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A neonatal CNS infection model following nasal challenge with  
Listeria monocytogenes 
 

Summary 

Listeria monocytogenes (Lm), a Gram-positive, facultative intracellular bacterium is 

considered to be one of the major neuroinvasive pathogens with case fatality rates up 

to 30% in the neonatal population. However, the routes of infection and innate immune 

responses in the newborn remain poorly understood. 

This study was designed to establish a murine in vivo model of neonatal central 

nervous system (CNS) infection following mucosal challenge with Lm. Intragastric (i.g.) 

infection of one-day-old C57BL/6 mice with Lm induced fatal disease in a time- and 

dose-dependent manner, but revealed only inconsistent CNS invasion rates. In 

contrast, intranasal (i.n.) application resulted in frequent CNS infection and higher 

bacterial burden in brain tissue over time. The onset and progress of disease 

symptoms was also found to be less rapid. Bacterial culture revealed that Lm was able 

to colonize the nasal cavity and spread to liver and spleen tissue, where bacterial 

counts increased significantly throughout the investigated period. In contrast, Lm was 

infrequently detected in the blood samples, especially at early time points, where 

bacteria were already found in the CNS. The results of this work, together with clinical 

data from previous studies, suggest a novel non-hematogenous route infection of Lm 

into the CNS. Dissection of perfused brain tissue revealed the highest bacterial 

accumulation in the olfactory bulb. The bacterial counts of Lm decreased significantly 

along the rostro-caudal axis, with the lowest numbers found in the cerebellum. 

Immunohistochemistry and transmission electron microscopy revealed that the 

olfactory epithelium and both sustentacular cells and olfactory sensory neurons were 

main targets for invasion of Lm. Infected mice displayed focal spots of necrosis within 

the olfactory mucosa as well as purulent rhinitis and inflammation of adjacent tissues. 

Bacteria were found intralesionally and associated with axon bundles in the lamina 

propria and the cribriform plate, supporting the idea that Lm is able to migrate along 

olfactory nerves into the CNS of murine neonates. Lm deficient for the essential 
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virulence factors ActA or LLO were both able to colonize the nasal cavity, but failed to 

invade the CNS.  

Lm induced purulent-necrotizing meningoencephalitis and accumulation of 

CD45+CD11b+ cells, particularly in the olfactory bulb. Characterization of the molecular 

immune response showed a significant increase in the mRNA expression of the 

proinflammatory cytokines Tnfα and Cxcl2 as well as the monocyte-attracting 

chemokines Ccl2 and Ccl7 in brain tissues of infected mice. Further, neurolisteriosis 

resulted in the recruitment of Ly6C+ monocytes/macrophages to the brain.  

In conclusion, we have established the first neonatal model for listerial 

meningoencephalitis, and identified a novel infection route of Lm to reach the CNS 

tissue in the murine host. Using this model, we have investigated the role of known 

bacterial virulence factors and characterized innate immune responses within the 

cerebral tissue of neonate mice with neurolisteriosis.  
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Etablierung eines murinen Infektionsmodells zur Pathogenese der neonatalen 
Neurolisteriose 

 

Zusammenfassung 

Listeria monocytogenes (Lm), ist ein Grampositives, fakultativ intrazelluläres 

Bakterium. Es wird mit Sterblichkeitsraten von bis zu 30% in der neonatalen Population 

als eines der bedeutendsten neuroinvasiven Infektionserreger betrachtet. Der 

Infektionsweg und die Reaktion des angeborenes Immunsystem im Neugeborenen 

wurden jedoch bisher wenig untersucht. 

Diese Studie hatte zum Ziel, ein murines in-vivo-Modell einer neonataler Infektion des 

zentralen Nervensystems (ZNS), nach mukosaler Gabe von Lm, zu etablieren. 

Eine intragastrale (i.g.) Infektion von einen Tag alter C57BL/6 Mäuse verursachte eine 

systemische Infektion, führte aber zeit- und infektionsdosisabhängig nur inkonsistent 

zu einer ZNS-Infektion. Im Gegensatz dazu resultierte eine intranasale (i.n.) 

Applikation regelmäßig zu einer ZNS-Infektionen und höheren bakteriellen Keimzahlen 

im Verlaufe des Versuchszeitraums. Der klinische Verlauf der Infektion nach nasaler 

Applikation war prolongiert. Eine kulturelle Untersuchung zeigte, dass Lm in der Lage 

war die Nasenhöhle zu kolonisieren und sich in Leber- und Milz auszubreiten. 

Allerdings war Lm nur sporadisch im Blut nachweisbar, insbesondere zu frühen 

Zeitpunkten, an denen Bakterien bereits im ZNS detektiert wurden. Klinische Daten 

vorausgegangener Studien und unsere eigenen Ergebnisse deuteten auf eine nicht-

hämatogene Ausbreitung in das ZNS hin. Eine Dissektion perfundierter Gehirne ergab, 

dass die höchsten Keimzahlen im Riechkolben nachweisbar waren. Die Anzahl von 

Lm nahm entlang der rostro-caudalen Achse signifikant ab, wobei die niedrigsten 

Mengen im Kleinhirn isoliert wurden. 

Immunhistochemische und transmissionselektronenmikroskopische Untersuchungen 

identifizierten das olfaktorische Epithelium und im besonderen sowohl Stützzellen als 

auch olfaktorische Sensorneurone als Hauptziele der Invasion von Lm.  

Infizierte Mäuse wiesen Herde von Nekrosen innerhalb der Riechschleimhaut, sowie 

eitrige Rhinitiden und Entzündungen des angrenzenden Gewebes auf. Dort wurden 

Bakterien intralesional und assoziiert zu Axonbündeln in der Lamina Propria und der 
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Siebbeinplatte nachgewiesen. Diese Ergebnisse zeigen, dass Lm in der Lage ist, 

entlang olfaktorischer Nerven in das ZNS von murinen Neonaten zu gelangen. 

Stämme von Lm, die für die beiden essentiellen Virulenzfaktoren LLO und ActA 

defizient sind, waren in der Lage die Nasenhöhle zu kolonisieren, konnten aber nicht 

das ZNS-Gewebe erreichen.  

Lm rief im Reichkolben akzentuierte, eitrig-nekrotisierende Meningoenzephalitiden 

und eine Akkumulation von CD45+CD11b+-Zellen hervor. Die Charakterisierung der 

molekularen Immunantwort zeigte, dass die mRNA-Transkriptexpression des 

proinflammatorischen Zytokine Tnfa und Cxcl2, sowie der Monozyten-rekrutierenden 

Chemokine Ccl2 und Ccl7, in Gehirnen infizierter Mäuse signifikant erhöht war.  

Zusammengefasst konnten wir das erste neonatale Modell einer durch Lm 

verursachten Meningoenzephalits im murinen Wirt etablieren und eine neue 

Infektionsroute in das ZNS-Gewebe charakterisieren. Mit diesem Modell konnten wir 

weiterhin die Bedeutung bekannter bakterieller Viurlenzfaktoren und die Stimulation 

des angeborenen Immunsystems während der neonatalen Neurolisteriose 

untersuchen. 
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1 Introduction 

