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Abstract: Mycoplasma (M.) suis is a member of the haemotrophic mycoplasmas (HM), a group of cell
wall-less bacteria known to parasitize on the surface of the red blood cells (RBCs) of a wide variety of
vertebrate animals. M. suis is strongly adapted to the swine and causes infectious anaemia in pigs (IAP),
an infectious disease mainly occurring in weaned and feeder pigs that are immunosuppressed. The acute
form of the disease is characterised by a febrile anaemia, icterus and cyanosis at the acrae. Chronic
infections are mainly asymptomatic, can however be accompanied by growth retardation, reduced repro-
duction rate of sows and a higher susceptibility to other diseases. Basic research on HM is complicated
due to the impossibility to cultivate these organisms. In this study high-resolution microscopic techniques
were applied on blood and tissue of M. suis infected pigs in order to study the host-pathogen interac-
tion in more detail and examine the dissemination of M. suis within the host. In temporal connection
with research activities on the M. suis infection, an increased incidence of acute IAP in feeder pigs was
observed with predominantly fatal outcome despite antibiotic therapy. Contrary to the expected high
numbers of M. suis cells on and between the erythrocytes in acridine orange-stained blood smears - the
established diagnostic feature of acute IAP - only marginal numbers of the bacterial cells were noticed.
This microscopic finding completely conflicted with the results of quantitative real-time PCR that de-
tected high numbers of M. suis (109 to 1010 cells per ml blood) in the same blood samples. This striking
difference between microscopy and PCR raised the issue of an intracellular localisation of M. suis within
the erythrocytes. In this thesis verification of this hypothesis was carried out work by means of exper-
imental infection of splenectomised pigs with the highly virulent M. suis strain 08/07 and microscopic
analysis of infected RBCs using scanning (SEM) - and transmission electron microscopy (TEM) as well
as confocal laser scanning microscopy. We concluded that the organism invades the erythrocytes in an
endocytosis-like process and is initially surrounded by the host cell membrane. M. suis could also be
found floating freely in the cytoplasm. In this study it was shown for the first time that a member of the
haemoplasma group is able to invade the erythrocytes of its host. Several authors have reported about
haemorrhagic diathesis in pigs with acute IAP as well as about intravascular coagulation and subsequent
consumption of platelets indicating vascular damages during the M. suis infection. Further observations
confirming the assumption of vascular injury during IAP is the massive change in erythrocyte morphol-
ogy, RBC aggregation and subsequent development of cyanoses in areas with less blood circulation (ear,
tail). Using SEM and TEM a massive endothelial injury was detected on the luminal side of the vessel
walls of acutely diseased M. suis infected pigs. Damages were associated with endothelial alterations as
well as denudation of endothelial cells, which could be confirmed by histochemical analysis. Erythrocytes
were found to be attached to the vascular wall – either alone or together with leucocytes and platelets
embedded in a network of fibrin fibres, forming arterial thrombi. In addition, bacterial biofilms were
observed on the luminal side of the blood vessels. Infrequently, single M. suis cells were found being
attached to the endothelium. Applying TEM and histochemical staining intravascular coagulation could
be detected in capillaries of parenchymas such as kidney, lung, and liver. Endothelial cell death is often
associated with an increased TNF- concentration in the blood. However, no elevated serum concentra-
tions of porcine TNF- could be detected in acutely diseased pigs. Therefore, endothelial apoptosis is
probably triggered by other serum factors or by attachment or invasion of M. suis to the endothelial cells
itself. In in vitro studies with porcine aortic endothelial cells (PAECs) and M. suis containing plasma
of diseased pigs attachment of M. suis to PAECs could be confirmed. At the point of attachment an



aggregation of the host cell actin was observed. In addition, PAECs incubated with porcine plasma
and sera from acutely diseased M. suis infected pigs had a higher apoptosis rate than PAECs incubated
with control plasma and sera. In conclusion, the results of this thesis, specifically the intraerythrocytary
localisation of M. suis in combination with the formation of biofilms on the vascular endothelium, help to
explain the long-life persistence of this bacteria (and other HM). Biofilm formation, as well as intracellu-
lar localisation, generally protects bacteria from the host immune system and from killing by antibiotics.
Therefore, this study serves as the basis for novel strategies in the HM research, e.g. treatment or prophy-
laxis. Mycoplasma (M.) suis ist ein Vertreter der hämotrophen Mycoplasmen (HM), einer Gruppe von
zellwandlosen Bakterien, die auf der Oberfläche der roten Blutzellen einer Vielzahl von Säugetieren par-
asitieren. M. suis verursacht die infektiöse Anämie des Schweins (IAP), eine Infektionskrankheit welche
hauptsächlich bei Absatzferkeln und Mastschweinen vorkommt, wenn diese unter Belastung stehen. Die
akute Form der Krankheit äussert sich in einer fieberhaften Anämie, Ikterus und Zyanosen an den Akren.
Chronische Infektionen sind grösstenteils asymptomatisch, können aber von Wachstumsstagnationen,
einer verminderten Fruchtbarkeit und einer erhöhten Anfälligkeit gegenüber Infektionen gekennzeichnet
sein. Die Erforschung der hämotrophen Mycoplasmen wird durch die Unkultivierbarkeit der Erreger
erschwert. In dieser Dissertation wurden Blut- und Gewebeproben von mit M. suis infizierten Schweinen
hochauflösenden mikroskopischen Techniken unterzogen, um Wirt-Pathogen-Interaktionen und die Ver-
breitung des Erregers im Wirt zu untersuchen. In zeitlichem Zusammenhang mit Forschungsarbeiten
zu M. suis-Infektionen sind wir auf ein vermehrtes Auftreten akuter IAP in Mastschweinen aufmerksam
geworden. Trotz antibiotischer Behandlung waren diese Erkrankungen vorwiegend tödlich. Im Gegen-
satz zu den erwarteten hohen Erregerzahlen in mit Acridine Orange gefärbten Blutausstrichen – einem
üblichen diagnostischen Befund bei akuter IAP – konnten wir nur wenige Erreger nachweisen. Dieser
mikroskopische Befund stand in starkem Widerspruch zu den Ergebnissen der quantitativen Real-Time
PCR, mit der hohe Erregermengen (109-1010 Zellen pro ml Blut) in denselben Blutproben detektiert wer-
den konnten. Dieser auffällige Unterschied zwischen Mikroskopie und PCR warf die Hypothese auf, dass
es sich um ein neues M. suis Isolat handelt, welches in die Erythrozyten invadiert. In dieser Arbeit erfol-
gte die Bestätigung dieser Hypothese nach experimenteller Infektion splenektomierter Schweine mit dem
hochvirulenten M. suis-Isolat 08/07 und anschließender mikroskopischer Untersuchung infizierter Ery-
throzyten im Transmissions- und Rasterelektronenmikroskop sowie im konfokalen Laserrastermikroskop.
M. suis invadiert den Erythrozyten in einem endozytoseähnlichen Prozess und ist anfangs von der Wirt-
szellmembran umschlossen. Der Erreger wurde auch frei im Zytoplasma des Erythrozyten vorgefunden.
Damit konnte zum ersten Mal gezeigt werden, dass ein Vertreter der HM in der Lage ist, in die Ery-
throzyten zu invadieren. In verschiedenen Publikationen wird auf eine erhöhte hämorrhagische Diathese,
intravaskuläre Koagulation und Thrombozytopenie in Schweinen mit akuter IAP hingewiesen, was auf
vaskuläre Schäden während der M. suis-Infektion hinweist. Weitere Beobachtungen, welche diese Ver-
mutung untermauern, sind die massiven Änderungen in der Erythrozytenmorphologie, die verstärkte
Aggregation der roten Blutzellen und die Ausprägung von Zyanosen in Körperbereichen mit geringer
Blutzirkulation (Ohr, Schwanz). Mit Hilfe von raster- und transmissionselektronenmikroskopischen Ver-
fahren konnte eine massive Veränderung des Endothels in Blutgefässen akut erkrankter M. suis-infizierter
Schweine aufgezeigt werden. Die Schädigungen beinhalteten grossflächige Ablösung der Endothelzellen,
sowie morphologische Veränderungen, welche in histologischen Untersuchungen bestätigt wurden. Wand-
haftende Erythrozyten sowie arterielle Thromben, bestehend aus dichten Fibrinnetzwerken in welche
Leukozyten, Thrombozyten und Erythrozyten eingebettet sind, wurden vorgefunden. Weiterhin wurden
bakterielle Biofilme auf der Endothelschicht beobachtet. Gelegentlich wurden auch einzelne M. suis Zellen
auf der Innenseite der Gefässe detektiert. In transmissionselektronenmikroskopischen und histochemis-
chen Untersuchungen wurden intravaskuläre Koagulationen in Kapillaren von grossen Parenchymen, wie
der Niere, der Lunge und der Leber bestätigt. Endothelialer Zelltod ist oft verbunden mit einer erhöhten
TNF- Konzentration im Blut. Es konnte jedoch kein erhöhter TNF- Spiegel im Blutserum akut erkrank-
ter Schweine nachgewiesen werden. Daher wird die Endothelzellapoptose wahrscheinlich durch andere
Serumkomponenten oder auch durch die Adhäsion von M. suis an Endothelzellen selbst ausgelöst. In
in vitro Versuchen mit porzinen aortischen Endothelzellen (PAECs) und erregerhaltigem Plasma von M.
suis-infizierten Schweinen konnten wir die Adhäsion von M. suis an Endothelzellen bestätigen. Ausser-
dem konnte eine Aggregation des Wirtzellaktins an den Kontaktstellen zu M. suis festgestellt werden.
PAECs, welche mit Plasma und Seren akut infizierter Tiere inkubiert wurden, wiesen zudem eine höhere
Apoptoserate auf als PAECs, welche mit Kontrollplasma und Seren inkubiert wurden. Zusammenfassend
dienen die Ergebnisse dieser Dissertation, insbesondere die intrazelluläre Lokalisation des Erregers sowie
dessen Fähigkeit zur Biofilmbildung auf Endothelzellen, der Aufklärung der Persistenz von M. suis (und
anderen HM). Bakterien innerhalb von Biofilmen oder Wirtszellen sind generell resistenter gegen die Im-
munantwort des Wirtes und geschützt vor einer Eliminierung durch Antibiotika. Daher kann diese Studie
als Grundlage für neue Strategien zur Verbesserung der medikamentösen Behandlung und Prophylaxe
von Hämoplasmeninfektionen dienen.
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Summary  

Mycoplasma (M.) suis is a member of the haemotrophic mycoplasmas (HM), a group of cell 

wall-less bacteria known to parasitize on the surface of the red blood cells (RBCs) of a wide 

variety of vertebrate animals. M. suis is strongly adapted to the swine and causes infectious 

anaemia in pigs (IAP), an infectious disease mainly occurring in weaned and feeder pigs that 

are immunosuppressed. The acute form of the disease is characterised by a febrile anaemia, 

icterus and cyanosis at the acrae. Chronic infections are mainly asymptomatic, can however 

be accompanied by growth retardation, reduced reproduction rate of sows and a higher 

susceptibility to other diseases. 

Basic research on HM is complicated due to the impossibility to cultivate these organisms. In 

this study high-resolution microscopic techniques were applied on blood and tissue of M. suis 

infected pigs in order to study the host-pathogen interaction in more detail and examine the 

dissemination of M. suis within the host. 

In temporal connection with research activities on the M. suis infection, an increased 

incidence of acute IAP in feeder pigs was observed with predominantly fatal outcome despite 

antibiotic therapy. Contrary to the expected high numbers of M. suis cells on and between the 

erythrocytes in acridine orange-stained blood smears - the established diagnostic feature of 

acute IAP - only marginal numbers of the bacterial cells were noticed. This microscopic 

finding completely conflicted with the results of quantitative real-time PCR that detected high 

numbers of M. suis (10
9
 to 10

10
 cells per ml blood) in the same blood samples. This striking 

difference between microscopy and PCR raised the issue of an intracellular localisation of 

M. suis within the erythrocytes. In this thesis verification of this hypothesis was carried out 

work by means of experimental infection of splenectomised pigs with the highly virulent 

M. suis strain 08/07 and microscopic analysis of infected RBCs using scanning (SEM) - and 

transmission electron microscopy (TEM) as well as confocal laser scanning microscopy. We 

concluded that the organism invades the erythrocytes in an endocytosis-like process and is 

initially surrounded by the host cell membrane. M. suis could also be found floating freely in 

the cytoplasm. In this study it was shown for the first time that a member of the haemoplasma 

group is able to invade the erythrocytes of its host. 

Several authors have reported about haemorrhagic diathesis in pigs with acute IAP as well as 

about intravascular coagulation and subsequent consumption of platelets indicating vascular 

damages during the M. suis infection. Further observations confirming the assumption of 
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vascular injury during IAP is the massive change in erythrocyte morphology, RBC 

aggregation and subsequent development of cyanoses in areas with less blood circulation (ear, 

tail). 

Using SEM and TEM a massive endothelial injury was detected on the luminal side of the 

vessel walls of acutely diseased M. suis infected pigs. Damages were associated with 

endothelial alterations as well as denudation of endothelial cells, which could be confirmed by 

histochemical analysis. Erythrocytes were found to be attached to the vascular wall – either 

alone or together with leucocytes and platelets embedded in a network of fibrin fibres, 

forming arterial thrombi. In addition, bacterial biofilms were observed on the luminal side of 

the blood vessels. Infrequently, single M. suis cells were found being attached to the 

endothelium. Applying TEM and histochemical staining intravascular coagulation could be 

detected in capillaries of parenchymas such as kidney, lung, and liver.  

Endothelial cell death is often associated with an increased TNF-  concentration in the blood. 

However, no elevated serum concentrations of porcine TNF-  could be detected in acutely 

diseased pigs. Therefore, endothelial apoptosis is probably triggered by other serum factors or 

by attachment or invasion of M. suis to the endothelial cells itself. 

In in vitro studies with porcine aortic endothelial cells (PAECs) and M. suis containing 

plasma of diseased pigs attachment of M. suis to PAECs could be confirmed. At the point of 

attachment an aggregation of the host cell actin was observed. In addition, PAECs incubated 

with porcine plasma and sera from acutely diseased M. suis infected pigs had a higher 

apoptosis rate than PAECs incubated with control plasma and sera. 

