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Introduction
During sepsis, brain microabscesses may develop 
as bacteria are transported hematogenously to the 
brain, either as free bacteria or within emboli. Th e 
development of brain microabscesses characterizes 
sepsis-related brain lesions in man (Pendlebury et al., 
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Summary
Brain pathology is an important aspect of human sepsis but is diffi  cult to study in human pa-
tients. Th erefore, animal models of sepsis-related brain pathology are needed. As pigs mirror 
multiple aspects of sepsis-related brain pathology in humans, this makes the pig a potentially 
suitable model.  Unfortunately, models of sepsis in pigs are diffi  cult to manage due to the ac-
companying massive systemic infl ammatory response. To overcome these diffi  culties we de-
signed a model in pigs of brain bacteremia established by local brain infusion in order to eval-
uate if this approach could reduce the systemic responses but still refl ect the brain pathology 
of sepsis in humans. As a pilot study to obtain basic knowledge, we evaluated two methods of 
local infusion: long term infusion (60 minutes) of Staphylococcus aureus suspended in saline 
and, short-term infusion (10 minutes) of S. aureus embedded in autologous microthrombi. 

Th e study revealed: 1) bacteria suspended in saline as well as embedded in microthrombi can 
pass through the rete mirabile and thereby cause local brain bacteremia; 2) despite the high 
dose of S. aureus used for infusion, only mild clinical signs developed; and 3) despite the mild 
clinical signs, one pig had developed a brain microabscess by 48 h aft er infusion. Th e brain pa-
thology present in this pig thereby refl ected human cases of S. aureus-sepsis with microabscess 
formation as the predominant lesion. In addition, the abscess morphology mirrored previously 
observed microabscesses in experimental porcine S. aureus sepsis models.

1989; Sharshar et al., 2004). However, the develop-
ment of sepsis-related brain pathology is diffi  cult to 
study in detail in human patients thus necessitating 
animal models (Pendlebury et al., 1989; Sharshar et 
al., 2003). Th e pig is a suitable model animal as brain 
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microabscesses have been shown to develop in var-
ious scenarios of blood-borne spread of bacteria to 
the porcine brain (Bogdanski et al., 2000; Astrup et 
al., 2013; Christiansen et al., 2013a), similar to that 
described in humans. Furthermore, the well-estab-
lished association between infective valvular endo-
carditis and the development of brain microabscesses 
in humans has been observed in experimental por-
cine sepsis as well (Tunkel & Kaye, 1993; Azuma et 
al., 2009; Christiansen et al., 2013a). Unfortunately, 
models of sepsis in pigs are diffi  cult to manage due to 
the development of a massive systemic infl ammatory 
response, which causes both animal welfare concerns 
and technical challenges (Nemzek et al. 2008; Leifsson 
et al., 2010; Soerensen et al., 2012). We hypothesized 
that these diffi  culties might be reduced by a local 
model approach. A local model approach that applies 
infusion of bacteria directly into the blood supply of 
the brain will provide two advantages. 1) Local infu-
sion will ensure a full-dose exposure of bacteria to 
the brain. 2) Local infusion will concurrently reduce 
the systemic exposure as the infected blood is fi ltered 
through the lungs before entering the systemic circu-
lation, thus presenting the blood to the pulmonary 
intravascular macrophages, which rapidly eliminate 
large quantities of bacteria from the blood (Soerensen 
et al., 2012). However, it is diffi  cult to establish local 
infusion of bacteria to the porcine brain as pigs have 
a microarteriolar meshwork - the rete mirabile - at the 
vascular entrance to the brain (Haaland & Orderud, 
1995). Th e rete mirabile hinders insertion of intra-ar-
terial microcatheters beyond the level of the internal 
carotid artery (ICA) in pigs (Reinert et al., 2005). 

We therefore conducted a pilot study based on 
three pigs to investigate if it is possible to establish 
local brain bacteremia through infusion of S. aureus 
into the ICA  without causing severe sepsis. 

Methods
Animal ethics
Th e study was approved by the Danish Animal Exper-
imental Inspectorate, Danish Ministry of Food, Agri-
culture and Fisheries (license no. 2010/561−1916). 
Th e following humane end-points were applied: 
reluctance to eat, drink, rise and move normally. 
Th ese humane endpoints were assessed as described 
below in the “post-operative procedures” section.