1.1 Bacterial infection of the CNS 

Bacterial infections with manifestations in the central nervous system (CNS) represent 

an important cause of morbidity and mortality in all age groups. These infections 

comprise meningitis, encephalitis and brain abscesses. Meningitis, the inflammation of 

the brain enveloping membranes, is frequently associated with a preceding 

colonization of various mucosae, e.g. of the nasopharynx or vaginal tract. Subsequent 

invasion of the pathogen into the underlying tissue and intravascular space is then 

thought to lead to bacteremia and subsequent penetration of cellular barriers at the 

blood-CNS interface (reviewed in Dando et al., 2014; Doran et al., 2016). Both the 

blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB), physically 

protect the CNS and help to maintain tissue homeostasis, but also represent a potential 

port of entry for microbial pathogens (Tuomanen, 1996). Bacteria enter the CNS 

through these barriers transcellulary, either by receptor-mediated mechanisms or by 

exploiting pinocytic processes; paracellularly by disruption of tight and adherens 

junctions between epithelial and endothelial cells or within infected leukocytes by a so-

called “Trojan horse” mechanism (reviewed in Kim, 2008). Common bacterial 

pathogens which have been shown to invade the CNS via these routes are 

Streptococcus pneumoniae, Streptococcus agalactiae (GBS), Escherichia coli K1 or 

Listeria monocytogenes (Lm) (Dando et al., 2014; Disson and Lecuit, 2012). In 

addition, some bacteria such as Burkholderia pseudomallei, Neisseria meningitides 

and S. pneumoniae have also been reported to access the CNS via the olfactory, or in 

the case of Lm, via the trigeminal nerve, either following disruption of the nasal mucosa 

or by entry of oropharyngeal lesions (Braun et al., 2002; Sjolinder and Jonsson, 2010; 

St John et al., 2014; van Ginkel et al., 2003).  
Depending on age and region, the prevalence of bacterial meningitis is attributed to 

different pathogens. A recent study in the USA showed that in children >3 months and 

in adults, S. pneumonia, GBS and N. meningitides are responsible for over 89% of all 

meningitis cases (Thigpen et al., 2011). In East and South East Asia however, 

Streptococcus suis has become an emerging pathogen in the adult population with 

high prevalence rates (Taylor et al., 2012; Wertheim et al., 2009). In contrary, neonatal 

bacterial meningitis in industrialized countries can predominantly be attributed to GBS, 
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Escherichia coli K1 and Lm, accounting for approx. 70–80% of all identified cases 

(Baud and Aujard, 2013; Heath et al., 2011). Although preventive measures led to 

reduced case rates and clinical treatments have improved over the last decades, 

mortality rates associated with neonatal meningitis caused by Lm are still significant 

with 15–30% (Barikbin et al., 2016; Bortolussi and Mailman, 2006) demonstrating that 

many aspects of neurolisteriosis remain to be understood.  

 

 

1.2 Listeria monocytogenes 

1.2.1 Etiology and Epidemiology 

Lm, formerly named Bacterium monocytogenes, due to high amounts of monocytes in 

the blood of infected animals, was first isolated by E. G. D. Murray and colleagues in 

1926 from laboratory guinea pigs and rabbits (Murray et al., 1926). The genus Listeria 

currently comprises 17 identified species (Orsi and Wiedmann, 2016). Of these, only 

Lm and L. ivanovii are pathogenic. Lm affects humans and a large variety of animals, 

whereas L. ivanovii causes disease mainly in ruminants – although human cases have 

recently been reported (Cossart, 2007; Guillet et al., 2010; Vazquez-Boland et al., 

2001). 

Lm is a Gram-positive, non-spore-forming, environmental bacterium, which can 

frequently be isolated from soil, plants and water. Lm can survive and multiply over a 

wide range of temperatures (1 – 45 °C), pH (4,3 – 6,9) and salt concentrations, making 

it a potent food and feed contaminator (Roberts and Wiedmann, 2003). Following 

uptake into the host, Lm switches from a saprophyte to an invasive pathogen and 

becomes the causative agent of listeriosis. Humans ingest Lm ins various foods such 

as dairy products, meat or ready-to-eat foods (2015; Aureli et al., 2000; Linnan et al., 

1988; Salamina et al., 1996). In healthy, immunocompetent individuals, consumption 

of high inocula may lead to a non-invasive and self-limiting febrile gastroenteritis 

(Dalton et al., 1997).  

In susceptible individuals like the elderly or immunocompromised, however, Lm is able 

to cross the intestinal barrier and disseminate to liver and spleen tissue, potentially 

causing septicemia and further reaches the CNS causing meningitis or 

meningoencephalitis (Brouwer et al., 2006; Disson and Lecuit, 2012; Mylonakis et al., 
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1998). Especially in the elderly population (>65 years), incidence rates have increased 

significantly over the last years. These account for > 60% of all reported cases and 

show with 18% high a fatality rate in the European Union (2015). 

Besides the elderly, pregnant women and neonates represent another risk group, as 

Lm may cause often life-threatening disease to the feutus or newborn. Neonatal 

listeriosis can be subdivided in an early-onset (EOD) and a late-onset disease (LOD) 

form. EOD manifests within the first days of life and is most likely acquired via 

aspiration of contaminated amniotic fluid in utero, where Lm may cross the feto-

placental barrier of the colonized or infected mother (Barikbin et al., 2016; Lorber, 

1997; Vazquez-Boland et al., 2001). EOD is predominantly associated with preterm 

birth, septicemia, respiratory distress or pneumonia and less frequently with meningitis. 

It can also lead to a disseminated generalized infection, the so-called granulomatosis 

infantiseptica.  

LOD listeriosis occurs after the seventh day of life in full-term neonates and is most 

frequently associated with meningitis. Septicemia, however, is observed less 

frequently. The commonly accepted idea is that the neonate may acquire Lm during 

parturition from the vaginally or intestinally colonized mother (Bortolussi and Mailman, 

2006; Clauss and Lorber, 2008; Janakiraman, 2008). 

Various mammalian and non-mammalian species are affected by Lm and, comparable 

to humans, ingestion of contaminated feed like silage displays the well-established 

route of infection for ruminants. However, whereas in humans crossing of the intestinal 

barrier and subsequent systemic spread is thought to the major mechanism of CNS 

entry, Lm was shown to the host ruminant host via oropharyngeal lesions and migrate 

into the CNS along sensory nerves. (Barlow and McGorum, 1985; Braun et al., 2002). 

The most common clinical manifestation is (rhomb)encephalitis, which can result in a 

so-called “circling disease” (Low and Donachie, 1997; Oevermann et al., 2010). In 

small ruminants, listerial encephalitis represents the most important CNS disease. A 

recent study by Oevermann and colleagues analyzed brains of adult sheep and goats 

that either had died or were killed for reasons other than consumption. Nearly every 

tenth sample exhibited neuronal lesions, of which approx. 30% could been attributed 

to previous Lm infections (Oevermann et al., 2008; Oevermann et al., 2010). In addition 

to encephalitis, Lm also causes in the animal host abortions, stillbirth and, less 

frequently, neonatal or infantile septicemia (Low and Donachie, 1997; Oevermann et 

al., 2010). 
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Listeriosis in ruminants i.e. cattle, goat and sheep is of major economical and clinical 

relevance, as infected and/or colonized animals might represent a potential link 

between the environment and human infection (Low and Donachie, 1997). Contrary to 

humans, the intestinal carriage per se is always asymptomatic, but carrier animals may 

represent a natural reservoir for human pathogenic strains (Mohammed et al., 2009; 

Ueno et al., 1996). Humans can thereby ingest Lm e.g. with vegetables that were 

fertilized with contaminated manure of colonized carriers (Aureli et al., 2000; Linnan et 

al., 1988; Salamina et al., 1996). Although rare, direct transmission from animals to 

humans, e.g. via direct contact to infected cattle or abortive material, can also occur 

and is associated with cutaneous infection (McLauchlin and Low, 1994; Regan et al., 

2005).  

 
 
1.2.2 Virulence factors 

Lm, as a facultative intracellular pathogen, can multiply in various cell types, like 

epithelial cells, macrophages, dendritic cells (DCs), T cells, monocytes and 

neutrophils. To ensure survival and successful replication, Lm has evolved a broad 

range of virulence factors.  

Adhesion represents the initial step of the infection cycle, being crucial as it directly 

attaches the bacteria to the host and induces its uptake through cell receptor 

engagement. While uptake into professional phagocytes like macrophages is mainly 

driven by the host cell, invasion into non-phagocytic cells is induced by several 

virulence factors of Lm. Two of these major virulence factors are the internalins A (InlA) 

and B (InlB). Both trigger cell-signaling cascades and promote rearrangements of host 

cell cytoskeleton components at the bacterial attachment side. Through this, Lm is 

getting engulfed and internalized in a vacuole (Pizarro-Cerda et al., 2012). 