In conclusion, the results of this thesis, specifically the intraerythrocytary localisation of 

M. suis in combination with the formation of biofilms on the vascular endothelium, help to 

explain the long-life persistence of this bacteria (and other HM). Biofilm formation as well as 

intracellular localisation generally protects bacteria from the host immune system and from 

killing by antibiotics. Therefore, this study serves as the basis for novel strategies in the HM 

research, e.g. treatment or prophylaxis.  
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Zusammenfassung 

Mycoplasma (M.) suis ist ein Vertreter der hämotrophen Mycoplasmen (HM), einer Gruppe 

von zellwandlosen Bakterien, die auf der Oberfläche der roten Blutzellen einer Vielzahl von 

Säugetieren parasitieren. M. suis verursacht die infektiöse Anämie des Schweins (IAP), eine 

Infektionskrankheit welche hauptsächlich bei Absatzferkeln und Mastschweinen vorkommt, 

wenn diese unter Belastung stehen. Die akute Form der Krankheit äussert sich in einer 

fieberhaften Anämie, Ikterus und Zyanosen an den Akren. Chronische Infektionen sind 

grösstenteils asymptomatisch, können aber von Wachstumsstagnationen, einer verminderten 

Fruchtbarkeit und einer erhöhten Anfälligkeit gegenüber Infektionen gekennzeichnet sein.  

Die Erforschung der hämotrophen Mycoplasmen wird durch die Unkultivierbarkeit der 

Erreger erschwert. In dieser Dissertation wurden Blut- und Gewebeproben von mit M. suis 

infizierten Schweinen hochauflösenden mikroskopischen Techniken unterzogen, um Wirt-

Pathogen-Interaktionen und die Verbreitung des Erregers im Wirt zu untersuchen. 

In zeitlichem Zusammenhang mit Forschungsarbeiten zu M. suis-Infektionen sind wir auf ein 

vermehrtes Auftreten akuter IAP in Mastschweinen aufmerksam geworden. Trotz 

antibiotischer Behandlung waren diese Erkrankungen vorwiegend tödlich. Im Gegensatz zu 

den erwarteten hohen Erregerzahlen in mit Acridine Orange gefärbten Blutausstrichen – 

einem üblichen diagnostischen Befund bei akuter IAP – konnten wir nur wenige Erreger 

nachweisen. Dieser mikroskopische Befund stand in starkem Widerspruch zu den 

Ergebnissen der quantitativen Real-Time PCR, mit der hohe Erregermengen (10
9
-10

10
 Zellen 

pro ml Blut) in denselben Blutproben detektiert werden konnten. Dieser auffällige 

Unterschied zwischen Mikroskopie und PCR warf die Hypothese auf, dass es sich um ein 

neues M. suis Isolat handelt, welches in die Erythrozyten invadiert. In dieser Arbeit erfolgte 

die Bestätigung dieser Hypothese nach experimenteller Infektion splenektomierter Schweine 

mit dem hochvirulenten M. suis-Isolat 08/07 und anschließender mikroskopischer 

Untersuchung infizierter Erythrozyten im Transmissions - und Rasterelektronenmikroskop 

sowie im konfokalen Laserrastermikroskop. M. suis invadiert den Erythrozyten in einem 

endozytoseähnlichen Prozess und ist anfangs von der Wirtszellmembran umschlossen. Der 

Erreger wurde auch frei im Zytoplasma des Erythrozyten vorgefunden. Damit konnte zum 

ersten Mal gezeigt werden, dass ein Vertreter der HM in der Lage ist, in die Erythrozyten zu 

invadieren. 

In verschiedenen Publikationen wird auf eine erhöhte hämorrhagische Diathese, 
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intravaskuläre Koagulation und Thrombozytopenie in Schweinen mit akuter IAP 

hingewiesen, was auf vaskuläre Schäden während der M. suis-Infektion hinweist. Weitere 

Beobachtungen, welche diese Vermutung untermauern, sind die massiven Änderungen in der 

Erythrozytenmorphologie, die verstärkte Aggregation der roten Blutzellen und die 

Ausprägung von Zyanosen in Körperbereichen mit geringer Blutzirkulation (Ohr, Schwanz). 

Mit Hilfe von raster- und transmissionselektronenmikroskopischen Verfahren konnte eine 

massive Veränderung des Endothels in Blutgefässen akut erkrankter M. suis-infizierter 

Schweine aufgezeigt werden. Die Schädigungen beinhalteten grossflächige Ablösung der 

Endothelzellen, sowie morphologische Veränderungen, welche in histologischen 

Untersuchungen bestätigt wurden. Wandhaftende Erythrozyten sowie arterielle Thromben, 

bestehend aus dichten Fibrinnetzwerken in welche Leukozyten, Thrombozyten und 

Erythrozyten eingebettet sind, wurden vorgefunden. Weiterhin wurden bakterielle Biofilme 

auf der Endothelschicht beobachtet. Gelegentlich wurden auch einzelne M. suis Zellen auf der 

Innenseite der Gefässe detektiert. In transmissionselektronenmikroskopischen und 

histochemischen Untersuchungen wurden intravaskuläre Koagulationen in Kapillaren von 

grossen Parenchymen, wie der Niere, der Lunge und der Leber bestätigt. 

Endothelialer Zelltod ist oft verbunden mit einer erhöhten TNF-  Konzentration im Blut. Es 

konnte jedoch kein erhöhter TNF-  Spiegel im Blutserum akut erkrankter Schweine 

nachgewiesen werden. Daher wird die Endothelzellapoptose wahrscheinlich durch andere 

Serumkomponenten oder auch durch die Adhäsion von M. suis an Endothelzellen selbst 

ausgelöst.  

In in vitro Versuchen mit porzinen aortischen Endothelzellen (PAECs) und erregerhaltigem 

Plasma von M. suis-infizierten Schweinen konnten wir die Adhäsion von M. suis an 

Endothelzellen bestätigen. Ausserdem konnte eine Aggregation des Wirtzellaktins an den 

Kontaktstellen zu M. suis festgestellt werden. PAECs, welche mit Plasma und Seren akut 

infizierter Tiere inkubiert wurden, wiesen zudem eine höhere Apoptoserate auf als PAECs, 

welche mit Kontrollplasma und Seren inkubiert wurden.  

Zusammenfassend dienen die Ergebnisse dieser Dissertation, insbesondere die intrazelluläre 

Lokalisation des Erregers sowie dessen Fähigkeit zur Biofilmbildung auf Endothelzellen, der 

Aufklärung der Persistenz von M. suis (und anderen HM). Bakterien innerhalb von Biofilmen 

oder Wirtszellen sind generell resistenter gegen die Immunantwort des Wirtes und geschützt 

vor einer Eliminierung durch Antibiotika. Daher kann diese Studie als Grundlage für neue 
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Strategien zur Verbesserung der medikamentösen Behandlung und Prophylaxe von 

Hämoplameninfektionen dienen. 



Abbreviations                 Ph.D. Thesis, Katrin Gröbel 
 

 

 

 

9

Abbreviations 

ATPase adenosintriphosphatase 

BSA  bovine serum albumine 

CLSM  confocal laser scanning microscopy 

CFU  colony forming unit 

DAPI  4’-6-diamidin-2’-phenylindoldihydrochlorid 

DNA  deoxyribonuleic acid 

dpi  days post infectionem 

E. coli  Escherichia coli 

EC  endothelial cell 

EDTA  ethylene diamine tetra-acetic acid  

FACS  fluorescence activated cell sorter 

FITC  fluorescein isothiocyanate 

GA  glutaraldehyde 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

HM  haemotrophic mycoplasmas 

hip mutants high persister mutants 

HspA1  heat shock protein A1 

IAP  infectious anaemia in pigs 

ICAM-1 intercellular adhesion molecule-1 

i. e.  id est (lat.: that is) 

IgM  immunoglobulin M 

IL  interleukin 

kbp  kilobasepairs 

LFA-1  leukocyte function antigen 1 

LPS  lipopolysaccharide 

MS  mass spectrometry 

M. suis  Mycoplasma suis 

msg1  M. suis GAPDH-like protein 1 gene 

n  number 

NaCl  sodium chloride 

NO  nitric oxide 

PAMP  pathogen-associated molecular pattern 
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PBS  phosphate buffered saline 

PCD  programmed cell death 

PCR  polymerase chain reaction 

PFA  paraformaldehyde 

pi  post infectionem 

PI  propidium iodide 

PS  phosphatidyl serine 

RBC  red blood cell 

RNA  ribonucleic acid 

ROS  reactive oxygen species 

SD  standard deviation 

SDS  sodium dodecyl sulfate 

SEM  scanning electron microscopy 

TA  toxin-antitoxin 

TEM  transmission electron microscopy 

TLR  toll-like receptor 

TNF-   tumor necrosis factor alpha 

Tris  Tris-(hydroxymethyl)aminomethane 

TRITC  tetramethyl rhodamine iso-thiocyanate 

U  unit 

VCAM-1 vascular cellular adhesion molecule-1 

vol  volume 
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1. Introduction 

1.1 Haemotrophic mycoplasmas 

1.1.1 General characteristics 

Haemotrophic mycoplasmas (HM) belong to a highly specialised and so far uncultivable 

group of bacteria within the genus Mycoplasma. They represent a distinct new Mycoplasma 

cluster and are described to parasitize on the surface of the red blood cells (RBCs) of a wide 

variety of vertebrate animals. Like other Mycoplasma organisms, HM are not found in nature 

as free-living organisms as they depend on essential host cell compounds for their 

propagation (75). The genomic sizes of the organisms range from 1245 kbp [M. haemofelis, 

(7)] to as small as 745 kbp [M. suis (76)], thereby approaching the theoretical minimum size 

of a self-replicating organism. HM cause acute haemolytic to subtle chronic anaemia (49, 75), 

and the clinical spectrum of the infection ranges from asymptomatic to life-threatening 

depending on host susceptibility and bacterial virulence. All HM species show morphological 

similarities. These pleomorphic bacteria can be found in form of cocci, rings, or rods on the 

surface of RBCs (49, 75, 97, 135) and are enclosed by a single limiting membrane. Small 

granules and a few filamentous structures can be found in the cytoplasm (49, 75). According 

to the current state of knowledge HM have a strict host specificity meaning that a given 

mycoplasmal species infects only a single host species (49, 75). It is noteworthy that 

organisms that morphologically resemble HM have also been detected in the blood of humans 

(2, 20, 21, 103, 133). 

1.1.2 Taxonomy 

Members of the HM, formerly known as Haemobartonella and Eperythrozoon species, were 

originally classified as members of the family Anaplasmataceae within the order Rickettsiales 

based on biologic and phenotypic properties (79). However, due to some phenotypic 

characteristics such as RBC parasitism, small size, no cell-wall, no flagella, resistance to 

penicillin and susceptibility to tetracycline there was a long-held suspicion that 

Eperythrozoon and Haemobartonella spp. were rather closely related to the Mollicutes than to 

the Rickettsiales (119). The Mollicutes are a phylogenetically diverse group compromising 

more than 150 species (75, 121) in eight genera (Mycoplasma, Ureaplasma, Spiroplasma, 

Acholeplasma, Anaeroplasma, Asteroleplasma, Mesoplasma, and Entomoplasma). These 
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bacteria are distinguished by the absence of a cell wall and the term "Mollicutes" is derived 

from the Latin (mollis meaning "soft", and cutis meaning "skin"). A precise phylogenetic 

classification of Haemobartonella and Eperythrozoon organisms was made possible by 

sequence analysis of the 16S ribosomal RNA genes (77, 84, 102). The sequences indicated a 

close phylogenetic relation to Mycoplasma species. Finally, Neimark and co-workers 

proposed the reclassification of all members of the genera Haemobartonella and 

Eperythrozoon to the genus Mycoplasma (82, 83). Despite the close phylogenetic relationship 

between this group of red cell pathogens and the pneumoniae group of mycoplasmas, 

haemotrophic mycoplasmas represent a distinct new cluster within the genus Mycoplasma 

(75). Recent phylogenetic analysis of Mycoplasma species using partial sequences of the 

RNase P RNA gene (rnpB) basically confirmed results of the 16S rRNA gene phylogeny. It 

was proven that all haemoplasmas were present within a single clade and most closely related 

to Mycoplasma fastidiosum. Furthermore, it was shown that haemoplasmas are subdivided 

into two groups; the haemominutum group, including M. suis, M. wenyonii, M. ovis, 

Candidatus M. haemolamae, Candidatus M. haemominutum, Candidatus M. kahanei and 

Candidatus M. haematoparvum and the haemofelis group, including M. haemofelis, 

M. haemocanis, M. coccoides and M. turicensis (93).  

1.1.3 Infectious anaemia of pigs 

Mycoplasma suis is strongly adapted to swine and causes infectious anaemia in pigs (IAP), a 

disease mainly occurring in weaned and feeder pigs when they are under stress as well as in 

pregnant sows immediately prepartum (46, 75, 113). During acute clinical IAP pigs suffer 

from heavy M. suis bacteraemia that causes severe and haemolytic anaemia occasionally 

leading to death (75, 135). Typical clinical signs include skin pallor, icteroanaemia with 

inappetence, hypoglycaemia, cyanosis at the acrae, general unthriftiness, poor weight gain, 

enhanced susceptibility to other infections as well as fever reaching up to 42 °C (42, 49). 

Recent studies addressing the development of autoimmune haemolytic anaemia during 

clinical IAP identified actin as a target protein for autoreactive antibodies during the acute 

state of the disease (26). Confirmation of an M. suis infection in routine diagnosis is done by 

direct detection of M. suis particles on and between the erythrocytes in acridine orange-

stained blood smears (48, 75). In addition, Hoelzle and co-workers established a quantitative 

LightCycler PCR assay based on the msg1 gene of M. suis (LC MSG1 PCR) representing a 

powerful tool for the diagnosis and quantification of M. suis within infected blood samples as 
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well as for prevalence and pathogenesis studies (50). 

Clinical symptoms of the IAP are successfully cured by tetracycline medication. 

Nevertheless, pigs once infected with M. suis remain lifelong carrier animals and are, 

therefore of epidemiological importance (15, 42, 49, 113). In fact, the majority of IAP-

associated economic losses in swine industry are attributed to the chronic low-grade M. suis 

infections as they are associated with growth retardation, poor reproductive performance, 

general economic inefficiency, chronic anaemia as well as higher susceptibility to respiratory 

and enteric infections. In chronic M. suis infections no or only a few M. suis particles are 

detected in peripheral blood smears as well as when using quantitative real-time PCR (50) . 

1.1.4 Microbial properties of Mycoplasma suis 

Due to the unculturability of the organism it is difficult to analyse the basic microbiological 

features and virulence factors of M. suis and to perform host–pathogen interaction analyses. 

To date, we still have to use the splenectomised pig for propagation of the organism (42, 135). 

High-resolution electron microscopic examinations allowed a morphologic description of 

M. suis (97, 135): A distinct hallmark of the disease is the close association of the bacteria 

with the host erythrocytes, where the attached pathogen typically forms deep indentations on 

the surface leading to severely deformed membrane areas (Fig. 1). Fine fibrils, contained in a 

30-nm electron lucent zone, connect the organism with the RBC membrane (75). The changes 

in the erythrocyte morphology induce the production of IgM cold agglutinins during acute 

IAP which are directed against the RBC surface and lead to an immune-mediated haemolytic 

anaemia (48, 49, 136).  