Overall experimental design 
During anesthesia, pigs were infused with S. aureus 
directly into the ICA. Two infusion methods were 

tested: long-term infusion (60 minutes) of bacteria 
suspended in saline (Pig 1) and short-term infusion 
(10 minutes) of bacteria embedded in autologous 
microthrombi (Pigs 2 and 3). Th e pigs were allowed 
to recover from anesthesia and were monitored until 
euthanasia aft er 24 h (Pigs 1 and 2) or 48 h (Pig 3). 
Th en pigs were necropsied and examined by histol-
ogy, immunohistochemistry (IHC) and bacteriolog-
ical culture.

Animals
Th ree male Göttingen minipigs (Ellegaard Göttin-
gen Minipigs A/S, Dalmose, Denmark) at the age of 
2 months and with a bodyweight (BW) of 4.5-5.5 kg 
were used. Th e pigs were housed in the Laboratory 
Animal Isolation Unit at the University of Copenha-
gen during the entire study. Th e stables had a 12/12 
h light rhythm and the area per pig was 3.41 m2. Th e 
pens were provided with abundant straw bedding 
and pig toys. Th e pigs were acclimatized for 7 days 
and fed the same diet as used by the pig supplier. 
Th e pigs were clinically examined 48 h before infu-
sion and a blood sample was taken. Th ey were fasted 
for 24 h before surgery, but had access to water ad 
libitum at all times. Th e pigs were housed together 
until surgery. Aft er surgery and throughout the study 
period the pigs were housed in single animal units.

Inoculum
Staphylococcus aureus strain S54F9, spa type t1333 
(Nielsen et al., 2009; Hasman et al., 2010) was used. 

For long-term infusion, a suspension of 107 
colony forming units (CFU) S. aureus/ml was pre-
pared. Each pig was inoculated with 10 ml/kg BW.

For short-term infusion, 9 ml autologous blood 
was mixed with 1 ml bovine thrombin (200 IU/ml) 
and 0.1 ml suspension of S. aureus (108 CFU/ml). In 
this way, the total concentration of infused bacteria 
was 108 CFU/kg BW in both infusion methods.

Th e blood used for microthrombi formation was 
drawn from the external jugular vein (EJV) catheter 
into a syringe. Th e syringe was immediately discon-
nected from the catheter and connected to a 150 mm 
polyethylene catheter (PP10; inner diameter 0.28 
mm, Polysan, Værløse, Denmark). A syringe con-
taining the thrombin and bacteria was inserted at 
the other end of the catheter. Blood and the throm-
bin-bacteria mixture were then circulated between 
the two syringes through the catheter several times 
to assure thorough mixing. Th en the mixture was 
allowed to coagulate for 30 min. Th e coagulum was 
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pigs received 10 ml/kg BW/h maintenance isotonic 
saline (Ringer-acetate; Fresenius Kabi AB, Uppsa-
la, Sweden). Th e pump was also used for infusion 
of bacteria. Th e pigs were randomly assigned to the 
two infusion methods: Pig 1 received bacteria sus-
pended in isotonic saline. Th e bacterial suspension 
was infused at maintenance fl ow rate for exactly 60 
min (i.e. 10 ml suspension/kg BW/h). Pigs 2 and 3 
received microthrombi suspension at maintenance 
fl ow rate for 10 min (Table 1). Aft er infusion, all 
pigs received sterile saline at maintenance fl ow rate 
through a new syringe for 30 min to fl ush the infu-
sion catheter. Aft er fl ushing, the ICA was ligated in 
front of the catheter. Th e ICA catheter was with-
drawn and the surgical incision was prepared with 1 
ml bupivacaine (Bupivacain 5 mg/ml, SAD, Amgros 
I/S, Copenhagen, Denmark) and sutured. Pigs were 
treated with an IM injection of 0.3 mg buprenor-
phine (Temgesic, Reckitt Benckiser, Berkshire, UK) 
before anesthesia was ceased.