InlA interacts with E-cadherin, a cell adhesion protein important for the formation of 

adherens junctions, e.g. at the intestinal or blood-brain barrier as well as the placenta 

(Mengaud et al., 1996). It is important to note that InlA can recognize E-cadherin of 

human, guinea pig, rabbit, gerbil and ruminant origin, but a single amino acid 

polymorphism in rat and murine E-cadherin abrogates the interaction with Lm (Disson 

et al., 2008; Lecuit et al., 1999; Lecuit et al., 1997; Madarame et al., 2011).  
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InlB promotes internalization of Lm by binding to the epithelial and endothelial receptor 

tyrosine kinase Met. In this regard, InlB functionally mimics the natural ligand of Met, 

the hepatocyte growth factor (HGF), a paracrine cytokine, which is essential for the 

development of the liver and placenta during embryogenesis (Braun et al., 1998; 

Dramsi et al., 1995; Greiffenberg et al., 1998; Shen et al., 2000). As with InlA, also InlB 

displays a species-specific functionality. InlB may bind human and mouse Met, but 

does not interact with the rabbit or guinea pig receptor (Khelef et al., 2006). 

Upon invasion of the host cell, Lm is transiently engulfed in a phagocytic vacuole. 

Listeriolysin O (LLO) is a secreted pore-forming toxin belonging to the family of 

cholesterol-dependent cytolysins and one of the main virulence factors of Lm to escape 

primary and secondary vacuoles (Gedde et al., 2000; Vazquez-Boland et al., 2001). 

Lm strains lacking LLO are strongly impaired in their ability to reach the cytoplasm 

(Cossart et al., 1989; Kathariou et al., 1987). LLO has further been shown to control 

autophagy, induce host cell apoptosis, nuclear factor kappa B subunit 1 (NFκB) and 

mitogen activated protein (MAP) kinase pathway activation, influence intracellular 

calcium levels and induces cytokine upregulation (Kayal et al., 1999; Portnoy et al., 

2002; Wadsworth and Goldfine, 2002). 

Lysis of primary and secondary vacuoles is supported by two phospholipases C (PLCs) 

– the phosphatidylinositol-specific PLC (PI-PLC, PlcA) and the phosphatidylcholine-

preferring PLC (PC-PLC) (Camilli et al., 1991; Mengaud et al., 1991). Furthermore, in 

certain human epithelial cell lines, both PLCs alone are sufficient to promote escape 

from phagosomal vacuoles independent of LLO (Grundling et al., 2003; Marquis et al., 

1995; Smith et al., 1995). 

Rapid dissemination within the host is a key feature to establish infections for many 

pathogens. The main virulence factor of Lm for accomplishing intracellular motility is 

the actin assembly-inducing protein (ActA). ActA mimics host cell actin nucleating 

factors of the Wiskott Aldrich Syndrome (WASP) protein family and thereby stimulates 

the polymerization of actin filaments through recruitment of the actin related protein 

(Arp 2/3) complex – the so-called comet tails. Through this polarized actin assembly, 

Lm is able to move within the host cell cytosol and invade adjacent cells via the 

formation of protrusions (Domann et al., 1992; Kocks et al., 1992; Kocks et al., 1995). 

Lm strains deficient for ActA grow in the host cytoplasm to microcolonies and fail to 

spread to neighboring cells (Brundage et al., 1993; Domann et al., 1992). 
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Efferocytosis is the process by which apoptotic cells are removed by phagocytic cells 

(Ravichandran, 2011). A recent study has found that Lm may exploit this mechanism 

to facilitate cell-to-cell spread in an ActA- and LLO-dependent manner. Actin-based 

motility promotes formation of protrusions, followed by LLO-mediated plasma 

membrane damage. Loss of plasma membrane integrity leads to activation of 

membrane repair mechanism via i.e. caspase 7 and annexins and the protrusion is cut 

off. The Lm-containing and apoptotic-like vesicles are then engulfed by macrophages 

and can be transported to anatomical sites (Czuczman et al., 2014).  

Lm has evolved manifold virulence factors, all of which need to be tightly regulated. 

PrfA is the master transcription factor that regulates Lm’s switch from the saprophytic 

to the pathogenic lifestyle (Kreft and Vazquez-Boland, 2001). Up to date, nearly 160 

genes of Lm strain EGDe, named after E.G.D. Murray, have been identified that are 

indirectly or directly regulated by PrfA, including InlA/B, ActA, PlcA and PlcB (Marr et 

al., 2006; Milohanic et al., 2003; Port and Freitag, 2007). Whereas strains deficient for 

PrfA are a 100,000 fold less virulent than the respective wild-type strains, 

overexpression on the one hand leads to a hyper virulent phenotype in mice, but on 

the other hand, to a significant loss in bacterial fitness (Bruno and Freitag, 2010; 

Freitag et al., 1993). To avoid uncontrolled expression of virulence factors under, e.g. 

saprophytic environmental conditions, PrfA expression has to be tightly regulated. A 

recent study has demonstrated that PrfA specifically interacts with either bacterial or 

host cell derived glutathione (GSH). GSH is a tripeptide and important antioxidant in 

many eukaryotic cells and bacteria. Upon host cell invasion, Lm resides in an oxidizing 

vacuole. Under these circumstances, GSH is dimerized and not able to interact with 

PrfA, which itself, cannot bind DNA in an oxidized form. PrfA-independent vacuolar 

escape exposes Lm subsequently to the highly reducing host cell cytosol and allows 

the now reduced GSH to bind and activate PrfA (Reniere et al., 2015).  

To ensure its survival, Lm has not only evolved virulence factors to promote its infection 

cycle, but also mechanisms to encounter and escape host cell immune responses. 

Autophagy is a universal degradation system in eukaryotic cells to dispose of damaged 

organelles, misfolded and dysfunctional protein aggregates or destroy intracellular 

pathogens (Deretic and Levine, 2009). To counteract autophagosomal digestion, Lm 

has evolved two independent virulence factors. After vacuolar escape, the Lm surface 

protein Internalin K (Inlk) recruits the major vault protein (MVP) of the eukaryotic vault 

cytoplasmic ribonucleoprotein and thereby uses MVP as a camouflage (Dortet et al., 
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2011). Additionally, ActA-mediated actin polymerization utilizes a similar mechanism. 

It has been demonstrated that ActA replaces Inlk and recruits the Arp2/3-Ena/VASP 

actin assembly complex, subsequently inhibiting the generation of an autophagosome 

(Yoshikawa et al., 2009). 

 

 

1.3 Immune responses to Listeria monocytogenes 

1.3.1 Immune recognition 

The successful host defense against potential pathogens relies on the host’s abilities 

to rapidly mount an antimicrobial response. Pattern recognition receptors (PRRs) 

recognize conserved structures of microorganisms, so-called pathogen associated 

molecular patterns (PAMPs) and initiate immune responses or tissue repair cascades. 

Some of these PRRs can also recognize endogenous molecules of damaged or dying 

cells, termed damage associated molecular patterns (DAMPs) (Meylan et al., 2006; 

Takeuchi and Akira, 2010). The PRR family consists of Toll-like receptors (TLRs), 

nucleotide-binding oligomerization domain receptors (NOD-like receptors, or NLRs), 

retinoic-acid-inducible gene 1 (RIG-I)-like receptors (RLRS), C-type lectin receptors 

(CLRs) and the newly identified DNA sensors cyclic GMP-AMP synthase (cGAS) and 

interferon gamma inducible protein 16 (IFI16). With the exception of some NLRs, these 

PRRs induce the production of e.g. anti- and proinflammatory cytokines, chemokines 

or antimicrobial peptides and proteins (reviewed in Joosten et al., 2016; Kawai and 

Akira, 2010). 

The first described class of PRRs, the TLRs, are transmembrane proteins localized 

either at the host cell surface or in endosomal compartments (Barbalat et al., 2011). 