 

  

Figure 1: Scanning (A) and transmission (B) electron micrographs of porcine red blood cells (RBC) infected 

with M. suis (black arrows). An agglutination of the RBCs and deformations of RBC membranes can be 

observed. 
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To date, little is known about the mechanisms of adhesion and replication of M. suis on 

RBCs. Hoelzle and co-workers identified one protein which is presumably involved in 

adhesion of M. suis to the RBC membrane (52). MSG1 is a surface-localised protein of 

M. suis with glycolytic activity. The encoding gene msg1 has an overall identity of the 

deduced amino acid sequence to GAPDHs of other pathogenic mycoplasmas ranging from 

52.6 % to 54.5%. Escherichia (E.) coli transformants expressing MSG1 on their surface 

acquire the ability to adhere to porcine RBCs. Therefore, MSG1 was identified as an adhesion 

protein and a putative virulence factor of M. suis. During acute IAP a drastic reduction of 

blood glucose levels can be observed in infected pigs. This phenomenon is clearly associated 

with the M. suis metabolism (42, 87, 114). With MSG1, the first glycolytically active M. suis 

protein probably involved in glucose consumption was identified. 

Six additional M. suis antigens expressed during clinical IAP and targeted by the porcine 

immune system were identified in our group by proteome analysis. These potential 

pathogenicity factors were identified as two heat shock proteins (DnaK, GroEL), two 

carbohydrate metabolism enzymes (enolase, pyruvate dehydrogenase), an RNA helicase 

involved in RNA rearrangement, and an actin-analogous protein (49, 53). In further studies 

the encoding gene of the DnaK-like protein (HspA1) could be identified by screening 

genomic M. suis DNA libraries. The protein was characterised upon recombinant expression 

in E. coli. HspA1 is located in the cytoplasm of M. suis as well as in the membrane and 

exhibits ATPase activity and antigenicity in experimentally infected pigs (51). 

1.2 Bacterial persistence 

1.2.1 Definition 

The term ‘bacterial persistence’ is defined as ‘the capacity of bacteria to tolerate exposure to 

lethal concentrations of bactericidal antibiotics’ which is restricted to a small slow-growing 

subpopulation of cells and has a mechanistic basis of origin which is not fully understood (55, 

61). However, it was Bigger (11) who first noticed the existence of a tiny fraction of bacterial 

survivors, of the order 10
-6

 or less, in cultures of Staphylococcus aureus treated with high 

concentrations of penicillin. These cells regrew after removal of the antibiotic and turned out 

to be as sensitive to penicillin as the original culture, again leaving a small fraction of 

survivors or ‘persisters’.  
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1.2.2 Genetic analysis of persister cells 

As the frequency of persisters in a given population of cells is rather low it is difficult to 

obtain persister cells in sufficient quantity for experimentation. The isolation of E. coli high 

persister (hip) mutants by Moyed and co-workers in the early 1980s [hip BA operon (12, 80, 

81)] and by Wolfson and co-workers [(hip Q) (131)] was therefore a breakthrough allowing 

isolation of persister cells in sufficient numbers for analysis. Based on experimental data of 

these mutants Balaban and co-workers (3) divided wild-type E. coli cells in three 

subpopulations, namely, normal (non-persister) cells, type I persisters, a subpopulation of 

non-growing cells generated at the stationary phase of the previous growth cycle having a 

very long lag phase (~14 h) and type II persisters, generated during growth. The slow-

growing persister cells turned out to be ampicillin-tolerant while the fast-growing normal cells 

were ampicillin-sensitive. Based on these observations Kussel and co-workers (61) described 

persistence as an ‘insurance’ strategy of bacteria optimized to face very rare antibiotic 

challenges. 

Many studies have been focused on the identification of genes responsible for the generation 

of persisters and on the molecular mechanism of persistence. Gene expression profiles of 

isolated persister cells showed an overexpression of genes belonging to the SOS family (recA, 

umuDC, uvrAB, sulA, etc.), genes grouped into the heat and cold shock response family (htrA, 

htpX, cspH, etc.), many genes that are toxin-antitoxin (TA) modules (dinJ/yafQ, relBE, 

mazEF, etc.), and a gene encoding for a translational inhibitor (rmf) (58). In contrast, genes 

involved in energy production and non-essential functions such as flagellar synthesis are 

generally downregulated, supporting the hypothesis that persisters are in a state of dormancy, 

a period in the life-cycle when growth is temporarily stopped (11, 55, 66). TA modules are 

operons consisting of two genes, one of them encoding a stable toxin and the other one an 

unstable antitoxin which neutralises its cognate toxin. Transcription of the genes can be 

repressed upon binding of the TA complex or the antitoxin to the DNA in the promoter 

region. The toxin inhibits important cellular functions such as translation, cell wall synthesis 

and DNA replication, thereby inactivating the targets of action of antibiotics. If persisters are 

dormant and non-proliferative, then the antibiotics can bind to, but will be unable to corrupt 

the function of their target molecules (66). The toxin gene component of the relBE operon, for 

instance, codes for a translation inhibitor (16) that, when overexpressed by plasmid-borne 

relE, increases the resistance of the cell to ofloxacin (a fluoroquinolone), cefotaxime (a 
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cephalosporin), and tobramycin (an amyloglycoside) by 10-10’000-fold, leading to the 

production of dormant persister cells. Despite of the identification of genes involved in 

persister formation many aspects of the mechanisms of persistence are still unclear. However, 

it is assumed that there are many different mechanisms that might be involved. 

1.2.3 Persister cells in latent infections 

Persisters pose tremendous difficulties in the treatment of many infectious diseases (55, 63, 

64, 66). In most chronic (persistent) infections it seems that pathogens circumvent their 

clearance by antibiotic treatment and are also shielded from the host’s immune defence 

system. Those bacteria apparently hide in biological niches, such as biofilms (Pseudomonas 

aeruginosa) (64, 66) or macrophages and granulomas (Mycobacterium tuberculosis), 

displaying a potential source for the emergence of heritable antibiotic resistance (63). It is 

assumed that dormant persister cells are responsible for the latent and asymptomatic stages of 

disease (66). HM show a tendency to establish chronic and often clinically inapparent 

infections (8, 75, 113) Although clinical symptoms of acute IAP can usually be treated 

successfully by means of tetracyclines, glucose, and iron dextran it is impossible to eliminate 

M. suis from infected pigs (35). Even though the chronic nature of mycoplasma infections has 

already been observed for other mycoplasmal species no biological niche containing dormant 

persister cells has been found, so far. 

1.2.4 Persisters in bacterial biofilms 

Bacteria are discussed to persist within their host by the formation of biofilms (74). Bacterial 

biofilms are highly organised, surface-adherent structures, consisting of bacterial 

communities embedded in an exopolysacharide matrix (55). In comparison to the free-floating 

(planctonic) cells they are recalcitrant to host defences and stress, such as elimination by 

antibiotics (30, 64, 65, 67). Brooun and co-workers (14) showed that even at high doses of 

ciprofloxacin, an antibiotic that could kill growing as well as non-growing cells, a fraction of 

cells survives in biofilms suggesting that they are persisters. According to a model of Lewis 

(64) treatment with ciprofloxacin eliminates the planctonic cells as well as the majority of 

biofilm-associated cells except the persisters. Upon withdraw of the antibiotic, the persisters 

inside the biofilm grow and repopulate the niche leading to secondary infection which, in 

turn, produces antibiotic-sensitive as well as antibiotic-resistant persisters.  
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Biofilms can cause severe host damage as attracted phagocytes that fail in phagocytosis 

release phagocytic enzymes which damage the surrounding tissue and aggravate the infection 

(74). In addition to the establishment of chronic infection biofilms may cause attacks of acute 

infection when planctonic cells are periodically released from the biofilm.  

1.2.5 Mycoplasma biofilms 

Little is known about the virulence mechanisms of mycoplasmas and the methods of 

persistence in the host, such as the formation of biofilms. In their study McAuliffe and co-

workers examined a wide range of Mycoplasma species for their ability to form a biofilm in 

vitro (74). Most of the studied Mycoplasma species (e.g. Mycoplasma putrefaciens, 

M. cottewii, M. yeatsii, M. agalactiae and M. bovis) produced prolific biofilms that were 

considerably more resistant to stress, including heat and desiccation, than planktonic cells. It 

was shown by several research groups that in vitro formed mycoplasmal biofilms contain all 

of the highly differentiated structural features, such as honeycombed regions and areas of 

outgrowths referred to as mushrooms or towers, found in biofilms that are formed by other 

bacteria (74, 109). In comparison to the honeycombed regions mycoplasmal cells in the tower 

structures are more densely packed together. In vitro studies of Simons and Dybvig (110) 

demonstrated that cells within the honeycomb region of the biofilm are sensitive to lysis by 

complement or the antimicrobial protein gramicidin, but cells in the towers are relatively 

resistant. These results indicated that biofilm formation protects mycoplasmas from 

antimicrobial agents and the innate immune system. There are only minor reports of 

mycoplasmal biofilms formed in vivo. In their study on biofilms of Mycoplasma pulmonis 

Simmons and Dybvig observed that biofilms formed on the epithelium of trachea in tracheal 

organ culture and in experimental infected mice have a similar structure and biological 

characteristics as biofilms formed in vitro (111). The densely packed towers represented a 

substantial reservoir of mycoplasmas that are resistant to host immunity and that might 

display the source of chronic disease in Mycoplasma infection. 

1.3 The vascular endothelium in health and disease 

1.3.1 Structure and function 

The vascular endothelium consists of a cell monolayer lining all blood vessels in the 

circulatory system providing a barrier between the vascular space and the surrounding tissue. 
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This cellular layer is an active and dynamic organ important in several housekeeping 

functions in health and disease, such as regulation of vascular tone, maintenance of blood 

circulation, fluidity, coagulation, and inflammatory responses (32, 68). Endothelial activation 

may result from a variety of insults such as disordered cytokine production, microbial 

infection or free radical formation. Several diseases contribute to vascular dysfunction, e.g. 

atherosclerosis, type-II diabetes mellitus, hypertension and inflammatory diseases (68, 91).  

1.3.2 Microbial interactions with the vascular endothelium 

Interactions of pathogens with the endothelium can occur via a variety of mechanisms. The 

first contact of pathogens with the endothelium is typically mediated by specific pathogen 

surface structures miming endogenous ligands and thereby permitting adhesion or uptake into 

the endothelium, e.g. the fibronectin-binding protein A of Staphylococcus aureus binding to 

the host cell integrin 5 1 (47, 112).  

Some bacteria are able to perturb membrane integrity of endothelial cells (ECs) by the 

secretion of exotoxins in the host environment (10, 47). A distinction is drawn between pore 

forming exotoxins integrating into the host cell membrane and bacterial exotoxins binding to 

EC receptors resulting in toxin translocation into the cytosol. Pore forming exotoxins create 

small holes in the plasma membrane of eukaryotic cells allowing uncontrolled ion fluxes that 

result in endothelial hyperpermeability and oedema formation. In addition, these toxins 

activate the expression of endothelial adhesion molecules on the cell surface resulting in 

enhanced endothelial-leukocyte interaction and inflammatory responses. 

Furthermore, lipid A, the endotoxin component of lipopolysaccharide (LPS), a cell wall 

component of gram-negative bacteria, causes a systemic inflammatory response syndrome 

in vivo in which vascular injury displays the major pathophysiological change (9, 31, 33). 

LPS induces endothelial apoptosis and also interacts with neutrophils leading to an oxidative 

burst as well as the release of apoptosis-inducing substances from neutrophilic granula (45). 

Many pathogens are able to invade ECs (18, 118, 124), either via initiation of receptor-

mediated endocytosis or via direct affection of the cytoskeleton by pathogen derived proteins 

(47). Inside the host cell pathogens either remain within a vacuole or escape into the 

cytoplasm, such as Chlamydia (118) and Listeria (47), respectively. Most of these interactions 

depend on alterations of the actin cytoskeleton (47) by bacterial effector molecules. 
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1.3.3 Inflammation of the vascular endothelium 

Usually, adhesion of pathogens to the endothelial surface is enough to activate numerous 

signalling pathways. “Pattern recognition receptors” on the surface of ECs recognize 

conserved microbial structures, so called “pathogen-associated molecular patterns” (PAMPs), 

shared by different microbes (e.g. LPS, bacterial lipoproteins and peptidoglycan). The best 

known of these receptors belong to the family of toll-like receptors (TLR) consisting of 

TLR1-10 (123). Upon activation of TLRs complex signalling cascades are activated leading 

to the transformation of ECs into a pro-inflammatory phenotype (47). Pro-inflammatory 

responses include mediator release, leukocyte recruitment, pro-coagulant activity and 

breakdown of the endothelial barrier function (47). LPS, for instance, induces endothelial 

apoptosis by interaction with TLR 2 and 4 (4). Inflammatory mediators produced by ECs 

involve chemotactic cytokines, lipid mediators like prostaglandins or platelet-activated factor 

and complement factors (38, 47). In addition, expression of adhesion molecules [P-selectin, 

E-selectin, intercellular adhesion molecule-1 (ICAM-1), or vascular cellular adhesion 

molecule-1 (VCAM-1)] by the endothelium results in recruitment of leukocytes via 

interaction of the adhesion molecules with their ligands expressed on leukocytes (34). This 

cell-cell interaction results in subsequent rolling, adhesion and transmigration of leukocytes 

through the endothelium into the underlying tissue. By producing vasoactive substances, i.e. 

nitric oxide (NO), prostacyclin, and endothelins upon stimulation with inflammatory agents 

the endothelium has a great influence on blood pressure (127). As an example, NO is a potent 

vasodilator and is liberated in large quantities in the perivascular space upon pro-

inflammatory stimulation. The resulting increase in local blood flow as well as reduction in 

velocity of blood flow enhances attachment of leukocytes to the adhesion molecules on the 

ECs. Furthermore, large amounts of NO may contribute to the killing of pathogens (47).  

The quiescent endothelium provides an anti-thrombotic surface that inhibits the coagulation 

cascade by preventing activation of thrombin. Thrombin, once activated, stimulates 

coagulation by causing platelet activation and activation of several coagulation factors (68) 

bringing up a molecular fishing network for the immobilization of invading pathogens.  

The hallmark of acute inflammatory reactions on the endothelium is the development of the 

aforementioned hyperpermeability resulting in oedema formation (116). Most of the activated 

signalling pathways lead to an increased actin-myosin interaction and contraction of ECs 

resulting in formation of intercellular gaps that break down the barrier function (116). 
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Furthermore, TNF-  or leukocyte-derived oxygen radicals and proteases can attack the 

endothelium promoting hyperpermeability by the direct degradation of cell-cell contacts or 

cell-matrix adhesions. As a consequence pathogens gain access to the sub-endothelial matrix 

and may colonise the host tissue (47, 69). In cases of severe systemic infections such as sepsis 

endothelial dysfunction contributes to the development of multiple organ failure. Moreover, 

loss of barrier function can result in oedema formation and distribution of pathogens in 

specially protected compartments like the brain by overcoming the blood-brain barrier (47).  