Post-operative procedures
Th e pigs were clinically examined every 4 h from the 
time of infusion and treated with 0.3 mg buprenor-
phine IM every 8 h until euthanasia. Clinical exam-
inations included evaluation of appearance and gen-
eral condition, appetite (feed consumed between 
clinical examinations), urination and defecation in 
the pen, skin elasticity, mucous membrane color and 
capillary refi ll time, heart rate, rectal temperature and 
general responsiveness. Responsiveness was meas-
ured by ear and eye movement towards sounds and by 
the general reaction to human contact. At each clin-
ical examination the pigs were off ered 5 ml of apple 
juice through a syringe. Th e pigs were considered to 
reach the humane endpoints if they displayed one or 
more of the following behaviors: 1) Lack of urina-
tion and/or defecation in the pen since the last clini-
cal examination combined with reluctance to accept 
apple juice; 2) Lack of feed consumption since the 
last clinical examination combined with reluctance 
to accept apple juice; and 3) Reluctance or incapabil-
ity to rise and approach the apple juice. Pigs that did 
not meet the humane endpoints were euthanized 24 
h (Pigs 1 and 2) and 48 h (Pig 3) aft er infusion. Th ey 
were deeply anesthetized by IM injection of 1 ml/kg 
of a solution of 125 mg tiletamine hydrochloride and 
125 mg zolazepam hydrochloride suspended in 5 ml 
followed by 10 ml propofol applied through an ear 
vein catheter and fi nally exsanguinated.

transected into microthrombi by transferal through 
a sieve (mesh width 0.5 x 0.5 mm) into a Petri dish. 
Saline was added to the microthrombi until a total 
volume of 1.67 ml/kg BW was achieved. Th e micro-
thrombi suspension was aspirated into a sterile 
syringe and connected to the catheter in the ICA and 
used for infusion. 

Experimental procedures
Th e pigs were sedated by a mixture of 125 mg tile-
tamine hydrochloride (Zoletil 50 Vet, Virbac, Carros, 
France), 125 mg zolazepam hydrochloride (Zoletil Vet, 
Virbac), 125 mg xylazine hydrochloride (Rompun 
Vet, Bayer, Denmark), 125 mg ketamine (Ketami-
nol Vet., MSD Animal Health, Copenhagen, Den-
mark), 20 mg butorphanol tartrate (Morphasol Vet, 
BioVet, Fredensborg, Denmark) and 20 mg metha-
done hydrochloride (Comfortan Vet., Dechra Vet-
erinary Products, Shrewsbury, UK). Th e sedation 
mixture was given at a dose of 1 ml/10 kg BW intra-
muscularly (IM). Aft er sedation, pigs were anes-
thetized with propofol 1 mg/kg BW (Rapinovet®; 
Schering-Plough, Farum, Denmark) through an ear 
vein catheter. Th en pigs were intubated. Respiration- 
and heart rates and blood pressure were monitored 
automatically (Datex-Ohmeda Monitor, GE Health-
care, Brøndby, Denmark). Th e core temperature was 
maintained at 37 ± 0.5 °C during anesthesia (3M Bair 
Hugger, 3M Health Care, UK). When aseptically pre-
pared for surgery, the ventral midline, the right later-
al and the right dorsal surfaces of the neck were each 
injected with 1 ml lidocaine subcutaneously (SC) 
(Lidocain 10 mg/ml, SAD, Amgros I/S, Copenha-
gen, Denmark). A 5 cm midline incision was made in 
the ventral neck. Th rough blunt dissection, the vagal 
nerve, the common carotid artery and the EJV were 
displayed on the right side of the neck. Th e EJV was 
ligated and a catheter (0.8 PVC phthalate-free tube 
with X-ray line; Unomedical Inc., McAllen, USA) 
was guided to the cranial thoracic aperture and fi xed 
by ligation to the vein and fl ushed with heparinized 
saline (2500 IU/ml). Th e free end of the catheter was 
tunneled SC to the right dorsal side of the neck where 
it was displayed via a 1 cm incision and fi xed to the 
skin. Th e common carotid artery was ligated and a 
catheter (0.5 PVC phthalate-free tube with X-ray 
line; Unomedical Inc., McAllen, USA) was guided to 
the entrance of the ICA and fi xed by ligation to the 
artery and fl ushed with heparinized saline (2500 IU/
ml). Th e arterial catheter was then connected to an 
infusion pump (Alaris GH Plus Syringe Pump, Care-
Fusion, Lyngby, Denmark). Th rough this pump, the 
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Blood samples
Blood samples were acquired at 24 h before infusion 
from a venous puncture, during surgery through the 
EJV catheter just before infusion and, through the 
EJV catheter at the end of the clinical examinations 
at 4, 8, 12, 24 and 48 h aft er infusion. Each blood 
sample was immediately divided into three aliquots. 
Th e fi rst aliquot was allowed to coagulate and was 
used for analyses of acute-phase proteins. Th e second 
aliquot was stabilized with ethylenediaminetetraacet-
ic acid (EDTA) and used for bacteriological cultiva-
tion. Th e third aliquot was stabilized with EDTA and 
used for hematology. 