Up to now, twelve and ten functional TLRs have been described in mice and humans, 

respectively, with TLR1-9 being conserved in both species. Murine Tlr10 is 

nonfunctional due to a retrovirus insertion and TLR11-13 are represented as 

pseudogenes in the human genome (Roach et al., 2005). 

Triacylated lipopeptides of Lm can be detected at the cell surface by TLR1/2 and 

TLR2/6 heterodimers (Joosten et al., 2016; Schuppler and Loessner, 2010). An 

analysis of all known human TLRs showed that knockdown of TLR1, 2 and 10 in human 

macrophage and epithelial cell lines significantly decreased the proinflammatory 
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response to Lm. Additionally, silencing of TLR10 was found to be detrimental for 

bacterial killing and required TLR2 for its full functionality (Regan et al., 2013). MyD88, 

the adaptor molecule downstream of various TLRs, has been recognized as an 

important mediator in anti-listerial defense. Mice lacking MyD88 are highly susceptible 

to Lm infection and MyD88-deficient macrophages are unable to mount any significant 

proinflammatory response when infected with a LLO-negative Lm strain, indicating that 

the rapid vacuolar response is strongly dependent on MyD88 signaling (Edelson and 

Unanue, 2002; Leber et al., 2008; Seki et al., 2002).  

NOD1 and NOD2 are cytosolic PRRs involved in the recognition distinct peptidoglycan 

(PGN) fragments. Whereas NOD1 senses γ-D-glutamyl-meso-diaminopimelic acid (iE-

DAP) of many Gram-negative and certain Gram-positive bacteria like Lm, NOD2 

detects muramyl dipeptide (MDP), which is widely distributed among almost all 

bacteria (Chamaillard et al., 2003; Hasegawa et al., 2006; Inohara et al., 2003). Both 

NOD1 and NOD2 are necessary for efficient systemic clearance in mice as well as for 

production of reactive oxygen species (ROS) and proinflammatory cytokines in various 

human and murine cell lines (Kobayashi et al., 2005; Lipinski et al., 2009; Opitz et al., 

2006; Park et al., 2007). In addition, NOD1 has been shown to be important to control 

the dissemination of Lm into the murine CNS (Mosa et al., 2009). 

Recently, two studies identified RIG-I, mainly known for its role in viral recognition, to 

participate in intracellular sensing of nucleic acids secreted by Lm and production of 

proinflammatory cytokines in human macrophages and non-immune cells (Abdullah et 

al., 2012; Hagmann et al., 2013). Detection of intracellular DNA derived by Lm is further 

mediated by cGAS and IFI16, although their anti-listerial impact still needs to be 

elucidated (Hansen et al., 2014). Taken together, the available data indicate that 

predominantly intracellular receptors play an important role in response to Lm infection 

in the murine and human host. 

 

1.3.2 Innate and adaptive immune responses 

After successful passage across the intestinal barrier, Lm disseminates via the 

bloodstream to the liver and spleen, where it is rapidly phagocytosed by resident 

myeloid cells like DCs and macrophages, which in turn attract neutrophils and 

monocytes through production of chemokines (Aoshi et al., 2009; Conlan, 1996; 

Neuenhahn et al., 2006). Particularly, inflammatory monocyte responses (lymphocyte 
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antigen 6 complex, Ly6Chi) are of major importance for the initial control and innate 

resistance to infection. Recruitment of Ly6Chi monocytes to the site of infection is 

mediated by C-C motif chemokine receptor 2 (CCR2) on monocytes and the 

chemokines chemokine C-C motif ligand 2 (CCL2) and CCL7 (Tsou et al., 2007). Mice 

deficient for CCR2 are highly susceptibility towards infection with Lm, show markedly 

reduced systemic clearance of bacteria and a more pronounced hepatic necrosis 

(Kurihara et al., 1997; Serbina and Pamer, 2006). A second subset of murine 

monocytes (Ly6Clo) patrol the luminal surface of blood vessels. Their contribution to 

anti-listerial defense is less defined, but they are involved in rapid tissue invasion to 

Lm infection (Auffray et al., 2007; Auffray et al., 2009). 

Upon migration, Ly6Chi monocytes differentiate into macrophages, which secrete 

tumor necrosis factor α (TNFα), interleukin (IL)-12p70 and IL-18, thereby activating 

natural killer (NK) cells and cytotoxic (CD8+) T cells to produce interferon γ (IFNγ) in 

order to activate more macrophages and kill intracellular bacteria (Berg et al., 2003; 

Tripp et al., 1993; Vazquez-Boland et al., 2001). Further, IFNγ is necessary to promote 

the proliferation of Ly6Chi monocytes into “TNF and inducible nitric oxide synthases 

(iNOS) producing dendritic cells” (TipDCs). These represent the major source of TNFα 

and iNOS, two mediators essential in systemic clearance of murine Lm infection 

(Serbina et al., 2003). It is noteworthy that TNFα and iNOS also contribute to the 

murine host defense against Lm in the cerebral tissue, although the precise cellular 

source remains yet to be elucidated (Virna et al., 2006). In addition, TipDCs contribute 

to long term resistance, as they express surface markers for antigen presentation and 

priming of naïve T-cells (Serbina et al., 2003). 

However, Ly6Chi monocytes do not only constitute key players of the innate immune 

system, but may involuntarily also provide a potential niche for hematogenous entry of 

Lm into the CNS. Studies by Drevets et al. found a significant influx of Lm-harboring 

Ly6Chi monocytes during systemic infection in brains of infected mice, indicating a 

Ly6Chi monocyte-facilitated “Trojan horse” mechanism (Drevets et al., 2001; Drevets 

et al., 2008) . 

Neutrophils counteract extracellular bacteria through release of neutrophil extracellular 

traps (NETs) and secretion of anti-bacterial granules. In the murine host, (Ly6G+) 

neutrophil-mediated immune responses have been shown to be negligible in the 

spleen. However, Ly6G-specifc antibody depletion prior to infection resulted in 10–
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1,000 fold higher CFU counts in the liver within the first three days of Lm infection, 

indicating an important role during early stages of the disease (Carr et al., 2011; 

Edelson et al., 2011; Shi et al., 2011). 

Dendritic cells (DCs) are pivotal for antigen presentation to T cells, priming of T cells 

and cytokine production. Complement- and platelet-bound Lm aggregates are readily 

phagocytosed by splenic CD8α+ DCs and represent a two-edged sword in the anti-

listerial host defense. On the one hand, these DCs shield Lm from more bactericidal 

phagocytes like macrophages, and, by this, provide a niche for entry and rapid 

replication in the spleen, leading to profound lymphocyte apoptosis. Bacterial numbers 

in spleens of mice lacking CD8α+ DCs were markedly reduced (Edelson et al., 2011; 

Hildner et al., 2008). On the other hand, CD8α+ DCs are potent in T cell priming and 

essential for the induction of a CD8+ T cell-mediated adaptive, long term systemic and 

cerebral immunity (Belz et al., 2005; Kwok et al., 2002; Rahmoun et al., 2011; Reinicke 

et al., 2009; Schluter et al., 1999). 

Entry of Lm into CD8α+ DCs seems to be detrimental for protective immune responses, 

as co-localized rather than directly infected CD8α+ DCs are effective in T cell priming 

(Edelson et al., 2011; Tvinnereim et al., 2004).  