1.3.4 Endothelium in apoptosis 

Apoptosis is a mode of “programmed” cell death (PCD) leading to the genetically determined 

elimination of cells (23). It is a normal physiological process during development and aging 

and a homeostatic mechanism to maintain cell populations in tissues. PCD can also occur as a 

defence mechanism in immune reactions or when cells are damaged (88). Apoptosis leads to 

various morphologic changes including blebbing, loss of membrane asymmetry and 

attachment, cell shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal 

DNA fragmentation (23). Apoptosis of ECs is responsible for organ failure in bacterial sepsis 

and Plasmodium (P.) falciparum caused malaria (44, 54). In malaria apoptosis can be induced 

by P. falciparum-parasitized RBCs carrying P. falciparum erythrocyte membrane protein-1 

on their surface, which binds specific to receptors on ECs. In sepsis, bacterial products such 

as LPS can trigger endothelial apoptosis upon interaction with TLR2 and TLR4 (4).  

Neutrophils contribute to a great extend to endothelial apoptosis in malaria and sepsis by 

direct interaction of leukocyte function antigen 1 (LFA1) on neutrophils with ICAM-1 on 

ECs. Furthermore, neutrophils, activated by microbial substances such as LPS, lipoteichoic 

acids, peptidoglycans or P. falciparum parasite antigens, release apoptosis-inducing reactive 

oxygen species (ROS) and proteases from neutrophil granula (45).  

Cytokines such as TNF-  are known to sensitise ECs to undergo apoptosis via induction of 

signal transduction pathways involving the intracellular production of ROS (19). In addition, 

TNF-  influences EC viability by altering the balance of regulatory molecules that either 

induce or suppress apoptosis (95). Bacteria-activated platelets do not only promote pro-

coagulative changes and pro-inflammatory responses. They also contribute to vascular 

damage and EC apoptosis through a variety of mechanisms such as direct cell-to-cell contact 

or the induction of EC production of ROS (60).  
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1.3.5 Wall structure of blood vessels  

Blood vessels generally consist of three layers that are separated by internal and external 

elastic laminae: intima, media and adventitia. The tunica intima is the thinnest layer 

consisting of a single lining layer of ECs and a subendothelial fibrous tissue interlaced with a 

number of circularly arranged elastic bands called the internal elastic lamina. The tunica 

media is the thickest layer that is composed of multiple layers of smooth muscle cells 

separated by collagen and elastic fibres. The tunica adventitia is the connective tissue 

surrounding the vessel with bundles of collagen and loose bands of elastic tissue. Small blood 

vessels (vasa vasorum) are located in the adventitial layer and penetrate to varying depths into 

the outermost portion of the medial layer supplying oxygen and nutrients to the wall of the 

blood vessel (57). There are some basic structural differences between arteries and veins that 

are related to their specific function in the circulatory system. Arteries generally receive red 

oxygenated blood directly from the heart and must be able to withstand the immense blood 

pressure whereas veins carry bluish-red de-oxygenated blood towards the heart. In the arteries 

blood flows fast and in spurts, reflecting the rhythmic pumping action of the heart. In veins 

the blood flows more slowly and smoothly without big pressure. Therefore, arteries have 

thick and elastic muscular walls while veins have relatively thin and slightly muscular walls. 

Arteries have no valves. Veins, in contrast, possess internal valves along their length to 

prevent back flow of blood (126).  

 

A 

 

B 

 

Figure 2: Anatomy overview of mammalian blood vessels. (A) Cross section of a human artery made for a PhD 

project (Maastricht, november 2005, Stijn A.I. Ghesquiere). This file is licensed under the Creative Commons 

Attribution-Share Alike 2.5 Generic license. Figure is copied from 

http://en.wikipedia.org/wiki/File:Anatomy_artery.png. (B) Diagram of human arteries and veins. Copied from 

http://www.nicksnowden.net/images/. 
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1.3.6 Haemorrhagic diatheses in IAP 

There are repeated reports of haemorrhagic diatheses in IAP (1, 27, 43, 59, 94, 115). In their 

studies Plank and Heinritzi tried to characterise the type, extend and cause of M. suis induced 

bleeding diatheses. They detected a reduction of platelets as well as a prolongation of partial 

thromboplastin time and prothrombine time (PT Quick). Furthermore, a prolongation in 

reaction and clot building time was shown. Deviation from reference values was proportional 

to the number of erythrocytes infected with M. suis. The authors associated their findings with 

intravascular coagulation and subsequent consumption coagulopathy. However, a damage of 

the vasculature, a further risk factor for intravascular coagulation, has not been proved and 

there are no indices for infection of ECs by M. suis. 
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1.4 Objectives of this thesis 

Basic research on HM is complicated due to the impossibility to cultivate these organisms. 

Therefore, high-resolution microscopic techniques should be applied on blood and tissue of 

M. suis infected pigs, in order to phenotypically describe the host-pathogen interactions and 

examine the dissemination of M. suis within the host. The specific aims of this thesis were the 

following: 

(1) Examination of a putative intraerythrocytic life-style of Mycoplasma suis and 

(2) Investigating the vasculature of infected pigs for morphologic changes and endothelial 

damages. 

The hypothesis of an intracellular localisation of M. suis within the host erythrocytes was 

based on an increased incidence of acute IAP in feeder pigs with predominantly fatal outcome 

despite antibiotic therapy. In acridine orange-stained blood smears of those pigs only few 

M. suis particles were detected on and between the erythrocytes. This microscopic finding 

conflicted with the results of quantitative real-time PCR that detected high numbers of M. suis 

(10
9
-10

10
 cells per mL) in the same blood samples. This striking difference between 

microscopy and PCR raised the issue of a putative intracellular localisation of M. suis within 

the erythrocytes. Verification of this hypothesis was carried out by means of experimental 

infection of splenectomised pigs with the said highly virulent M. suis strain 08/07 and 

microscopic analysis of infected RBCs using scanning- and transmission electron microscopy 

as well as confocal laser scanning microscopy. The results of this work are described in detail 

in the publication: Groebel, K., K. Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. Hoelzle 

2009. Mycoplasma suis invades porcine erythrocytes. Infect Immun 77:576-584. 

The increased haemorrhagic diatheses in pigs with acute IAP, intravascular coagulation and 

subsequent consumption of platelets (94), as well as the strong deformation of infected 

erythrocytes and RBC aggregation indicate a damage of the vasculature in M. suis infected 

pigs which should be verified by means of light and electron microscopy. Histological 

examinations should be applied for an overall morphologic assessment of blood vessels and 

organs. These studies will also help to investigate if M. suis is able to infect and invade other 

host cells, such as ECs which could explain the long-life persistence of M. suis (and other 

HM). Furthermore, apoptosis assays should be carried out with cultures of porcine aortic 

endothelial cells incubated with serum and plasma of infected and control pigs. 
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2. Methods 

2.1 Objective (1): Examination of a putative intracellular life-style of M. suis 

All methods used for this objective are described in detail in the publication “Groebel, K., K. 

Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. Hoelzle. 2009. Mycoplasma suis invades 

porcine erythrocytes. Infect Immun 77:576-584” presented in the section Selected publication 

on page 74.  

2.2 Objective (2): Investigation of vascular damages in M. suis infections 

2.2.1 Bacterial strains and experimental infection 

Two different M. suis strains, discriminated by their virulence, i.e. moderate and high, were 

used for the experiments. The moderate strain, referred to as 3804 is not invasive, but is 

difficult to be controlled by means of antibiotics. However, pigs survive for several days. First 

clinical signs are observed as early as 10 dpi. The highly virulent strain is referred to as 

M. suis 08/07 being erythrocyte invasive and untreatable by means of tetracycline (36). An 

infected pig usually dies within 8 dpi despite antibiotic treatment. A splenectomised pig 

model was used for experimental infection of pigs with M. suis (41). Briefly, five- to ten 

week-old pigs were screened for M. suis negative status by quantitative PCR targeting the g1 

adhesin gene of M. suis and M. suis immunoblot as described earlier (48, 50). Pigs were 

splenectomised according to the method of Heinritzi (41). For infection, two ml of the 

infected animal’s blood was inoculated intramuscularly. Pigs were housed under controlled 

conditions and monitored for clinical signs of IAP. Clinical symptoms, feeding behaviour, 

and body temperature were monitored at least daily for each individual pig. Clinical diagnosis 

of acute IAP was confirmed by quantitative PCR and M. suis immunoblot as well as by 

microscopic detection of M. suis particles in blood smears stained with acridine orange (48, 

75). At the time point of acute clinical attacks pigs infected with M. suis 08/07 were 

immediately euthanised (pigs 3806, 3807). Pigs infected with M. suis 3804 were either 

euthanised on the day of first appearance of high fever or treated with tetracycline (40 mg/kg 

body weight) and glucose (35 g glucose/l drinking water) to prevent death caused by M. suis 

induced hypoglycaemia and were then euthanised during the 3
rd

 or 4
th
 clinical attack. 
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2.2.2 Platelet count 

Before experimental infection and during the course of the disease blood anticoagulated by 

EDTA was withdrawn for establishment of a differential haemogram. Platelet count was 

measued using a 3-DIFF analytical apparatus (ABX Micros CRP, AxonLab, Baden, 

Switzerland) according to the manufacturer’s recommendations. Blood was tested within one 

hour of blood withdrawal. 

2.2.3 Harvesting of blood vessels 

Blood vessels (abdominal aorta, vein) were collected freshly and transported in pre-warmed 

phosphate-buffered saline (PBS) to the laboratory. After cleaning fat and adherent tissues, 

blood vessels were thoroughly rinsed in sterile PBS and fixed in 4 % phosphate-buffered 

formaldehyde for 24 h. Strips of five to eight mm (long axis of the blood vessel) were 

dissected on at least two different parts of the aorta and further processed for histochemistry 

staining as described below. The remaining parts of the blood vessel were post-fixed in 

2.5 % phosphate-buffered glutaraldehyde (GA) for 24 h and stored in 0.1 M cacodylate buffer 

until further processing. 

2.2.4 Light macroscopy and scanning electron microscopy of aortic vessels 

Luminal surface ultrastructure of GA-fixed blood vessels from pigs acutely infected with 

M. suis and control pigs were examined by light macroscopy and SEM. Briefly, fixed blood 

vessels were sectioned into strips of 2 cm (long axis) and cut into halves for light macroscopic 

documentation on a Leica Z16 APO Macroscope (Leica Microsystems, Heerbrugg, 

Switzerland). Halves were post-fixed for 1 h at room temperature in 1 % osmium tetroxide 

(Fluka Chemie, Buchs, Switzerland) suspended in 0.1 M cacodylate buffer and then 

dehydrated with a graded ethanol series, and critical point dried (BAL-TEC CPD 030, Critical 

Point Dryer, Balzers, Liechtenstein). Finally, the samples were coated with 12 nm of platinum 

using the BAL-TEC MED 020 Coating system, mounted on aluminum stub and analysed on a 

Zeiss Supra 50 VP scanning electron microscope. 

2.2.5 Transmission electron microscopy of aortic vessels and parenchymas  

Blood vessels and parenchymas (liver, heart, kidney) were fixed in 4 % formaldehyde, cut in 

1 mm - 2 mm wide segments and post-fixed in 2.5 % phosphate buffered GA solution (see 

above). Samples were washed in 0.05 M cacodylate buffer and stored until further processing. 
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Following postfixation in 2 % osmium tetroxide (Fluka Chemie, Buchs, Switzerland) in 

cacodylate buffer cells were washed once in 0.05 M cacodylate buffer. Samples were 

dehydrated in increasing concentrations of ethanol (70-100%) and then infiltrated by 

increasing concentrations (33 and 50 %) of Epon 812 (Fluka Chemie, Buchs, Switzerland) in 

ethanol for 1 h each. After incubation in a mixture of 75 % Epon and 25 % ethanol over night 

samples were infiltrated by fresh pure Epon for 2-3 h. Specimen were embedded in fresh epon 

in flat silicone rubber moulds and hardened for at least 12 h in an oven at 60°C. After 

preparation of ultrathin sections on an Ultracut E microtome (Reichert-Jung, Vienna, Austria) 

sections were placed on grids and contrasted consecutively with 4 % uranyl acetate (Fluka 

Chemie, Buchs, Switzerland) and lead citrate as described elsewhere (99) and were analysed 

with a Philips CM100 transmission electron microscope. 

2.2.6 Histochemical staining of aortic vessels and parenchymas 

Histochemical staining of parenchymas was done at the institute for veterinary pathology at 

the University in Leipzig, Germany. Briefly, formaldehyde fixed specimens were embedded 

in paraplast (Vogel, Giessen, Germany) using the Hypercenter XP enclosed tissue processor 

(Shandon, Frankfurt, Germany), sectioned into 3-4 m slices with a sled microtome 

(Reichert-Jung, Vienna, Austria) and stained with haematoxylin and eosin (HE), as previously 

described (105). Samples were examined by light microscopy (Olympus, Hamburg, 

Germany). 

2.2.7 TNF-  ELISA 

The TNF-  concentration in sera of healthy and acutely diseased M. suis infected pigs was 

measured using a commercially available porcine TNF-  ELISA Kit (RayBiotech, Lucerne, 

Switzerland) according to the manufacturer’s instructions. All standards and samples were run 

in duplicate. Briefly, different concentrations (50, 12.5, 3.125, 0.781, 0.196, 0.049, 0.012 and 

0 ng/mL) of recombinant porcine TNF- , used as standard, were prepared in Assay 

Diluent C.  Sera of 8 healthy and 8 acutely diseased M. suis infected pigs were used undiluted. 

100 L of each standard and sample were added into appropriate wells of a 96-well plate 

coated with an antibody specific for TNF-  and incubated over night at 4 °C with gentle 

shaking. Solutions were discarded and the wells were washed four times with 300 L of wash 

solution. 100 L of solution with biotinylated anti-porcine TNF-  antibody was added in each 

well and incubated for 1 h at room temperature with gentle shaking. Solution was discarded 
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and wells were washed four times, as described above. 100 L of HRP-Streptavidin solution 

was added to each well and incubated for 45 min at room temperature with gentle shaking. 

Wells were washed four times before 100 L of TMB One-Step Substrate Reagent was added 

to each well. After 30 min incubation in the dark 50 L of stop solution was added and 

absorbance was measured on a photometer reader (Tecan, Männedorf, Switzerland) at 

450 nm.  