Analysis of acute-phase proteins
Porcine α1-acid glycoprotein (PAGP) concentrations 
were determined by a competitive catching enzyme-
linked immunosorbent assay (ELISA) (Heegaard 
et al., 2013). All samples were run twice at 1/500 or 
higher dilutions with a detection limit of 50 mg/l. 
Haptoglobin concentrations were determined by 
a sandwich ELISA (Soerensen et al., 2006) with a 
detection limit of 130 mg/l. Serum amyloid A (SAA) 
concentrations were determined by a commercially 
available sandwich ELISA (Phase SAA Assay, Tridel-
ta Development Ltd., Kildare, Ireland) (McDonald et 
al., 1991). Samples were tested according to the man-
ufacturer’s instructions but a low dilution of 1:20 was 
used to increase signal intensity. Th e detection limit 
of the assay was 31.3 mg/l (porcine SAA equivalents).  
Finally, C-reactive protein (CRP) concentrations 
were determined by a sandwich ELISA (Heegaard 
et al., 1998). Polyclonal rabbit anti-human antibod-
ies with cross-reactivity towards porcine CRP were 
employed (Heegaard et al., 2009) followed by perox-
idase-conjugated goat anti-rabbit antibody for detec-
tion (DAKO, Glostrup, Denmark). Pooled pig serum 
calibrated against a human CRP calibrator (DAKO 
A0073) was used as a standard. Th e detection limit 
was 0.35 mg/l (human equivalents). Development 
of CRP plates was done with a tetramethylbenzidine 
peroxide color substrate (Kem-En-Tec, Taastrup, 
Denmark).  All samples including standards were 
run in duplicate. Sample values were calculated from 
the curve fi tted to the readings of the standard (using 
Ascent soft ware v. 2.6, Th ermo Scientifi c). 

Bacteriology
All blood samples and homogenized samples (10 g) 
of liver, lung and spleen were cultured on blood-agar 
plates for 24 h at 37 °C using both undiluted and ten-
fold dilutions (fi nal detection limit: 1 CFU/ml blood 

and 1 CFU/g tissue). From each sample with a pos-
itive culture, the colony morphology was evaluated 
and one colony was selected for S. aureus protein 
A typing (spa-typing) with the inoculated S. aureus 
strain as the control. A multiplex polymerase chain 
reaction technique (Stegger et al., 2012) and BioNu-
merics v 6.6 (Applied Maths, Sint-Martens-Latem, 
Belgium) were used to amplify, sequence and analyze 
the spa gene and assign the spa type.

Hematology
An automated complete blood cell count including 
neutrophil count was conducted (ADVIA 120 ana-
lyzer, Bayer Healthcare Diagnostics, Berlin, Germa-
ny), as described by Leifsson et al. (2010).

Necropsy, histology and 
immunohistochemistry
Full necropsies were conducted. Specimens of liver 
and lung and the entire brain were fi xed by immer-
sion in 10% neutral buff ered formalin and pro-
cessed by routine methods and paraffi  n embedded. 
Th e brain was sliced into coronal slabs of 4 mm 
before paraffi  n embedding. Sections of 4 μm were 
made from each brain slab and stained with hema-
toxylin and eosin. Furthermore, IHC staining was 
performed for in situ detection of S. aureus anti-
gen (Kvist et al. 2002), glial fi brillary acidic protein 
(GFAP) (Sikasunge et al., 2009), myeloperoxidase for 
detection of neutrophils (Christiansen et al., 2013a), 
and for ionized calcium binding adapter molecule 
1 (IBA-1) to detect microglial cells and monocytes 
(Grossi et al., 2015).