Detailed knowledge on neonatal immune responses during the course of murine Lm 

infection, however, is still scant. Newborn mice exhibit significantly fewer CD8α+ DCs 

and significantly reduced IL-12 production, leading to restricted differentiation of naïve 

T cells to type 1 helper (Th1) cells and decreased IFNγ levels (Byun et al., 2007; Lee 

et al., 2008). Moreover, activation of NK cells as wells as production of innate cytokines 

is severely limited at birth and neonatal mice show, relative to adults, elevated plasma 

levels of anti-inflammatory IL-10, thereby resulting in increased susceptibly to Lm 

(Finger et al., 1978; Genovese et al., 1999; Wirsing von Konig et al., 1988). 
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1.4 Aims of the study 

Although neurolisteriosis represents an important global cause of mortality in the 

newborn, mechanisms of host susceptibility, route of infection and underlying 

mechanisms of inflammation in the CNS are not well defined. The aim of this study 

was to establish a reproducible in vivo model of neonatal CNS infection with Lm in the 

murine neonate host. This work investigated the role of bacterial virulence factors 

during infection and the innate immune responses following mucosal challenge, which 

may be crucial for discovering new therapeutic approaches. 
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2 Materials & Methods 

2.1 Bacterial strains and growth conditions 

The bacteria used in this study are Listeria monocytogenes (Lm) strain EGDe (Lm WT), 

an isogenic LLO deficient strain Lm ∆hly, an isogenic ActA deficient strain Lm ∆actA 

as well an isogenic InlAInlB deficient strain Lm ∆inlA∆inlB (Bergmann et al., 2002; Hauf 

et al., 1997; Slaghuis et al., 2004). For infection, the Lm strains were cultured in Brain 

Heart Infusion Broth (BD) overnight at 30°C. Bacteria were washed with PBS, adjusted 

to OD600 0,95–1 containing approx. 3–5 x 108 CFU/ml and diluted to the appropriate 

infection dose.  

 

 

2.2 Infection experiments 

Conventionally raised C57BL/6 mice were bred at the Hannover Medical School 

Animal Facility, the University of Veterinary Medicine Hannover or the Freie Universität 

Berlin and checked daily for litters. One-day-old male and female mice were used in 

all experiments. Oral gavage was performed using a 24G silicon catheter (Vygon) with 

the indicated number of Lm in a volume of 10 µl PBS. For intranasal infections, 1 µl of 

PBS containing the designated amount of Lm were applied directly on the nostrils of 

the neonates. To assess the health status and to avoid excessive stress due to the 

infection, a scoring system was set up. Grade 1, active: Spontaneous movement, pink 

skin, the dam cares, pups are placed together and display daily body weight gain. 

Grade 2, sleepy: Movements to stimulus, pink skin, the dam cares, pups are placed 

together and daily body weight gain. Grade 3, reduced state: Reduced movements to 

stimulus, dam cares, pups are placed together and display reduced body weight gain 

over at least two days. Grade 4, severely reduced state: Motionless, dam does not 

care sufficiently, pups are placed dispersed in the cage and display no body weight 

gain over at least two days. The health status of the infected mice was monitored at 

least once daily. Termination, if no body weight gain over at least two days, 

insufficiently caring dam (pubs placed dispersed) and severely reduced motility to 

stimulus or starting at grade 3, certainly at grade 4.  
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Bacterial numbers were obtained by collecting blood with a pipette or homogenization 

of lung, liver, spleen, nasopharynx as well as brain by serial dilution and plating on 

Blood (Oxoid) and Oxford Agar (Merck), respectively. 

 

 

2.3 Immunostaining  

Whole heads were fixed with 3% PFA/PBS for at least 24 hours, dehydrated and 

embedded in paraffin wax. For immunofluorescence, bisected heads were cut into 

3 µm thick sections, deparaffinized with xylene and rehydrated in ethanol, followed by 

antigen retrieval in 10 mM sodium citrate and blocking with 5% BSA and 10% normal 

serum. Immunostaining was conducted using a primary rabbit anti-Lm antibody 

(dilution 1:3000; Meridian Life Science, Catalog No.: B65420R), a mouse anti-Tubulin 

beta III antibody (dilution 1:300; Merck Millipore, Catalog No.: mab5564) to detect 

neuronal structures, an anti-beta Catenin conjugated with Alexa Fluor®647 (dilution 

1:100; Abcam, Catalog No.: ab194119) antibody to label cell membranes and cell 

junctions; combined with appropriate fluorophore conjugated secondary antibodies, 

donkey anti-rabbit Cy3 (dilution 1:1000; Jackson, Catalog No.: 711-166-152), donkey 

anti-mouse FITC (dilution 1:300; Jackson, Catalo No.: 715-096-150). 

For analysis of inflammatory distributions in the CNS, harvested brains were fixed with 

3% PFA/PBS for 24 hours. Afterwards, fixed brains were incubated overnight with 2% 

PFA/PBS containing 30% sucrose, embedded in OCT compound (Tissue Tek), cut into 

7 μm thick sections (Leica CM3050 S) and stored in a -20°C freezer. For staining, 

sections were rehydrated in Tris-buffered saline with 0.05% Tween-20 (Sigma) (named 

TBST), blocked with 5% rat serum and 10% Fc block (Rat IgG 2b kappa; clone: 2.4G2) 

diluted in 1 x TBST. Lm was labeled using a rabbit anti-Lm (dilution 1:3000; Meridian 

Life Science, Catalog No.: B65420R), a mouse anti-CD45 antibody conjugated with 

PE (dilution 1:500; BioLegend, Catalog No.: 103106) or conjugated with APC (dilution 

1:100; BD Bioscience, Catalog No.: 559864) to label leukocytes, an rat anti-CD11b 

antibody conjugated with PE to label myeloid cells (dilution 1:500; BD Bioscience, 

Catalog No.: 553311). The FITC-conjugated goat-anti rabbit antibody (Dilution 1:100; 

Jackson, Catalog No.: 111-096-045) was applied as secondary antibody.  
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2.4 Confocal and Immunofluorescence microscopy 

Confocal microscopy of bisected head section was performed wit a LSM 880 confocal 

laser-scanning microscope driven by Zen 2.1 software (Carl Zeiss, Jena, Germany). 

Image stacks were deconvolved using Huygens® Essential 15.10 (Scientific Volume 

Imaging, Hilversum, NL) and maximum intensity projections (MIPs) were calculated for 

display purposes and adjusted for brightness and contrast in ImageJ/Fiji (NIH, USA) 

and ZEN Lite 2.3 (Carl-Zeiss, Jena, Germany). For structured illumination microscopy 

(SIM) an ELYRA PS.1 microscope (Carl-Zeiss, Jena, Germany) was used. Resulting 

stacks were processed with ZEN 2.1 software using default settings and are displayed 

as MIPs adjusted for brightness and contrast. 

Immunofluorescence microscopy of entire brains was performed on a Zeiss Axiovert 

200 M Inverted Microscope. Images were processed using AxioVision 4.8, ZEN Lite 

2.3 software (Carl-Zeiss, Jena, Germany) and ImageJ Fiji (NIH, USA). Pictures were 

adjusted for brightness and contrast. 

 

 

2.5 Transmission electron microscopy 

Samples were fixed with 5% formaldehyde in PBS and send in the fixative. After 

several washing steps with PBS samples were further fixed with 1% osmiumtetroxide 

in PBS for 1 h at room temperature. After a washing step with PBS samples were 

dehydrated with 10%, 30% and 50% acetone on ice before incubation in 70% acetone 

with 2% uranylacetate for overnight at 7 °C. Samples were further dehydrated with 

90% and 100% acetone on ice, allowed to reach room temperature and further 

dehydrated with 100% acetone, then changed into 100% ethanol. Subsequently, 

samples were infiltrated with the epoxy resin Low Viscosity resin (Agar Scientific, 

Stansted, UK). After polymerisation for 2 days at 75°C ultrathin sections were cut with 

a diamond knife, collected onto butvar-coated 3000 mesh grids, and counterstained 

with 4% aqueous uranylacetate for 4 min. Samples were imaged in a Zeiss TEM 910 

at an acceleration voltage of 80 kV and at calibrated magnifications. Images were 

recorded digitally at calibrated magnifications with a Slow-Scan CCD-Camera 

(ProScan, 1024x1024, Scheuring, Germany) with ITEM-Software (Olympus Soft 
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Imaging Solutions, Münster, Germany). Contrast and brightness were adjusted with 

Adobe Photoshop CS5 and afterwards sharpened with PhotoScape.  

 

 

2.6 Histology and pathological Assessment 

The entire head was longitudinally sectioned, fixed in 4% formalin for at least 24 hours. 