2.2.8 Cell culture 

Porcine aortic endothelial cells (PAECs) were purchased from the European Collection of 

Cell Cultures (Salisbury, UK) and maintained in Porcine Endothelial Growth Medium 

(CellMade, Archamps, France) containing penicillin (100 U/mL) and streptomycin 

(100 g/mL).  

For adhesion assays of M. suis to PAECs cell cultures were infected with plasma of acutely 

diseased pigs containing floating M. suis cells not attached to the surface of RBC’s. To obtain 

plasma pools of healthy control pigs as well as of M. suis infected pigs, whole blood, 

anticoagulated with sodium citrate, of four healthy control pigs and acutely diseased M. suis 

infected pigs was centrifuged for 5 min at 300  g for sedimentation of erythrocytes. Plasma 

containing supernatants were withdrawn carefully and stored in aliquots at -20°C. For 

quantification of M. suis, DNA was extracted from each plasma pool and analysed by 

quantitative PCR as described above. PAECs were used between the third and sixth passage 

and seeded on cover slips in 0.5 mL of medium with penicillin (100 U/mL) in 24-well tissue 

culture plates. Cells were incubated with 100 L per well of the control plasma or the M. suis 

containing infected plasma for different time periods (5 min to 5 days), washed twice with 

PBS and fixed in 2.5 % phosphate buffered paraformaldehyde (PFA) for 2 h at 4 °C. 

For apoptosis assays PAECs were used between the third and sixth subcultivation and seeded 

in 2 mL of medium into 6-well tissue culture plates (Greiner Bio-One, St. Gallen, 

Switzerland) or on cover slips in 0.5 mL of medium in 24-well tissue culture plates. PAECs 

were incubated with serum and plasma pools of at least four different acutely diseased M. suis 

infected pigs and four healthy control pigs, respectively. Plasma contains dissolved proteins, 

glucose, clotting factors, mineral ions, hormones, and, in the case of infected pigs, free 

floating M. suis cells not attached to the RBC surface. Blood serum is substantially free of 

fibrinogen and blood clotting factors and contains less M. suis particles.  
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Medium supplemented with recombinant porcine TNF-  (50 ng/mL) served as positive 

control for the induction of apoptosis. Each experiment was performed at confluence. The 

cells were washed twice with Dulbecco’s phosphate buffered saline and incubated in 

Dulbecco’s modified Eagle medium (DMEM) containing 30 % (v/v) of either control plasma, 

control serum, infected plasma or infected serum, respectively or with TNF-  for 24 h at 

37 °C and 5 % CO2. 

2.2.9 Immunofluorescence staining of M. suis attached to PAECs 

PFA-fixed PAECs on cover slips incubated with plasma of acutely diseased M. suis-infected 

pigs or healthy control pigs were washed with PBS and permeabilised with 0.2 % Triton 

X-100 (Sigma) for 2 min at 20-25°C. Cells were washed with PBS and non-reacted aldehydes 

were blocked with 0.1 M glycine (Carl Roth, Karlsruhe, Germany) in PBS for 20 min. 

Unspecific binding of antibodies was reduced by incubation of samples in blocking buffer 

(3 % BSA in PBS) for 30 min. Adhesion of M. suis to PAECs was visualized upon staining of 

M. suis with rabbit monospecific anti-HspA1 serum (1:100) for 1 h followed by TRITC-

conjugated goat anti-rabbit IgG (Sigma-Aldrich, Buchs, Switzerland) for 1 h. PAECs were 

stained with FITC-phalloidine (1:80 in PBS, Invitrogen, Basel, Switzerland) and the nucleus 

was counterstained with DAPI (1:20’000). Confocal microscopy was performed on a Leica 

SP2 confocal microscope (Leica Microsystems, Mannheim, Germany).  

2.2.10 Quantification of apoptosis by Annexin-V staining 

To analyse EC death fluorescence staining was performed using Annexin-V-FLUOS Staining 

Kit (Roche, Rotkreuz, Switzerland) according to the manufacturer’s instructions. Annexin-V 

binds to negatively charged phospholipids, specifically phosphatidylserine (PS), that are 

translocated during early stages of apoptosis from the inner part of the plasma membrane to 

the external surface. For discrimination of apoptotic from necrotic cells, which also expose PS 

due to the loss of membrane integrity, cells are simultaneously stained with the membrane 

impermeable DNA stain propidium iodide (PI). PI only detects leaky necrotic cells. PAECs 

incubated with 30 % (v/v) of either control plasma, control serum, infected plasma or infected 

serum or with TNF-  (50 ng/mL) were examined for cell death. Briefly, adherent cells from 

6-well culture dishes were detached. Cells were washed twice with PBS and resuspended in 

100 µL of Annexin-V-FLUOS labelling solution (Roche, Rotkreuz, Switzerland). After 

10-15 min incubation at room temperature reaction was stopped by addition of 500 µL of 
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HEPES Buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 5 mM CaCl2). Cells were 

immediately analysed by flow cytometry with a fluorescence activated cell sorting (FACS) 

device (FACSCalibur, BD Biosciences, Allschwil, Switzerland). 10’000 PAECs were 

recorded for quantification of cell death. Annexin-V stained cells were considered to be 

apoptotic whereas double-stained (Annexin-V and PI) cells were considered as necrotic. To 

set instrument parameters, cells fixed with 2 % PFA were used. These cells stain all positive 

with Annexin-V, a phenomenon described to occur as well in platelets fixed by means of PFA 

(132). 

2.2.11 Statistical analysis 

Data are expressed as the mean ± standard deviation. To test whether two groups differed 

significantly in apoptosis development; the P-values were calculated with the unpaired 

student t-test. Two groups were considered as significantly different if P  0.05. 

2.2.12 Analysis of DNA fragmentation 

DNA fragmentation studies were done as previously described with slight modifications (95). 

In brief, PAECs were detached from culture plates by trypsinisation, washed twice with PBS 

and resuspended in 400 µL of lysis buffer (25 mM EDTA, 10 mM TRIS, 100 mM NaCl, 

0.5 % SDS, 20 µg/mL RNase A and 0.1 mg/mL proteinase K), and incubated at 50 °C for 

18 h. Samples were extracted twice with equal volumes of phenol and chloroform-

isoamylalcohol. DNA was precipitated for 2 h at -80°C in 2 vol of ethanol, 0.1 vol of 3 M 

sodium acetate and centrifuged at 13’000  g for 10 min. The pellet was washed with 

70 % ethanol and resuspended in 50 µL of TE buffer (0.01 M Tris, pH 8.0, 1 mM EDTA). 

2 µg DNA samples were electrophoretically separated on 1.5 % agarose gel containing 

ethidium bromide (0.4 µg/mL). DNA from apoptotic cells showed a typical banding pattern 

on agarose gels due to DNA fragmentation. DNA was visualised by a UV transilluminator at 

302 nm (LTF Labortechnik, Wasserburg, Germany).  
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3. Results 

3.1 Objective (1): Examination of a putative intracellular life-style of M. suis 

Please refer to manuscript: Groebel, K., K. Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. 

Hoelzle. 2009. Mycoplasma suis invades porcine erythrocytes. Infect Immun 77:576-584. 

3.2 Objective (2): Investigation of vascular damages in M. suis infections 

3.2.1 Light macroscopy and scanning electron microscopy of blood vessels 

The luminal surface of blood vessels (abdominal aortas and veins) from healthy control pigs 

and acutely diseased M. suis infected pigs was assessed by means of light macroscopy and 

scanning electron microscopy (SEM). By using quantitative PCR the M. suis load of each pig 

was determined at the time of euthanasia from blood samples. Light macroscopy of aortic 

vessels of healthy pigs showed a smooth and even surface structure (Fig. 3A,B). Electron 

micrographs revealed a confluent layer of parallel arranged and spindle-shaped ECs of 5-8 m 

in width and 10-25 m in length (Fig. 3 C,D). High magnification of control vessels revealed 

holes on the surface of some ECs of 0.5-1 µm in diameter (Fig. 3E,F). 

Three pigs (animal numbers 3807, 3806 and 5280) were infected with the highly virulent 

strain M. suis 08/07. Different peculiarities of vascular damage were observed in blood 

vessels of each pig examined. 

Experimental pig 3807 was euthanised during an acute clinical attack at day 8 pi with a 

bacterial load of 1.65x10
9
 M. suis cells/mL. The abdominal aorta did not show any 

abnormalities in the light macroscope (Fig. 4A,B). However, by SEM endothelial denudation 

was observed in wide areas of the aortic vessel, exposing the porous three-dimensional 

subendotelial structure of elastic laminae and collagen fibres (Fig. 4C-F). Most ECs were 

covered by numerous microvillis (Fig. 4D). A great number of leukocytes could be detected in 

some of the endothelial gaps (Fig. 4E), indicating an inflammatory response. RBCs adhered to 

the surface of the vessel wall (Fig. 4F-H). Arterial thrombi were identified by the presence of 

erythrocytes, leukocytes, and platelets embedded in a network of collagen fibres (Fig. 4G). On 

some of the erythrocytes M. suis cells could be identified (Fig. 4H). Eryptotic cells 

distinguished by characteristic changes as cell shrinkage, change in shape from discocytic to 

spherocytic and microvesiculation could be observed (Fig. 4H).  
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Experimental pig 3806 was euthanised during the first acute clinical attack at day 8 pi and had 

a bacterial load of 1x10
9
 M. suis cells/mL. Using light macroscopy blood vessels (abdominal 

aorta and jugular vein) displayed a fibrous change on the luminal side of the vessel wall with 

a red discolouration, indicating attached RBCs (Fig. 5A,B and Fig. 6A,B). By SEM a 

complete denudation of ECs could be detected on the aorta. The vascular wall was entirely 

covered with aggregated cell fragments probably containing RBC debris. In fragment free 

areas single RBCs embedded in a matrix of fibrin fibres as well as collagen and elastic fibres 

of the tunica media were visible (Fig. 5D). The vascular wall of the jugular vein of the same 

pig was to a great part covered with ECs (Fig. 6C,D). Large areas with endothelial gaps 

exposing the subendothelial matrix (Fig. 6C) indicated an initiating ablation of the 

endothelium. In addition, aggregated cell fragments or artefacts were seen on the surface of 

ECs (Fig. 6D). 

Experimental pig 5280 was euthanised immediately at the time of the first clinical attack at 

day 12 pi. The bacterial load in the blood was 8.22x10
8
 M. suis cells/mL. By using light 

macroscopy areas with adherent blood were observed (Fig. 7A,B). With SEM those areas 

were identified as arterial thrombi by the presence of RBCs and platelets embedded in a 

network of fibrin fibres (Fig. 7G). Different parts of the aortic vessel showed distinct 

appearances of ECs that were irregular oriented and morphologically changed (Fig. 7C-E). In 

particular, many of the ECs appeared round (Fig. 7C) or had a cuboidal appearance protruding 

into the lumen of the vessel (Fig. 7D). In addition, a massive destruction of the endothelial 

layer characterised by large gaps exposing the subendothelial layer was detected (Fig. 7C-E). 

Bacterial biofilms of 3-6 m in diameter were located on the surface of the vascular wall 

(Fig. 7E,F). These biofilms were characterised by round to elongated bacteria of 200-300 nm 

in size embedded in a three-dimensional granular matrix with micro-crystals. Smaller coccoid 

forms of less than 100 nm in size probably originated from budding-like mechanisms on the 

surface of the larger cells (Fig. 7F). M. suis cells on some of the RBCs were interconnected 

via small fibrils (Fig. 7H). 
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Figure 3: Healthy control pig: light macroscopic (A,B) and scanning electron microscopic images (C-F) of aortic 

vessels. Connective tissue (CT), Endothelial cell (EC), lumen (L), vessel wall (VW). 
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Figure 4: Experimental pig 3807 infected with M. suis 08/07: light macroscopic (A,B) and SEM images (C-H) of 

the aortic vessel. Endothelium was interrupted by large gaps (C-F). Leukocytes (Leu) indicated an inflammatory 

reaction (E,G). Red blood cells (RBCs) with attached M. suis cells (black arrows) and eryptotic RBCs (eRBC) 

adhered to the vascular wall (H). Endothelial cell (EC), elastic laminae (EL), fibroblast (F), fibrinogen fibres 

(FI), microvilli (MV). Connective tissue (CT), lumen (L), vessel wall (VW). 
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Figure 5: Experimental pig 3806 infected with M. suis 08/07: light macroscopic (A,B) and SEM images (C-F) of 

the aortic vessel. Endothelial cells and elastic laminae were absent exposing the collagen and elastic fibres of the 

tunica media (TM). Red blood cells (RBCs) and fibrin fibres (Fi) were detected on the subendothelial tissue (D). 

The main part of the vascular wall was covered with aggregated cell fragments (D-F). cell fragments (CF), 

connective tissue (CT), lumen (L), vessel wall (VW). 
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Figure 6: Experimental pig 3806 infected with M. suis 08/07: light macroscopic (A,B) and scanning electron 

microscopic images (C,D) of the jugular vein. RBC aggregates adhered to the vascular wall (A,B). Endothelial 

cells (EC) were detached in certain areas (C) exposing the elastic laminae (EL). Aggregates are probably red 

blood cell debris or preparation artefacts (D). Connective tissue (CT), lumen (L), vessel wall (VW). 
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Figure 7: Experimental pig 5280 infected with M. suis 08/07: light macroscopic (A,B) and SEM images (C-H) of 

the abdominal aorta. Endothelial denudation (C-E) exposed subendothelial layer (SEL). Some endothelial cells 

(ECs) were round (C) or cuboidal (cuECs, D). Bacterial biofilms (BF) were observed (E,F). Arterial thrombi 

consisting of fibrin fibers (Fi), platelets and red blood cells (RBCs) were seen (F). Small fibrils (F) connected 

M. suis cells (black arrow) on the RBCs (G,H). Connective tissue (CT), lumen (L), vessel wall (VW). 
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Two pigs (experimental pigs 5275 and 3804) were infected with the moderate M. suis strain 

3804. Experimental pig 5275 was euthanised immediately at the time of the first clinical 

attack at day 11 pi with a bacterial load of 5.58x10
9 

M. suis cells/mL. Light macroscopic 

pictures showed a fibrous change of the vascular wall that was covered to a great part with 

aggregated blood being attached to walls (Fig. 8A,B). By SEM adherent blood was identified 

as thrombi consisting of a densely packed fibrin-network embedding erythrocytes and 

platelets (Fig. 8E-G). Most ECs were parallel arranged and still had a spindle-shaped structure 

(Fig. 8C). However, numerous microvillis were detected on the surface of ECs and RBCs 

attached to the cells (Fig. 8D). M. suis cells on some of the RBCs were interconnected via 

small fibrils (Fig. 8H). 

