for CD3. However, the
morphology of the cells was not typical for granulocytes, and
the reason for this is obscure. One theory is that the cells
might have been toxically affected to achieve an unusual
shape, similar to the ‘oat cells’ described in pneumonia (28).

Pig no. 9 differed from the other pigs with NBTE in that
it had mononuclear leptomeningitis. This might be due to an
individual reaction towards the inoculation. Suppurative
leptomeningitis was found both in animals with IE and in the
SNE pigs, and might be a consequence of the septicemic
state.  Furthermore, perivascular accumulations of
inflammatory cells were present in all animals, although with
massively elevated numbers in animals with IE compared to
all other pigs. Focal lymphoid cell accumulations have been
described as spontaneous lesions in the pig brain (29),
although the extremely large numbers of perivascular
inflammatory cell infiltrations in the IE pigs is most likely
correlated to the finding of more severe inflammatory
processes in the brains of these animals.

In conclusion, the brain lesions present in pigs with
experimental endocarditis can be categorized into four main
types. Focal encephalitis, characterized by presence of multiple
microabscesses, choroid  plexitis and  neutrophilic
leptomeningitis were found exclusively in pigs with S. aureus-
associated endocarditis and in the SNE pigs. The highest
numbers of lesions of focal encephalitis were present in
animals with IE, even compared with non-endocarditic pigs
with severe S. aureus sepsis. In general, the lesions were
mainly localized in the grey matter. Brain abscesses are highly
associated with S. aureus-associated endocarditis in humans,
which parallels the observation of microabscesses as being
common lesions in the IE pigs of this study. These
pathological findings demonstrate that the experimental
induction of S. aureus-associated endocarditis in pigs also is
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advantageous for studying neurological complications such as
brain abscess formation. Finally, it shows that the pig is a
suitable animal model for hematogenously-induced brain
abscesses resulting from secondary, e.g. endocardial, bacterial
seeding.
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