Results
Th roughout the study, pigs showed only mild clini-
cal signs although they preferred to lie down during 
the fi rst hours aft er surgery. Th eir rectal temperature 
increased to a maximum of 40.5 °C (acclimatizing 
temperature 48 h before infusion: 38.1 – 39.5 °C).

Serum levels of acute phase proteins showed that 
both SAA and haptoglobin increased with a steep 
rise in concentration within the fi rst 24 h aft er infu-
sion. Th e level of CRP also increased aft er infusion. 
Th e level of PAGP was only raised in Pig 2 at 24 h 
and remained normal or decreased in the other two 
pigs (Fig 1). Two blood samples from Pig 3 yielded 
too little serum to enable analysis of all four acute-
phase proteins. Th e missing analyzes for Pig 3 were: 
all acute phase proteins at 8 h aft er infusion and CRP 
and PAGP at 48 h aft er infusion.        
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No bacteria were cultured from blood or tis-
sues from Pig 3, whereas S. aureus (same spa-type as 
infused strain) were isolated from spleen and lung, 
and in the blood until 12 h aft er infusion, in Pig 2, 
and in the spleen, lung and liver of Pig 1 (Table 1). 

Hematology showed that all pigs developed 
neutrophilia within 8 h (Fig 2). Some blood samples 
yielded too little blood to enable analysis. Th e miss-
ing analyzes were: Pig 1 at 8 and 12 h post infusion; 
Pig 2 at 8 h post infusion; Pig 3 at 48 h before infu-
sion and 48 h aft er infusion. 

Histology showed that the only brain lesion 
present in pigs euthanized at 24 h (Pigs 1 and 2) was 

slight edema. Pig 3 that was euthanized aft er 48 h had 
a single gray matter microabscess located peripher-
al to the right lateral ventricle near the hippocampus 
(Fig 3). Th e abscess consisted of densely organized 
round cells of which most stained positive for mye-
loperoxidase. Th e myeloperoxidase-negative cells 
stained positive for IBA-1. Th e microabscess com-
prised mainly of neutrophils with a rounded mor-
phology but also of monocytes. GFAP IHC indicated 
peripheral hypertrophy and proliferation of astro-
cytes. Due to the limited size of the abscess only the 
periphery of the abscess was included in the slide 
used for S. aureus antigen detection. Th e periphery of 
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Table 1: Design and results from infusion of Staphylococcus aureus to the brain through the internal carotid artery. 
All pigs received 108 CFU/kg body weight. Liver, lung, spleen and blood were examined bacteriologically. Blood samples 
were taken at -48, 0, 4, 8, 12, 24 and 48 h aft er infusion. Detection limit of bacterial cultures: 1 CFU/ml blood and 1 CFU/g 
tissue.

Pig Type of infusion Duration of infusion Survival time Brain lesions Bacteriology
1 Bacteria suspended in 

saline
60 min 24 h Mild edema Spleen (1 CFU/g), lung (9 

CFU/g) and liver (5 CFU/g) 
2 Bacteria embedded in 

microthrombi
10 min 24 h Mild edema Blood until 12 h aft er 

infusion, spleen (3 CFU/g), 
lung (1CFU/g)

3 Bacteria embedded in 
microthrombi

10 min 48 h Microabscess All samples were negative

 
Figure 1. Serum levels of acute phase proteins. 
Levels of porcine α1-acid glycoprotein (PAGP), haptoglobin, serum amyloid A (SAA), and C-reactive protein (CRP) during 
the experimental period. 
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the abscess did not stain positive for S. aureus. As the 
abscess had already been entirely cut into the existing 
slides it was not possible to increase the number of 
slides used for S. aureus antigen detection. No lesions 
were found in the lung and liver in any of the pigs. 