Subsequently, tissue was decalcified for 48 hours in 10 % disodium-

ethylenediaminetetraacetate (EDTA), embedded in paraffin, sectioned at a thickness 

of 5 µm and stained with hematoxylin and eosin for histological examination.  

Immunohistochemistry was performed using a polyclonal rabbit anti-listeria antibody 

(Dilution 1:2000, DIFCO Laboratories, Catalog No.: 223021). Paraffin sections were 

rehydrated through graded alcohols. For blocking of the endogenous peroxidase, 

formalin-fixed, paraffin-embedded tissue sections were treated with 0.5% H2O2 diluted 

in methanol for 30 min at room temperature (RT). Following incubation with 20% goat 

serum each for 30 min to block non-specific binding sites, sections were incubated with 

the primary polyclonal antibody (dilution 1: 2000) for 1.5 hours at RT. Rabbit serum 

was used as negative control. Thereafter, sections were treated for 30 minutes at RT 

with the secondary goat anti-rabbit antibody (Vector Laboratories). Slides were 

subsequently incubated with the peroxidase-conjugated avidin-biotin complex (Vector 

Laboratories, Catalogue No.: PK6100) for 30 min at RT. All antibodies were diluted in 

PBS. After visualization of the positive antigen-antibody reaction by incubation with 

3.3-diaminobenzidine-tetrachloride (DAB) for 5 minutes, sections were counterstained 

with hematoxylin.  

To compare the histopathological pictures of infected mice, a scoring system was set 

up. Histopathological pictures were classified as “negative” with a score of 0, “mild” 

symptoms received a score of 2, “moderate” symptoms a score of 4 and “severe” 

symptoms a score of 6. An additional assessment of “multifocal” or “necrotizing” 

increased the respective score by 1 point.  
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2.7 Gene expression analysis  

Total RNA was isolated from FastPrep homogenized brains using TRIzol (Ambion) and 

RNA concentration was determined with a Spectramax i3x (Molecular Devices, USA) 

device. Complementary DNA (cDNA) was synthesized from 5 µg RNA with 

Oligo(dT)18 primers and ReverdAid reverse transcription (Fermentas) for quantitative 

RT-PCR. Gene expression was then determined using QPCR Rox mix(Thermo 

Scientific) with cDNA and TaqMan probes Hprt (ThermoFisher, Catalog No.: 

Mm00446961_m1), Tnfa (ThermoFisher, Catalog No.: Mm00443258_m1), Cxcl2 

(ThermoFisher, Catalog No.: Mm00436450_m1), Ccl2 (ThermoFisher, Catalog No.: 

Mm00441242_m1), Ccl7 (ThermoFisher, Catalog No.: Mm00443113_m1) and 

samples were run on a Mx3005P qPCR system (Stratagene, Agilent Technologies, USA). 

Transcript results were normalized to the housekeeping gene Hprt and expressed as 

fold change. 

 

 

2.8 Isolation of immune cells from the CNS 

Neonatal mice were anesthetized with 0,12 mg Ketamin (100mg/ml) and 0,004 mg 

Xylazine (20mg/ml) per gram bodyweight and intracardially perfused with PBS. Whole 

brains were then collected and digested with the Neural Tissue Dissociation Kit P 

(Miltenyi Biotec, Catalog No.: 130-092-628) and a gentleMACS Dissociator (Mitlenyi 

Biotec). The brain homogenates were then separated using a 70–37–30% percoll 

gradient and cells between the 70–37% layer were collected. 

 

 

2.9 Flow cytometry 

Single-cell suspensions for fluorescence-activated cell sorting (FACS) were 

stained with a mouse anti-CD45.2 antibody conjugated with Pacific Blue (0,5 

µl/sample; BioLegend, Catalog No.: 109820) to label leukocytes, an rat anti-CD11b 

conjugated with APC-Cy7 (0,5 µl/sample; BD Pharmingen, Catalog No.: 557657) to 

label myeloid cells, a mouse anti-CX3CR1 conjugated with BV510 (1µl/sample; 

BioLegend, Catalog No.: 149025) to label microglia/Ly6C--monocytes/alternatively 

activated macrophages as well as a rat-anti Ly6C antibody conjugated with AF700 (0,5 
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µl/sample; BioLegend, Catalog No.: 128023) to label inflammatory 

monocytes/macrophages. Samples were sorted with a Flow Cytometer LSR II (BD 

Biosciences).  

 
 

2.10 Ethical statement 

All animal experiments were performed in compliance with the German animal 

protection law (TierSchG) and approved by the local animal welfare committee. 

Approvals 33.14-42502-04-12/0693 and 33.14-42502-04-14/1385 of the 

Niedersachsische Landesamt fürVerbraucherschutz und Lebensmittelsicherheit 

Oldenburg, Germany, as well as the approval IC113-G0304/15 of the Landesamt für 

Gesundheit und Soziales Berlin, Germany.  

 

 

2.11 Statistical analysis 

Graphpad Prism 7 (Version 7.01) software was used for the statistical analysis. 

Results of bacterial growth in organ tissues, flow cytometry and RTPCR display individual 

animals plus the median if not indicated otherwise. The Mann-Whitney test was used for 

comparison of two groups and the one-way ANOVA Kruskal-Wallis with Dunnets‘ post test 

was used for comparison of three or more groups. P values are indicated as follows: * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; n.s., not significant, p > 0.05. 
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3 Results 

3.1 Establishment of the CNS infection model 

A central point of this project was to set up a neonatal model of neurolisteriosis that 

resembles the natural route of infection after a mucosal challenge. Transmission of Lm 

from the mother to the fetus or neonate mainly occurs in utero via transplacental 

passage or during vaginal delivery, respectively (Clauss and Lorber, 2008; Girard et 

al., 2014; Janakiraman, 2008). Particularly in the latter case, it is generally thought that 

Lm, being an enteric pathogen, enters the newborn by ingestion and overcomes the 

epithelial barrier of the lower gastrointestinal tract. Subsequent hematogenous spread 

may then lead to systemic and CNS disease. Therefore, we initially sought to develop 

an oral model that would resemble a potential enteric infection. To be able to apply 

high dosages of bacteria directly into the gastrointestinal tract and to avoid 

contamination of the lung in addition, we used silicon catheters for oral gavage of one-

day-old C57BL/6 mice. After administration of 1 x 108 CFU intragastrically (i.g.), we 

isolated Lm from brain tissues in 40% (4/10) of the neonates at one day post infection 

(dpi) and in 30% (3/10) at two dpi (Figure 1). We were not able to investigate later time 

points, as neonates had to be euthanized due to ethical reasons.  

To delay the progression of disease, we lowered the inoculum to 107 CFU. At one and 

three dpi we were not able to isolate any viable bacteria from the CNS. Interestingly, 

only at two dpi and in 15% (2/13) of all infected neonates, bacteria were detectable in 

the CNS (Figure 1).  

Taken together, i.g. infection of one-day-old C57BL/6 mice revealed only inconsistent 

CNS invasion ratios. In total, we detected Lm in 0–40% of all examined mice in a time- 

and dose-dependent manner. 

In pregnancy related listeriosis, neonates frequently present with respiratory distress 

(Janakiraman, 2008). Further, in a study by Becroft et. al, Lm was isolated from nasal 

swabs of human neonates with listeriosis (Becroft et al., 1971), leading to the 

assumption that bacterial uptake might indeed also occur via inhalation and potentially 

involve the nasal mucosa. We therefore decided to apply bacteria intranasally to 

newborn mice in order to mimic such a situation. Upon intranasal (i.n.) infection with 

104 CFU, we detected Listeria in 30% (3/10) of the neonates at one dpi, which was 

comparable to i.g. administration with 107 CFU. In contrast, at two dpi, the majority 
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(71%, 10/14) of the neonatal brains were positive for viable Lm and by three dpi, 

bacteria were isolated from all examined brains (9/9). In contrast to i.g. infections, i.n. 

infections resulted in more consistent CNS invasion rates and higher bacterial burden 

over time. 
 