Figure 9 shows the aortic vessel of experimental pig 3804 that was chronically infected with 

M. suis strain 3804. Due to the high bacteraemia in the blood during the clinical attacks on 

day 20 (4x10
11

 M. suis cells/mL) and day 35 (2x10
10

 M. suis cells/mL) pi as well as due to the 

hypoglycaemia pig had to be treated with tetracycline and glucose. Subsequent attacks were 

milder and the pig recovered without treatment within 2 d. Pig was euthanised on day 58 pi 

during the 4
th

 clinical attack with a bacterial load of 1.31x10
6
 M. suis cells/mL. Light-

macroscopic examination of abdominal aortic vessel showed anomalies on the endothelial 

surface structure (Fig. 9A,B) such as perforations in the vessel wall resulting in bleedings into 

the surrounding connective tissue. Scanning electron microscopic analysis of the vascular wall 

revealed a denudation of the endothelium exposing elastic laminae (Fig. 9C). In other parts of 

the aorta the vascular wall was completely destroyed exposing collagen and elastic fibres of 

the tunica media (Fig. 9D,E). Large bacterial colonies of about 30-50 m in diameter were 

detected on the surface of the vessel wall (Fig. 9F). Most of these colonies were in direct 

contact with RBC aggregates indicating that these colonies are M. suis (Fig. 9F,G). Colonies 

consisted of a three-dimensional network of crosslinked cells with 200-400 nm in size 

(Fig. 9G,H). 
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Figure 8: Experimental pig 5275 infected with M. suis 3804: light macroscopic (A,B) and SEM images (C-H) of 

the abominal aorta. Endothelial cells (ECs) were spindle-shaped and parallel arranged (C). Vascular wall was 

covered with blot clots (D-G) consisting of red blood cells (RBCs) and platelets (P) embedded in a matrix of 

fibrin fibers (Fi). M. suis cells, marked with a black arrow (F-H), were found being attached to the RBCs. 

M. suis cells (H) are interconnected via small fibrils (F). Connective tissue (CT), lumen (L), thrombus (Th), 

vessel wall (VW). 
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Figure 9: Experimental pig 3804 infected with M. suis 3804: light macroscopic (A,B) and SEM images (C-H) of 

the abominal aorta. Endothelial cells (ECs) were to the most part detached (C-E) exposing subendothelial layers 

(SEL) including elastic laminae (EL) and the tunica media (TM). Bacterial microcolonies (MC) being in direct 

contact with red blood cell (RBC) aggregates were observed on the vascular wall (F-H). Connective tissue (CT), 

lumen (L), vessel wall (VW). 
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3.2.2 Transmission electron microscopy of aortic sections 

In Figure 10 aortic sections of a healthy control pig (Fig. 10A,B) and two M. suis infected 

pigs (Fig. 10C-F) submitted to transmission electron microscopic examination are displayed. 

The vascular wall of the healthy control pig was characterised by a continuous layer of ECs 

(Fig. 10A,B). Structural organelles such as cytosolic plasmalemma vesicles, nuclei and 

nuclear membranes showed a normal ultrastructure.  

ECs of the abdominal aorta of experimental pig 5280, infected with the highly virulent M. suis 

strain 08/07 showed ultrastructural changes such as microvilli formation (Fig. 10C). In some 

ultrathin sections no ECs could be detected (Fig. 10D) which is consistent with the SEM 

micrographs taken from the aorta of the same pig (see Fig. 7C-E). Occasionally, cells of 

5-10 m in size with intracellular vacuoles could be detected (Fig. 10D).  

ECs of the aorta of pig 5275 (Fig. 10E,F), infected with the moderate M. suis strain 3804, also 

showed morphologic changes and microvilli formation. 
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Figure 10: Transmission electron micrographs of aortic sections of a healthy pig (A,B) and two M. suis infected 

pigs (C-F). Endothelial cells (ECs) of the control pig have a normal ultrastructure. ECs of M. suis infected pigs are 

characterised by intense microvilli (MV) formations. Lumen (L), plasmalemma vesicle (PV), tunica media (TM), 

vacuolic cell (VC). 
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3.2.3 Transmission electron microscopy of parenchymas 

Parenchymas (liver, heart, kidney) of a healthy control pig and experimental pig 5275 infected 

with the moderate M. suis strain 3804 were prepared for transmission electron microscopic 

examination with focus on capillaries. The aim was to examine organ biopsies for 

morphologic changes, intravascular coagulation in capillaries and endothelial alterations. 

Figure 11 shows liver preparations of the control pig (Fig. 11A,B) and the M. suis positive pig 

(Fig. 11C-F). Liver cells (hepatocytes) in both preparations had a normal polygonal structure 

and contacted at least one microvascular channel (sinusoid) in the liver parenchyma. Some 

organelles (endoplasmic reticulum, mitochondria) are shown. Bile canaliculi, thin tubes 

collecting bile secreted by hepatocytes, are displayed. Plasma in sinusoids of the control pig 

had a homogenous appearance and erythrocytes were separated from the vessel wall 

(Fig. 11A,B). 

In the sinusoids of the M. suis infected pig aggregated RBCs were detected being embedded 

in an electron dense matrix indicating intravascular coagulation (Fig. 11C,D). RBCs attached 

to the vascular wall with apparent blockage of sinusoids (Fig. 11C). In addition, some ECs 

lining the capillary had big intracellular vacuoles containing electron dense structures. In 

Figure 11D an M. suis cell is displayed being in close contact with one of the vacuoles. 

In Figure 12 transmission electron micrographs of heart biopsies from the M. suis negative 

control pig (Fig. 12A,B) and the M. suis infected pig (Fig. 12C-F) are shown. A cardiac 

muscle is composed of numerous elongate cells called muscle fibres or myofibres. Each 

myofibre contains many bundles of contractile myofilaments called myofibrils. Cardiac 

muscle cells of the control pig, being approximately 100 m in length and 25 m in diameter, 

were striated and exhibited a characteristic banding pattern with alternating light and dark 

bands, termed I and A bands, respectively (Fig. 12A,B). I bands were bisected by the linear 

Z-line. Sarcomeres, forming the basic functional unit of striated muscles, were parallel 

arranged and extended between adjacent Z-lines. Myofibrils were separated by stripes of 

regularly arranged mitochondria (Fig. 12A). Intercalated disks, containing adherens and 

communicating junctions, are membrane specialisations and were located between adjacent 

cells. 

Myofibrils in cardiac muscle cells of the M. suis infected pig were disarranged and destructed. 

Mitochondria that are usually located in large numbers between each myofibril were reduced 

in numbers and were located disordered in the heart tissue of the M. suis infected pig. 
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Sarcomeres appeared unequal and shrunk in many parts of the tissue (Fig. 12C,D). The ECs 

lining the capillaries of the M. suis positive pig were irregular in shape with localised 

swellings and finger-like pseudopodia (Fig. 12D-F) whereas ECs in the control pig had a 

regular pattern (Fig. 12A,B). In capillaries of the M. suis positive pig RBCs adhered to the 

endothelium (Fig. 12D-F) and endothelial pseudopodia surrounded the adherent RBCs 

(Fig. 12D,F). Most RBCs had attached M. suis cells on the cell surface (Fig. 12C-F). Some of 

the mycoplasma cells were attached at the same time to the RBCs as well as to the ECs in the 

capillaries (Fig. 12D-F). In the control pig no RBCs were found to be attached to the vessel 

wall and no M. suis particles could be detected. 

In kidney capillaries of the M. suis-infected pig an agglutination of RBCs as well as adhesion 

to the vessel walls could be confirmed (Fig. 13C-F). Plasma appeared electron dense and 

compact. In addition, some crystalline structures could be found in capillaries of the IAP-

infected pig that might represent uric acid- or calcium oxalate crystals. The kidney of the 

control pig showed a normal ultrastructure and non-aggregated RBCs that were separated 

from the vessel wall (Fig. 13A,D).  
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Figure 11: TEM micrographs of liver preparations of an M. suis negative control pig (A,B) and an M. suis 

infected pig (C-F). M. suis cells are marked with a black arrow and endothelial cells (ECs) of sinusoids (Si) with 

an arrowhead. Red blood cells (RBCs) are aggregated (C,E,F) and adhere to ECs (C). Some ECs have large 

intracellular vacuoles (V). Bc (bile canaliculi), ER (endoplasmic reticulum), Mi (mitochondria). 
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Figure 12: TEM micrographs of heart biopsies of a control pig (A,B) and an M. suis infected pig (C-F). 

Myofibrils (MF) of the control pig show typical banding patterns with alternating A and I bands while MF of the 

infected pig are disarranged. M. suis cells are marked with a black arrow and thin endothelial cells of capillaries 

(c) with an arrowhead. Mitochondria (Mi), nucleus (N), pseudopodia (Ps), red blood cell (RBC). 
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Figure 13: TEM micrographs of kidney biopsies of a control pig (A,B) and an M. suis infected pig (C-F). Red 

blood cells (RBCs) in capillaries (C) of the IAP-infected pig are aggregated (C,E,F) and attach to the vascular 

wall (C,D). black arrow (M. suis), BL (basal laminae), CF (collagen fibres), Cr (crystals), Mi (mitochondria), N 

(nucleus). 
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3.2.4 Histochemical staining of parenchymas 

Parenchymas (lung, liver) were prepared for histochemistry analyses. 5-6 m sections were 

stained with hematoxylin and eosin for the assessment of the general micro-morphology 

(Fig. 14). The lung of the infected pig showed endothelial alterations within a vein (Fig. 14A). 

In addition, intravascular coagulopathy and erythrocytes being attached to the endothelium 

were detected. The kidney of the same pig was characterised by strong endothelial alterations 

in arterial blood vessels as well as attachment of RBCs to the vessel wall (Fig. 14B).  

 

A 

 

B 

 

Figure 14: Hematoxylin and eosin stained sections of parenchymas. (A) Lung biopsy of an M. suis infected pig. 

Endothelial alterations (thick arrow) within a vein (V) with intravascular coagulopathy (star) and endothelial 

attachment of red blood cells (thin arrow). A: alveole. (B) Kidney of an M. suis infected pig. Distinct endothelial 

alterations (thick arrow) were detected in arterial blood vessels (A).  

 

3.2.5 Measurement of TNF-  concentration in porcine sera 

Cytokines such as TNF-  are known to sensitise ECs to undergo apoptosis. We evaluated if 

EC death in aortas of M. suis-infected pigs was due to increased TNF-  levels in the blood. 

TNF-  concentration in serum samples of 8 healthy and 8 acutely diseased M. suis infected 

pigs was measured using a commercially available porcine TNF-  ELISA kit. A standard 

curve using recombinant porcine TNF-  was run in parallel with concentrations ranging from 

50-0.012 ng/mL. No TNF-  could be measured in any of the samples. Although the relative 

absorbance during read out on the photometer reader was slightly higher in serum samples of 

two diseased pigs when compared to the serum levels of the same pigs before the artificial 

infection the values were below the detection range of the standard. Therefore, results could 

not be interpreted. 
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3.2.6 Platelet count 

In their studies on increased bleeding tendencies in IAP-infected pigs Plank and Heinritzi 

detected a reduction of platelets during the course of the infection (94). To confirm the 

platelet reduction in our experimental pigs the platelet count in the blood was followed before 

and after artificial infection using an analytical apparatus. Three pigs (animal no. 5264, 5271 

and 5275) were infected with the moderate M. suis strain 3804 and experimental pig 5280 

with the highly virulent M. suis strain 08/07.  

Experimental pig 5264 developed acute IAP at day 8 pi and was euthanised three days later. 

The platelet count had fluctuations from 336-493x10
3
 platelets/mm

3
 before the infection and 

decreased to 53x10
3
 platelets/mm

3
 at day of euthanasia (Fig. 15A). Pig 5275 showed the first 

symptoms at day 11 pi and was euthanised one day later. The platelet count had fluctuations 

from 218-206x10
3
 platelets/mm

3
 and decreased to 71x10

3
 platelets/mm

3
 at day of euthanasia 

(Fig. 15B). The platelet count in the blood of experimental pig 5271 was relatively constant 

between 462 and 516 x 10
3
 platelets/mm

3
. Rapidly after the infection the concentration 

decreased to 129x10
3
 platelets/mm

3 
(Fig. 15C). Pig 5280 developed acute IAP 12 days pi. 

Platelet count decreased constantly from 441 to 92x10
3
 platelets/mm

3 
(Fig. 15D). 
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A B 

C D 

 

Figure 15: Platelet counts of four M. suis infected pigs. Red arrow indicates day of infection. days post-

infectionem (dpi), animal number (Sw). 

 

3.2.7 Adhesion of Mycoplasma suis to porcine aortic endothelial cells 

To examine the ability of M. suis to attach to ECs in vitro, PAECs were infected with plasma 

of acutely diseased pigs. At the point of infection PAECs were grown to 50 % confluence on 

cover slips in 24-well plates. 100 µL of plasma with a bacterial load of 10
4
 M. suis cells/mL 

were added to each well. As a control, wells were incubated with plasma of healthy pigs. 

After 5, 10, 30, 90 and 360 min (6 h) as well as after 4 days non-attached M. suis cells were 

removed after several washing steps before fixation of endothelial monolayers with PFA. 

Actin cytoskeleton of PAECs was stained green with FITC-phalloidin and bacteria were 

stained red using an M. suis specific antisera and a TRITC-labelled secondary antibody. 

Endothelial nuclei and bacteria were counterstained with DAPI. 

M. suis was detected in form of aggregates on the surface of ECs after 90 min of incubation 

(Fig. 16B) until the end of the experiment 4 days pi (Fig. 16D). Actin condensation was 

observed at the point of attachment of bacteria with ECs (Fig. 16B-D). Thereby, condensed 
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actin always colocalised with bacterial aggregates. A propagation of M. suis on the surface of 

ECs could not be observed during the time course of infection. On day 4 pi nuclei of some 

cells that were in contact with M. suis aggregates appeared apoptotic due to chromatin 

condensation and marginalisation (Fig. 16 D). No M. suis cells were detected on PAECs 

incubated with control plasma.  

 

  

  

Figure 16: Confocal laser scanning micrographs of PAECs incubated with plasma of IAP-diseased pigs. Actin 

cytoskeleton is stained green with FITC-phalloidine. M. suis cells were stained red using anti-HspA1 antiserum 

and TRITC-labelled secondary antibodies. Nuclei and bacteria were counterstained blue with DAPI. The lower 

right quarter in each illustrate represents overlay of all fluorescent channels. (A) Before infection. (B) 90 min pi. 

(C) 6 hours pi. (D) 4 days pi. 
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3.2.8 Apoptosis detection in cell cultures 

To examine EC death in vitro cell monolayers of PAECs were incubated with serum pools 

(serum infected) or plasma pools (plasma infected) of acutely diseased M. suis infected pigs. 