Discussion
We here report the results for local infusion of bac-
teria to the porcine brain as a model of sepsis-related 
brain microabscesses. Our results show that bacteria 
suspended in saline or embedded in microthrombi 
can pass through the rete mirabile in pigs. Passage 
through the rete mirabile was confi rmed by isolating 
bacteria from the systemic circulation following both 
infusion methods. Accordingly, both infusion meth-
ods resulted in local brain bacteremia and systemic 
bacteremia. 

Furthermore, brain bacteremia created by infu-
sion of S. aureus embedded in microthrombi result-
ed in microabscess formation and thereby resembled 
human cases of S. aureus sepsis (Pendlebury et al., 
1989; Sharshar et al., 2004). Th e abscess morphology 
was characterized by rounded neutrophils. Th e pres-
ence of rounded neutrophils is a rare fi nding but has 
previously been reported in combined experimental 
porcine S. aureus sepsis and endocarditis (Astrup et 
al. 2013; Christiansen et al., 2013a). Despite the lim-
ited number of pigs in our study, the fi nding of this 
particular brain abscess morphology therefore seems 
unlikely to be a coincidence. In addition, former 
studies have shown that only the center of a microab-
scess stains positive for S. aureus (Christiansen et al., 
2013a). Th is seems a likely scenario in our study as 
well because we could not detect the bacteria outside 
the center of the abscess. Our results indicate that a 
survival time above 24 h is needed for the develop-
ment of signifi cant brain pathology when bacteria 
are infused locally to the brain. Th is is in contrast to 
sepsis models that apply systemic bacterial infusion 
which results in brain microabscesses developing 
earlier and in higher numbers (Astrup et al., 2013). 

 Concerning the clinical course, our results indi-
cate that models of local brain infusion of bacteria are 
much more benefi cial in terms of decreased animal 
suff ering and management challenges compared with 
ordinary sepsis models (Nemzek et al. 2008; Leifsson 

 

Figure 2. Change in numbers of neutrophils. All the pigs developed neutrophilia within the fi rst 8 h aft er infusion. Some 
samples were excluded due to failed tests caused by insuffi  cient blood volume. Th e baseline denotes the upper limit of the 
standard interval of neutrophils in porcine blood (11.22 billion/l). Acc = acclimatization (48 h before infusion).

 
Figure 3. Brain microabscess in Pig 3. Hematoxylin and 
eosin. 4 x objective. 
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et al., 2010; Soerensen et al., 2012; Christiansen et al., 
2013b).

Collectively, fever, neutrophilia, activated acute-
phase response and bacteremia show that all pigs 
developed sepsis as defi ned by the criteria for the 
systemic infl ammatory response syndrome (Levy et 
al., 2003). However, former models that have applied 
the same bacterial strain and dose systemically have 
resulted in severe sepsis with a mortality rate of 60% 
within 48 h of infection (Soerensen et al., 2013). Con-
trary to this, our pigs did not develop severe sepsis 
and the mortality rate was 0. It may therefore be 
speculated that the sepsis-reaction per se aff ects the 
development of brain microabscesses. Such sepsis 
infl uence on the brain may include cytokine-induced 
permeability of the blood-brain-barrier and anoxic 
damage to neurons (Sharshar et al., 2003, Sharshar et 
al., 2005). As such, sepsis-eff ects on the brain might 
ease the spread of bacteria from the blood to the brain 
parenchyma and thus aff ect the number and devel-
opment time of brain microabscesses. Th erefore, the 
sparse clinical eff ects with our infusion models may 
hypothetically also account for the decreased brain 
pathology despite the direct brain infusion design. 

In conclusion, this study shows that brain bac-
teremia in pigs can be created by using either of our 
local infusion methods despite the presence of a rete 
mirabile in pigs. Also both infusion methods appar-
ently avoid the development of severe clinical signs 
as observed in sepsis-models that apply systemic 
bacterial infusion. Furthermore, local brain infusion 
with S. aureus embedded in autologous microthrom-
bi resulted in sepsis-related brain pathology with a 
microabscess as the most characteristic lesion. We 
therefore recommend the microthrombi-infusion 
method to be further developed as it has the poten-
tial to meet the strong demand for both reduction 
and refi nement of existing sepsis models.
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