 

 
Figure 1: Spread of L. monocytogenes to CNS tissue after nasal administration. 
Bacterial counts in total brain tissue a 1, 2, and 3 days post infection (dpi).1-day-old mice were infected with either 
1 x 107 or 1 x 108 CFU intragastrically (i.g.) or 1 x 104 CFU intranasally (i.n.). Each dot defines an individual mouse 
of 2-4 litters. The bar represents the median value for the respective data set. One-way ANOVA Kruskal-Wallis with 
Dunnets‘ post test; ** p < 0.01.  
 

To determine the pathogenicity of Lm in the newly established neonatal mouse models, 

we next monitored the survival rates after different routes of administration. Upon i.g. 

infection with 1 x 107 CFU Lm, 53,3% (8/15) mice had to be euthanized at two dpi in 

accordance with our neonatal scoring system. By three dpi only 26,6% (4/15) of the 

neonates remained and at eight dpi the last surviving mouse had to be sacrificed 

(Figure 2). After i.n. infection with 1 x 104 CFU, no symptoms that required euthanasia, 

such as reduced movement on stimulation or abated weight gain, were observed until 

four dpi. We observed mice succumbing from day four to nine. However, after this time 

point, no further mouse had to be euthanized and in total 17,8% (5/28) of the mice 

survived the i.n. infection (Figure 2). 

Comparing two ways of bacterial application, both induced fatal disease, but onset and 

progress of symptoms after i.n. infection was less rapid. 
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Figure 2: Survival of neonate mice upon infection with L. monocytogenes.  
Survival rates of neonatal mice after i.g. or i.n. infection with Lm. 1-day-old mice were given either 1 x 107 i.g. or 
1 x 104 CFU i.n. Mice were sacrificed when reaching a defined clinical score as described in the material & method 
section. The depicted results are shown from 2–3 litters per infection method.  
 

For a more detailed characterization of the nasal infection model, we determined the 

presence of Lm in the CNS and systemic organs, as well as the colonization efficiency 

in the nasal cavity over time. Therefore, blood was collected with a pipette and noses, 

brains, lungs, spleens as well livers were homogenized. Viable bacteria were 

determined by plating on agar and counting of CFUs. 

As depicted in Figure 3A, Lm was detectable in the noses of all investigated mice 

during the course of the experiments. At one dpi, CFU counts were ranging from 1.5–

4.3 x 106 CFU/g tissue. The number of viable bacteria increased until three dpi and 

reached a plateau with 3 x 107 CFU/g. These data show that Lm is colonizing the nasal 

cavity in newborn C57BL/6 mice upon i.n. infection. Plating of brain tissue showed a 

significant increase in CFU counts throughout the investigated period (Figure 3B). At 

one dpi, Lm was isolated in 40% (4/10) of the infected mice, with CFU counts ranging 

from 2.6 x 102–3.7 x 103 CFU/g brain tissue. Bacterial re-isolation rates increased to 

71% (10/14) at two dpi with 1.4 x 103–6.7 x 104 CFU/g brain. From day three onwards, 

Lm was detected in 100% of the brains of infected mice, with organ counts of 1.4 x 102–

6.2 x 106 CFU/g. Examination of the lungs showed that Lm was isolated in 33% (3/10) 

at one dpi with 4.3 x 103–1.6 x 105 CFU/g. The detection rate increased by two dpi 

(11/14) and three dpi (7/9) to 78% with 1.8 x 103–3.4 x 105 CFU/g and by five dpi to 

100% (10/10) with 4.4 x 103–9.6 x 105 CFU/g. Like in the CNS, bacterial burden in the 

lungs increased over time (Figure 3C). Spread and replication in systemic organs was 

analyzed by plating of spleen and liver. Lm was isolated from livers as early as one dpi 

in all mice with organ counts of 1.3 x 103–1.3 x 105 CFU/g which increased significantly 

until five dpi up to 1.4 x 106 CFU/g (Figure 3D). Similar observations were made for 
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the spleen. At one dpi, 70% (7/10) of the spleens were positive for Lm (1 x 103–

3.1 x 104 CFU/g). The following days, bacteria were detected in all animals with 

significantly increasing organ counts of 2.0 x 103–2.5 x 108 CFU/g (Figure 3E). The 

analysis of blood samples revealed that Lm was isolated only in one mouse at three 

dpi (3 x 102 CFU/ml) and in four mice at five dpi (1 x 102–9 x 104 CFU/ml) (Figure 3F) 

Taken together, Lm was able to colonize the nasal cavity and spread to the CNS and 

systemic organs, where bacterial burden increased throughout the investigated period. 

In contrast, Lm was only sporadically detected in the blood.  

 

 
Figure 3: Spread to CNS and systemic organs after intranasal infection with L. monocytogenes. 
Bacterial counts in (A) nose, (B) brain, (C) lung, (D) liver, (E) spleen and (F) blood at 1, 2, 3 and 5 days after i.n. 
infection of 1-day-old mice with 1 x 104 CFU Lm. Each dot defines an individual mouse of 1-4 litters. The bar 
represents the median value for the respective data set. One-way ANOVA Kruskal-Wallis with Dunnets‘ post 
test; * p < 0.05; ** p < 0.01; *** p < 0.001. 
 

Surprisingly, bacteria were frequently found in the CNS at two and three dpi but during 

the same period only detected in one blood sample of all examined mice. In various 

other murine models, using parenteral infection routes, listerial CNS invasion was 

always accompanied by bacteremia (Berche, 1995; Lopez et al., 1999; Prats et al., 
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1992). However, case reports of ruminants and humans, as well as in vivo studies have 

indicated that Lm is also able to migrate into the CNS along sensory nerves (Antal et 

al., 2001; Antal et al., 2005; Barlow and McGorum, 1985; Braun et al., 2002; Jin et al., 

2001). Based on these data and our own findings, we hypothesized the existence of a 

non-hematogenous route of CNS invasion of Lm in newborn mice after i.n. application, 

thereby expecting the highest bacterial burden in the CNS located closest to the site 

of infection. To proof this assumption, whole brains of infected C57BL/6 neonates were 

harvested after transcardial perfusion, dissected anatomically into olfactory bulb (OB), 

cerebrum (CB), brain stem (BS) and cerebellum (CE) and prepared for plating. At three 

dpi, we observed the highest bacterial burden in the olfactory bulb. Along the rostro-

caudal axis, bacterial numbers decreased significantly, whereby the lowest numbers 

were isolated from the cerebellum. This observation was similar at five dpi, but 

differences in CFU counts along the rostro-caudal axis were less pronounced.  
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Figure 4: L. monocytogenes disseminates non-hematogenously into the CNS.  
(A) Sagital section of a mouse skull with nasal cavity, olfactory epithelium and the different brain segments such as 
the ollfactory bulb (OB), cerebrum (CB), brain stem (BS) and cerebellum (CE). (B and C) Bacterial counts in the 
respective brain segments of 1-day-old neonatal mice infected i.n. with 1 x 104 CFU Lm at 3 (B) and 5 (C) dpi. Total 
brain tissue was harvested after transcardial perfusion and dissected into OB, CB, BS and CE as indicated. The 
results are represented in box and whisker format. Each data set is derived from 1-2 litters. One-way ANOVA 
Kruskal-Wallis with Dunnets‘ post test; * p < 0.05; ** p < 0.01; *** p < 0.001. 
 

Next, we analyzed if Lm is capable of invading the nasal mucosae. The nasal cavity 

(NC) is lined by the highly ciliated respiratory epithelium and the neuronal olfactory 

epithelium (OE).The olfactory epithelium (OE) mainly consists of sustentacular cells 

(SCs) and olfactory sensory neurons (OSNs). The olfactory epithelium is covering the 

lamina propria (LP), in which axons of the olfactory sensory neurons are bundled to 

nerves. The nerves then project through the cartilaginous cribriform plate (CP) directly 

into the CNS, where they form the nerve fiber layer of the olfactory bulb. 