As a control PAECs were incubated with serum pools (serum control) or plasma pools 

(plasma control) of healthy control pigs. Medium supplemented with recombinant porcine 

TNF-  served as positive control for the induction of apoptosis (not shown). Cells were 

detached from the culture plates and stained in solution with Annexin-V-FLUOS and 

propidium iodide (PI) for quantification of EC death by flow cytometry. Apoptotic cells are 

single stained with Annexin-V which binds to surface-exposed phosphatidylserines while 

necrotic cells that have lost membrane integrity are also counterstained with the membrane 

impermeable DNA stain PI. PFA-fixed cells, staining positive with Annexin-V, were used to 

perform instrument settings. 10’000 ECs were taken into consideration and measurements 

were repeated 5 times for each sample. The amount of cells single-stained with Annexin-V 

was recorded for quantification of apoptosis. A difference was regarded as significant when 

the P-value was below 0.05. In PAECs incubated with “plasma infected” apoptosis rate was 

with 3.46 % (±0.44) significantly higher (P = 0.00065) than in PAECs incubated with “plasma 

control” showing an apoptosis rate of 1.74 % (±0.33). There was also a significant difference 

(P = 0.02333) in necrosis rate. However, the discrepancy in necrotic cell death between 

control cells (5.04 % ± 0.16) and cells incubated with “plasma infected” (5.95 % ± 0.75) was 

much lower than in apoptosis. PAECs incubated with “serum infected” showed an apoptosis 

rate of 4.80 % ± 0.60 that was significantly higher (P = 0.00875) than in PAECs incubated 

with “serum control” (2.95 % ± 0.22). The necrosis rate between cells incubated with “serum 

infected” (5.71 % ± 0.68) or “serum control” (5.29 % ± 0.75) was not significantly different 

(P = 0.26047).  
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A 

 

B 

Figure 17: Apoptosis (black bars) and necrosis rates (white bars) of porcine aortic endothelial cells incubated 

with (A) plasma pools of healthy (“Control Plasma”) and M. suis infected pigs (“Infected plasma”) or (B) serum 

pools of healthy (“Control Serum”) and M. suis infected pigs (“Infected Serum”). Stars represent significance: 

*p 0.05;. 

 

 

During apoptosis nuclear DNA is cleaved due to activation of endogenous endonucleases into 

fragments of ~200 bp and multiples thereof. To confirm apoptosis rates from in vitro assays 

genomic DNA, extracted from PAECs, incubated with sera and plasma of healthy or infected 

pigs, was separated by agarose gel electrophoresis (Fig. 18). A 100 bp ladder was run in 

parallel to visualize fragmented DNA of 200 bp and multiples thereof. No DNA laddering 

could be demonstrated in genomic DNA of ECs.  

 

*

*

*
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Figure 18: Results of agarose gel electrophoresis showing nuclear DNA of porcine aortic endothelial cells 

incubated with “control plasma” (lanes 1 and 2), “infected plasma” (lanes 3 and 4), “control serum” (lanes 5 and 

6) and “infected serum” (lanes 7 and 8). L (ladder) 
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4. Discussion 

4.1 Objective (1): Examination of a putative intracellular life-style of M. suis 

The results of this objective are discussed in detail in the publication of section “selected 

publications”: Groebel, K., K. Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. Hoelzle. 

2009. Mycoplasma suis invades porcine erythrocytes. Infect Immun 77:576-584. 

4.2 Objective (2): Investigation of vascular damages in M. suis infections 

Infectious anaemia in pigs caused by Mycoplasma suis is a disease which is accompanied by 

haemorrhagic diatheses (1, 27, 59, 115), RBC abnormalities (75), and blood clotting (49). In 

their study, Plank and Heinritzi (94) observed a reduced efficiency of the coagulation pathway 

in the blood of M. suis-infected pigs and a reduced platelet count. The authors explained their 

findings by intravascular coagulation and subsequent consumption of platelets. To which 

extend a damage of the vascular endothelium contributed to the activation of intravascular 

coagulation could not be evaluated. However, the authors suspected an indirect damage of the 

endothelium because of the hypoglycaemic-hypoxic-acidotic metabolic status during acute 

IAP (92). Endothelial activation can potentially break down the endothelial barrier function, 

leading to the formation of haemorrhages.  

Several working groups proved that blood clotting can lead to a local obstruction of blood 

flow and vascular dysfunction (72) as well as to an altered vasomotor tonus (5). Furthermore, 

abnormalities of RBCs can lead to an increased adhesion to ECs and endothelial activation, 

which was already observed in various diseases such as sickle cell anaemia, diabetes or 

malaria (40, 104, 130). During M. suis bacteraemia a change in erythrocyte morphology as 

well as agglutination of RBCs can be observed in the blood of infected pigs.  

Nevertheless nothing is known of the capacity of M.  suis to cause endothelial aberrations and 

pathologic changes. Therefore, we examined the blood vessels and capillaries in parenchymas 

of IAP-infected pigs for said changes.  

A wide spectrum of alterations of the endothelial layer in blood vessels of M. suis-infected 

pigs was presented by using scanning and transmission electron microscope techniques. The 

extend of the morphologic anomalies were different in each infected pig, probably depending 

on the immune status, severity of infection as well as the bacterial load in the blood. The 

damages of the vascular endothelium were in any case severe, regardless whether pigs were 
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infected with a moderate or a highly virulent M. suis strain. 

We confirmed an increased RBC adhesion to the endothelium in IAP-infected pigs, which 

may result from different adhesion mechanisms. In sickle cell anaemia a great variety of 

adhesion molecules being expressed on both cell types as well as intervening bridging 

molecules [e.g. von Willebrand Factor (vWF) and thrombospondin] contribute to increased 

RBC-EC interaction: For example, endothelial phosphatidylserine (PS) receptors detect the 

abnormally displayed PS on sickle RBCs. The latter is probably a consequence of abnormal 

distribution of glycoproteins on sickle RBCs. In addition, 4 1 integrin on sickle RBCs can 

interact with VCAM on ECs (39). In malaria attachment of P. falciparum infected 

erythrocytes (Pf-IRBCs) to the cerebral endothelium is also mediated by specific endothelial 

receptor molecules such as ICAM-1 (85, 96, 120, 122). Tripathi and co-workers even 

discovered that Pf-IRBCs induce a dose- and time-dependent increase in ICAM-1 expression 

on HBMEC (120). It remains to be elucidated, if an increased expression of adhesion 

molecules such as ICAM-1 in IAP-activated ECs is also responsible for sequestration of 

RBCs to vascular ECs.  

Increased adhesion of M. suis infected RBCs to ECs may trigger various pathological 

observations made in this study, i.e. vasoocclusion, endothelial activation, and initiation of the 

coagulation cascade. Vasoocclusion or the tightness of packing of RBCs in capillaries, 

especially in the liver, displays a strong correlation between vascular pathology and IAP. 

Leakage of blood plasma from small vessels might result from the local obstruction of blood 

flow and local oedema would be expected to occur in organs with tightly packed capillaries. 

Using TEM or histochemical staining, no oedematous areas were observed in the examined 

samples, probably due to the small size of samples. However, we found ascites in infected 

pigs indicating a transition of fluid through changed vessels (data not shown).  

In this study we found morphological changes of the endothelium in the porcine vessels 

during IAP (microvilli formation, change in overall appearance from flat to a round or 

cuboidal) indicating an activation of ECs. The formation of microvilli protrusions has been 

observed on isolated human brain microvascular endothelial cells (HBMEC) incubated with 

P. falciparum infected erythrocytes (120) as well as in microvessels of brain and other tissue 

samples from patients dying from P. falciparum malaria (71). Clark and co-workers described 

the development of pseudopodia during cerebral malaria as a manifestation of endothelial 

damage caused by active oxygen metabolites such as hydrogen peroxide, superoxide anion, 
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and the hydroxyl radical (17). Such metabolites may be released during acute IAP by 

neutrophils and activated macrophages. Furthermore, production of hydrogen peroxide is 

probably a contributory factor to the pathogenicity of mycoplasmas (13, 28, 56). Interestingly, 

we detected that E. coli cells expressing recombinant MSG1 on their surface display a higher 

tolerance to elevated H2O2 concentrations than control cells (unpublished data). MSG1 is an 

M. suis specific protein that was shown earlier to be involved in the attachment of M. suis to 

porcine RBCs (52) and has probably additional functions such as protection of the organisms 

to active oxygen metabolites. 

Other authors described the development of pseudopodia by cerebral endothelium in malaria 

as a non-specific response to injurious stimuli (71). In addition, the development of 

microvillis on ECs generates a greater endothelial surface area and might further increase the 

frequency of adherent RBCs in blood vessels of IAP-infected pigs. The high degree of red cell 

adhesion seen in liver sinusoids as well as in heart and kidney capillaries may therefore be a 

result of a combination of activated ECs expressing adhesion molecules, an altered RBC 

membrane, and an increased adhesiveness caused by pseudopodia.  

The next change of ECs found in connection with IAP is a cuboidal morphology. This 

changed morphology of ECs as a result of cell activation was already suggested by other 

authors in connection with atherosclerosis (128). Activated ECs are characterised by an 

increased expression of proinflammatory cytokines leading to the activation of NF-kB and 

expression of adhesion molecules such as ICAM-1, P-selectin and E-selectin (47). This 

increased level of protein biosynthesis may contribute to cell hypertrophy. Further studies 

applying immuno-histochemical staining on aortic sections of healthy and M. suis-infected 

pigs with antibodies, e.g. to ICAM-1 or E-selectin should be carried out to confirm elevated 

expression of pro-inflammatory and pro-thrombotic markers. 

An adhesion of pathogens to the endothelial surface is usually enough to activate numerous 

signalling pathways by the interaction of microbial structures with TLRs on ECs (47). The 

detection of bacterial microcolonies and biofilms on the endothelium of IAP-infected pigs 

therefore supports the assumption that a cuboidal shape of the ECs cells reflects a pathogen-

activated cell phenotype.  

The accumulation of arterial thrombi consisting of fibrin fibres, leukocytes, RBCs, and 

platelets on the endothelial surface found in this study point to diminished anti-thrombotic 

and anti-adhesive properties of the endothelium which confirm the dysfunctional activated 
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endothelium in IAP. Furthermore, the physical presence of fibrin in almost all examined 

aortic vessels is a typical hallmark of inflammation and vascular disease and functions as a 

haemostatic plug in lesions and as a provisional matrix in inflammation and wound healing 

(98). This coagulation cascade may have been initiated upon endothelial injury during acute 

IAP which led to EC death and denudation. To avoid the breakdown of the endothelial barrier 

function platelets may have been activated, forming a platelet plug, which stopped the 

bleeding (6, 62). In parallel, soluble fibrinogen was converted to a network of insoluble fibrin 

fibers that was stabilising the platelet plug by a receptor-mediated interaction with activated 

platelets (62). 

After infection of our experimental pigs with M. suis we detected a dramatic decrease of 

platelets in the blood. This decrease was accompanied by the detection of numerous blot clots 

in aortas of M. suis-infected pigs. These observations confirm the hypothesis of Plank and 

Heinritzi (94) that the platelet reduction must be a consequence of intravascular coagulation 

and the subsequent consumption coagulopathy.  

The presence of fibrin fibres on the vascular wall of IAP-infected pigs observed in this study 

might further strengthen the process of RBC adhesion to the endothelium. Fibrinogen, among 

other plasma factors, has been identified to enhance adhesion of pathological RBCs to ECs 

(108, 129), probably by acting as ligand, cross-linking receptors on both cell types. In 

addition, plasma fibrinogen is an acute-phase protein and is primarily synthesised in the liver 

during early stages of inflammation (37). The process is regulated by cytokines, such as 

interleukin (IL)-6, IL-1 , and glucocorticoids (86). TNF- , in particular, is released by 

activated platelets and macrophages and is also known to sensitise ECs to undergo apoptosis 

via induction of signal transduction pathways involving the intracellular production of 

reactive oxygen species (ROS) (19). Furthermore, TNF-  influences EC viability by altering 

the balance of regulatory molecules that either induce or suppress apoptosis (95). Many 

Mycoplasma spp. have been shown to activate monocytes and macrophages and induce 

secretion of the proinflammatory cytokines such as TNF- , IL-1 and IL-6 (107). Therefore, 

we suggested that TNF-  may be a contributory factor to EC inflammation and apoptosis in 

IAP-infected pigs. However, we did not detect soluble TNF-  in serum samples of IAP-

infected pigs. It is possible that TNF-  remains cell surface-associated, where it could still 

contribute to EC inflammation and apoptosis. Furthermore, it is most likely that other 

cytokines, such as IL-6, contribute to vascular pathogenesis in IAP.  
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Studies have shown that fibrin and fibrinogen metabolites not only bind to activated platelets 

but also to vascular ECs (24), induce vWF release (100) and activate ECs, e.g. by inducing 

leukocyte chemotactic activity (98). As a consequence, phagocytes are infiltrated into the 

injured tissue soon after formation of the fibrin clot and eliminate contaminating bacteria via 

phagocytosis (62). We could confirm the presence of leukocytes in some of the blot clots in 

our scanning electron microscopic pictures. In addition, phagocytic cells could be detected in 

aortic sections via transmission electron microscopy.  

Denudation of ECs in blood vessels of M. suis infected pigs is a result from EC death. ECs 

may have undergone necrotic cell death due to direct damage or apoptosis, a form of 

programmed cell death. Most apoptotic cells lose their surface attachments and detach into the 

surrounding extracellular space (134). Furthermore, it cannot be excluded that ECs in certain 

areas became detached during harvesting of blood vessels at autopsy or during the course of 

specimen preparation. In the control vessels, however, denudation of ECs was only seen 

rarely and was limited to small areas. Therefore, endothelial denudation can be regarded as a 

pathological finding in IAP. We assume that apoptotic cell death in ECs of IAP-infected pigs 

is triggered by diverse mechanisms: 

Intravascular haemolysis may release oxyhaemoglobin (OxyHb), which is the main 

component of erythrocytes and is known to induce apoptosis in cultured ECs (89). OxyHb has 

been documented to have cytotoxic effects on ECs due to autooxidation from OxyHb to 

methaemoglobin which releases free radicals, such as superoxide and hydrogen peroxide that 

may cause damage and detachment of ECs (78). In a similar way acute haemolytic anaemia in 

pigs may lead to endothelial apoptosis. 

Activated neutrophils may release apoptosis-inducing ROS and proteases from neutrophilic 

granula. Neutrophils are part of the innate immune system and can be activated by parasite or 

bacterial products (45). In malaria and bacterial sepsis neutrophils contribute to a great extend 

to endothelial apoptosis, both by their secretory products and by binding to ECs via direct 

interaction of LFA1 on neutrophils with ICAM-1 on ECs. It remains to be elucidated if 

activated neutrophils contribute to EC apoptosis in IAP. 

Bacteria-activated platelets are also known to induce EC apoptosis. In some specimens we 

observed a direct contact between M. suis-infected RBCs, platelets and ECs. Kuckleburg and 

co-workers have demonstrated that a direct contact between Haemophilus somnus-activated 

platelets and ECs induces significant levels of apoptosis via activation of caspases 8 and 9 
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(60). In addition, activated platelets induce EC production of ROS (54) which contributes to 

vascular damage. Furthermore, M. suis cells on the surface of RBCs may interact with the 

host cell in a way that results in expression of bacterial proteins on the surface of RBCs. This 

may further enhance attachment of RBCs to ECs and lead to EC apoptosis. In malaria, EC 

apoptosis can be induced by P. falciparum-parasitized RBCs expressing the multivariant 

parasite-derived P. falciparum erythrocyte membrane protein-1 on their surface which binds 

specific to receptors, such as CD36, ICAM-1, P-selectin, and VCAM-1, E-selectin and 

chondroitin sulphate. 

Interestingly, we also found bacterial cells being directly attached to the vascular wall, either 

single cells or smaller to larger microcolonies having a size up to 30–50 µm in diameter. So, a 

direct damage of the ECs by M. suis is possible. Several pathogenic Mycoplasma species are 

known to interact with ECs. However, there are no reports of haemotrophic mycoplasmas 

infecting vascular ECs. Large colony (LC) strains of Mycoplasma mycoides subsp. mycoides 

causing septicaemia with vasculitis and coagulation disturbances in goats can adhere to 

caprine ECs (125). Scanning electron micrographs of goat aorta tissue treated with at least 10
6
 

CFU/mL of M. mycoides subsp. mycoides D44 revealed a severe damage of ECs exposing 

subendothelial collagen (106). In addition, coagulopathy with increased blood fibrinogen, 

prolonged prothrombin time, and decreased platelet count can be detected in septicaemic 

goats – symptoms similar to those observed in pigs with acute IAP. Furthermore, 

haemorrhages and thrombosis can be observed in lung, liver, and kidneys at necropsy. The 

authors related coagulopathy with endothelial damage caused by the Mycoplasma that would 

expose subendothelial collagen, and result in aggregation and activation of platelets. An 

interaction of M. suis with porcine endothelial cells may similarly lead to endothelial damage 

and coagulation disturbances. 

To get further insight into the molecular mechanisms leading to EC damage by M. suis, we 

investigated this interaction also in vitro. For this, we used primary cell cultures of porcine 

aortic endothelial cells (PAECs) incubated with plasma of acutely diseased M. suis infected 

pigs containing 10
3
 M. suis cells/mL. Adhesion assays revealed the attachment of M. suis 

aggregates on the surface of ECs after 90 min of incubation. Interestingly, actin condensation 

was observed at the point of attachment of bacteria with ECs. These data correlate with the 

finding that MSG1, an M. suis specific protein that was shown earlier to be involved in the 

attachment of M. suis to porcine RBCs (52) can interact with cytoskeletal -actin of eucarytic 
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cells, specifically RBCs (25, 26). In addition, Felder and co-workers reported that 

autoreactive IgG antibodies up-regulated during IAP recognise actin. The authors 

hypothesised that M. suis is able to dissolve the RBC plasma membrane by enzymatic 

activity. Due to this membrane damage RBC actin that is usually cryptic, gets accessible to 

interaction with M. suis. They further suggested that the strongly -actin-binding antibodies 

identified do not only affect RBCs since -actin is part of the cytoskeleton in many eukaryotic 

cells. Interaction of M. suis with endothelial actin may therefore in a similar way lead to 

cytoskeletal rearrangement in ECs.  

In order to verify apoptotic processes of PAECs in vitro we incubated the cells with plasma 

and serum pools of acutely diseased M. suis-infected pigs or with corresponding controls of 

healthy pigs, respectively. The application of both, plasma and serum, in this assay should 

help identifying the factors contributing to EC apoptosis in M. suis infections. After 24 h of 

incubation PAECs were stained with Annexin-V and propidium iodide to discriminate 

apoptotic from necrotic cells. Using this approach it was detected that the apoptosis rate was 

twofold higher in PAECs incubated with M. suis-positive plasma than in the control cells. 

Similar results were obtained when PAECs were incubated with sera of M. suis-infected pigs. 

In contrast, the necrosis rate remained constant in all experiments indicating that endothelial 

cell death in PAECs is rather due to apoptosis than to necrosis. 

We further tried to verify EC apoptosis by DNA fragmentation assays. During apoptosis 

nuclear DNA is cleaved due to activation of endogenous endonucleases into fragments of 

approximately 200 bp and multiples thereof which can be made visible after separation of 

nuclear DNA on an agarose gel. We did not detect any fragmented DNA on the gel. DNA 

concentration was set to 2 g per well for each sample examined. However, apoptosis rates of 

PAECs showed only a maximum of 3.46 % when incubated with M. suis containing plasma 

and 4.8 % after incubation with sera of diseased pigs as detected by Annexin-V 

quantification. For 2 g genomic DNA applied to the gel that would correspond to 70-10 ng 

fragmented DNA which would be below the detection range of an ethidium bromide stained 

agarose gel. 

Even though we detected a significant difference in apoptosis rates in PAECs incubated with 

plasma and serum of infected pigs compared to the control, measured apoptosis rates were too 

low to explain the severe endothelial damage seen in vivo. If apoptosis is the main mechanism 

leading to endothelial cell damage further factors that are not contained in the serum or 
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plasma components, such as M. suis parasitized erythrocytes, are necessary to reconstruct the 

in vivo apoptosis cascade also in vitro. Furthermore, endothelial cell apoptosis in vivo may 

occur due to direct interaction of M. suis with the host cell. The reduced or inhibited 

proliferation capacity of the organism, when grown in vitro, may be responsible for the low 

rate of apoptosis in cell culture experiments. Furthermore, the multiplicity of infection (MOI) 

may have been too low to result in elevated apoptosis rates and experiments should be carried 

out with higher plasma concentrations. 

Interestingly, we found two different phenotypic morphologies of mycoplasmal microcolonies 

on the vascular wall. One type consisted of homogenous crosslinked cells of 200-400 nm in 

size forming a three-dimensional network. These colonies were in direct contact with RBC 

aggregates indicating that these cells are M. suis. The other microcolony type differed from 

the first one by the compact appearance and the presence of a granular matrix with 

microcrystals in which the bacteria were embedded. Smaller coccoid forms of less than 

100 nm appeared on the surface of the larger cells of 200-400 nm in size and probably 

originated from budding-like mechanisms. A budding-like mechanism of replication has 

already been proposed for HM (135) as well as for other mycoplasmas (29, 90). The coccoid 

forms including smaller budding bacteria strongly resemble propagating M. suis cells found 

on erythrocytes. We suggested that the two morphologies represent different stages of biofilm 

formation in M. suis. Adhesion of M. suis-infected RBCs to the ECs may mediate initial 

attachment of M. suis to the endothelium. During progression of disease bacteria may 

propagate on the surface of the endothelium and RBCs disappear due to haemolysis. It is 

known that soon after attachment of planctonic cells to a surface and subsequent division 

bacteria start to produce extracellular polymeric substances (EPS). By this cells adhere 

irreversibly to the substrate (117). The granular matrix and microcrystals we have found in 

biofilms of the vascular endothelium may therefore represent EPS. By additional EPS 

production, cellular motility and reproduction, the biofilm may further differentiate to 

produce a mature, thick and spatially structured biofilm. 

There are only few publications concerning biofilm formation of mycoplasma species. 

McAuliffe and co-workers have proven that many mycoplasmas (e.g. Mycoplasma 

putrefaciens, M. cottewii, M. yeatsii, M. agalactiae and M. bovis) are able to form prolific 

biofilms (74). Furthermore, it was shown by immunofluorescence microscopy that in vitro 

formed mycoplasmal biofilms contain all of the highly differentiated structural features, such 
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as honeycombed regions and areas of outgrowths referred to as mushrooms or towers, found 

in biofilms that are formed by other bacteria (74, 109-111). In addition, M. pulmonis biofilms 

formed on the epithelium of trachea in tracheal organ culture and in experimental infected 

mice have a similar structure and biological characteristics as biofilms formed in vitro (110). 

The microcolonies or biofilms found on the endothelium in M. suis-infected pigs using SEM 

techniques did not contain any mushrooms or towers. Considering the fact that euthanasia was 

carried out between days 8 and 12 pi for most of the experimental pigs it is likely that the 

period of infection was too short for the development of a differentiated biofilm. It is possible 

that these biofilms were in a beginning stage of biofilm formation.  

Recent studies have indicated that biofilm formation protects mycoplasmas from 

antimicrobial agents and the innate immune system (110). The endothelial biofilm may 

therefore represent a substantial reservoir of M. suis cells that are resistant to host immunity 

and that might display the source of chronic disease in IAP infections. We concluded that the 

formation of mycoplasmal biofilms on the endothelium in IAP infected pigs may contribute to 

the persistence of M. suis in the host. Prior to the onset of acute infection, the endothelium 

may display the primary niche, where the pathogen propagates before being released into the 

bloodstream to parasitize the erythrocytes. 

One further interesting feature of this study was the cardiac muscle damage. Cardiac muscles 

cells were disarranged and destructed. Mitochondria were drastically reduced in numbers and 

located disordered in the heart tissue of the M. suis infected pig. Sarcomeres appeared unequal 

and shrunk in many parts of the tissue. These changes can be explained by RBC aggregation 

in blood vessels of M. suis-infected pigs with subsequent occlusion of capillaries leading to 

ischaemia (interruption of blood supply). The resulting oxygen shortage may have finally 

caused cardiac cells to die. 

Ischaemia is central to a number of pathologies including myocardial infarction. In 

myocardial infarction ischaemia can be caused by rupture of atherosclerotic lesions in 

coronary arteries. The contents of the lesions enter the bloodstream and can occasionally lead 

to the formation of a thrombus. Thrombotic occlusions are often followed by restoration of 

blood flow (reperfusion) due to clot lysis. During reperfusion ROS are generated, which can 

further trigger an inflammatory response and irreversible cell damage (70).  

Furthermore, disarranged muscle cells can be a result from a loss of function in actin-myosin 

contraction. It was proven by members of our group that the M. suis protein MSG1 can 
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interact with cytoskeletal -actin (unpublished data). It may be possible that M. suis can also 

interact with -actin of muscle cells, leading to a loss of function. Further studies are, 

however, necessary to verify these hypotheses. 

Another interesting observation was the formation of small fibrils interconnecting several 

M. suis cells on the surface of RBCs being attached to the vascular wall. Similar fibrils are 

known to connect M. suis with the host erythrocyte (48, 97, 135). However, a physical contact 

between mycoplasmal cells that is mediated via fibrillar structures has not been reported so 

far. Interconnecting appendages have been noted only for a few prokaryotes including 

Pyrodictium abyssi. The cells of this archaeon are connected to each other in a matrix of 

extracellular tubules that maintain the cells in close proximity to each other (101). In addition, 

the vegetative cells of the gram-negative bacterium Myxococcus xanthus form extensive 

fibrillar interconnections, which is necessary for the manifestation of their characteristic 

social behaviour. The fibrils of M. xanthus are composed of approximately equal amounts of 

protein and polysaccharide and cell-cell contact is mediated by the action of a fibrillar ADP-

ribosyl transferase (22). As interconnected M. suis cells were solely found on the surface of 

RBCs being attached to the endothelium this type of specialised cell to cell communication 

may be necessary for the development of an endothelial biofilm. Further studies are necessary 

to characterise the composition of the M. suis fibrils.  

This is the first study showing that infections with HM are accompanied by a widespread 

endothelial damage, RBC adhesiveness to the endothelium, and vascular occlusion. These 

vascular alterations may lead to the development of haemorrhages, ascites, oedema and organ 

failure. In addition, the ability of M. suis to form endothelial biofilms in which the organisms 

are protected from killing by antibiotics as well as from the host’s immune system may 

contribute to the persistence of HM.  
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5. Milestones and outlook 

The mechanisms of interaction of M. suis with the infected host are very complex and not yet 

fully understood. In this thesis important milestones, summarised in Figure 19, were set for a 

better understanding of the pathogenesis in M. suis infections. Both, the intracellular infection 

of erythrocytes as well as the biofilm formation on ECs may thwart the host’s immune system 

and antibiotic treatment leading to persistence of the organism. Endothelial inflammation and 

cell death as well as circulatory disorders may explain the severe clinical symptoms in acute 

IAP infections.  

Taken together, these data indicate that lots of further pathogenicity mechanisms exist which 

contribute to the severity of acute and chronic IAP infection and are the basis for clarification 

of further questions: 

 

 This study has shown that the cell tropism of Mycoplasma suis is not solely confined 

to erythrocytes. The organism is also able to attach to endothelial cells and form 

microcolonies on the latter. Therefore, a further topic of research at the moment is the 

analysis of the M. suis cell tropism using epithelial cells, macrophages and leucocytes. 

 During IAP an increased number of erythrocytes is attached to the endothelium. An 

upregulation of EC adhesion molecules may explain the increased adhesiveness. To 

address this question immune fluorescence staining with antibodies to adhesion 

molecules (e. g. VCAM-1, ICAM-1) will be applied on cultured porcine aortic 

endothelial cells incubated with M. suis containing plasma or on histological sections 

of aortic vessels of diseased pigs. 

 Elevated plasma levels of von Willebrand factor (vWF) are indices of chronic and 

acute endothelial cell perturbation (73). Therefore the vWF concentration is measured 

in the plasma of control pigs and acutely diseased IAP-infected pigs using a 

commercially available ELISA kit.  
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Figure 19: Milestones of the thesis. Endothelial inflammation and cell death as well as circulatory disorders 

may explain the severe clinical symptoms in acute IAP infections. Furthermore, the capability of RBC invasion 

and biofilm formation may contribute to the persistence of the organism in chronic M. suis infections. 
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Selected Publication 

In this section, a published manuscript including results associated with this Ph.D. thesis is 

presented: 

 

Mycoplasma suis invades porcine erythrocytes. 

Infection and Immunity. 2009; 77:576-584.  

Groebel, K., K. Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. Hoelzle. 

 

This work was cited in Nature Reviews Microbiology as a Research Highlight within the In 

Brief section to bacterial pathogenesis: 

 

Mycoplasma suis invades porcine erythrocytes. 

Nature Reviews Microbiology 7, 4 (January 2009) 

Groebel, K., K. Hoelzle, M. M. Wittenbrink, U. Ziegler, and L. E. Hoelzle. 

 

 

This publication is the first to show that Mycoplasma suis 08/07, a member of the 

haemotrophic mycoplasmas, is able to invade erythrocytes. This finding has implications for 

the detection, pathogenesis and treatment of the M. suis infection. 

 

I established the experimental set-up, performed fluorescence staining procedures, examined 

samples using confocal laser scanning microscopy, prepared and examined samples using 

scanning- and transmission electron microscopy and wrote the manuscript.  
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