To determine the primary targets for Lm invasion, one-day-old C57BL/6 mice were 

infected i.n. with 1 x 107 CFU Lm or left untreated. Twelve hours or one day after 

inoculation mice were sacrificed, skulls sagittally dissected and prepared for 

immunostaining (Figure 5A–D) or electron microscopy (Figure 5E,F). For 

immunostaining, samples were stained for the neuronal marker β-tubulin III (green), 
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the tight junction marker β-catenin (white), Lm (red) and DNA (blue). Figure 5A and B 

display a section of the olfactory system and the brain of an uninfected, neonatal 

mouse. Upon immunostaining, bacteria were detectable within the OE (Figure 5C, D). 

Here, we observed two phenotypes. On the one hand, single Lm were found in 

colocalization to neuronal structures in the olfactory epithelium (OE, Figure 5C, white 

arrows; Appendix 1) and to axon bundles in the lamina propria at one dpi (Figure 5C, 

white asterisks;). On the other hand bacteria accumulated intraepithelially and induced 

disruption of the olfactory epithelium, as indicated by loss of the immunofluorescence 

signal (Figure 5D, dotted line). For further validation, we performed transmission 

electron microscopy (TEM). Lm was found within a SC (Figure 5E, white arrow) as well 

as in an olfactory sensory neuron (Figure 5E, framed insert, white arrow). In addition, 

within the olfactory sensory neuron, Lm was surrounded by a membranous structure 

(Figure 5F, white arrows). In summary, both, immunofluorescence as well as EM 

studies strongly suggest that Lm is able to invade the olfactory epithelium of newborn 

C57BL/6 mice.  
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Figure 5: L. monocytogenes invades sustentacular cells and olfactory sensory neurons.  
(A–D) Immunohistochemistry (IHC) and (E and F) transmission electron microscopy (TEM) of the olfactory mucosa 
of 1-day-old C57BL/6 mice infected with 1 x 107 CFU Lm i.n. or age-matched control animals. For IHC, sections 
were stained for Lm (red), the neuronal marker β-tubulin III (green), the tight-junction marker β-catenin (white) and 
DNA (blue). (A & B) Sagittal view of the olfactory system of a 2-day-old control mouse. Nasal cavity (NC), olfactory 
epithelium (OE), lamina propria (LP), olfactory bulb (OB), cribriform plate (CP). (C & D) OE at 1 dpi. (C) 
Intraepithelial bacteria are marked with white arrows; nerve associated bacteria in the LP are marked with white 
asterisks. (D) Disruption of the OE is marked is with dotted lines. (E & F) TEM of the OE at 12 hours p.i., showing 
Lm within a sustentacular cell (SC; white arrow) and an olfactory sensory neuron (OSN; framed insert, white arrow). 
(F) Lm is surrounded by a vacuolar structure within the OSN (white arrows). Images are representative for samples 
from 2 individual litters. 
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To characterize the consequence of bacterial penetration of the olfactory epithelium, 

we again used an immunohistochemical approach and stained for the same marker to 

analyze, how pronounced the mucosal disruption and tissue damage upon infection 

was. Pictures in Figure 6A–C show that Lm induced massive disruption of the olfactory 

epithelium, as indicated by a loss of neuronal structures around intramucosal bacteria. 
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Figure 6: Intranasal infection with L. monocytogenes leads destructive infection of the olfactory mucosa in 
newborn mice.  
Immunostaining of the olfactory system after i.n. infection of 1-day-old mice with 1 x 107 CFU Lm. For IHC, sections 
were stained for Lm (red), the neuronal marker β-tubulin III (green), the tight-junction marker β-catenin (white) and 
DNA (blue). (A) Sagittal view at 1 dpi showing focal disruption of the olfactory mucosa. (B & C) Enlarged views of 
framed inserts in (A). The pictures are representative of 2 litters. 
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To quantify the tissue damage, we established a scoring system. Histopathological 

pictures were classified as “negative” with a score of zero, “mild” signs of 

inflammation/tissue damage received a score of two, “moderate” signs of 

inflammation/tissue damage a score of four and “severe” signs of inflammation/tissue 

damage a score of six. An additional assessment of “multifocal” or “necrotizing” 

increased the respective score by one point. Histopathological scores in the following 

text are expressed as median values if not indicated otherwise. 

 
Table 1: Histopathological manifestations of L. monocytogenes infection in the nasopharynx 

 
1-day-old mice were infected i.n. with 1 x 104 CFU Lm. Tissue was harvested at 1, 3 and 5 dpi. Quantitative 
histopathological score as defined in the material and methods section. A: focal, purulent rhinitis; b: multifocal, 
purulent rhinitis; c: multifocal, purulent-necrotizing rhinitis; d: purulent-necrotizing inflammation of adjacent 
connective tissue; e: purulent-necrotizing inflammation of adjacent cartilage; f: purulent-necrotizing inflammation of 
adjacent bones; g: focal, purulent lymphadenitis; h: focal, purulent otitis interna; i: purulent-necrotizing glossitis. The 
results were acquired from 2–3 litters. 
 
 

As depicted in Table 1 and Figure 7 the histopathological score of infected mice 

increased significantly over time. At one dpi, 67% (4/6) of the infected mice showed 

histopathological alterations, i.e. a moderate, multifocal and purulent rhinitis, resulting 

in a score of five points. Additionally, one mouse exhibited inflammation of the adjacent 

connective tissue. Compared to one dpi, we recognized more pronounced 

inflammation and tissue damage at three and five dpi, respectively. By three dpi the 



Results 

 
50 

score reached six points. In addition to the pathological manifestations at one dpi, 

75% (6/8) of the infected mice displayed focal spots of necrosis within the olfactory 

mucosa as well as purulent-necrotizing inflammation of the adjacent cartilage and 

connective tissues. We further observed purulent-necrotizing inflammation of adjacent 

bones, purulent lymphadenitis and focal, purulent otitis interna in one mouse each. At 

five dpi all mice showed a multifocal, purulent-necrotizing rhinitis and purulent-

necrotizing inflammation of the adjacent cartilage and connective tissue, resulting in 

score of seven points. Three out of four mice also displayed purulent-necrotizing 

inflammation of the adjacent bones and one mouse a purulent-necrotizing glossitis. 

Summarizing, the intranasal infection of newborn C57BL/6 mice with Lm results in 

progressive inflammatory responses as well as in disruption to the olfactory mucosa 

and adjacent tissues.  

 

 
Figure 7: Nasal infection with L. monocytogenes leads to histopathological changes in the nasopharynx.  
1-day-old mice were infected i.n. with 1 x 104 CFU Lm. Tissue was harvested at 1, 3 and 5 dpi. Quantitative 
histopathological score as defined in the material and methods section. The results represent the median values 
from 2–3 litters. One-way ANOVA Kruskal-Wallis with Dunnets‘ post test; * p < 0.05; ** p < 0.01. 
 

The immunohistochemical and histopathological findings raised the question on how 

in detail Lm reached the CNS. On the one hand, progressive replication of Lm along 

the rostro-caudal axis may represent the primary mechanism, as indicated by the 

necrotic lesions, which spanned from the olfactory epithelium, to the cribriform plate 

and the brain. On the other hand and as stated above, collective data showed that Lm 

exploits nerves to migrate into the CNS. We found first evidence for a similar 

mechanism as we detected Lm colocalized with axon bundles in the lamina propria of 

the olfactory epithelium (Figure 5C, Appendix 1) and further immunohistochemical 

analyses supported this hypothesis. Figure 8 depicts a section of the olfactory system. 

On the left, the olfactory epithelium with the laminia propria is shown; the image center 
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displays the CP with a nerve that projects into the CNS. We observed Lm associated 

to axon bundles in the LP (Figure 8A, white arrows), but also within the foramen of the 

cribriform plate (Figure 8A, framed insert; Figure 8B, white arrows). These data 

underline that in our newly established model, Lm migrates into the CNS along nerves. 

Interestingly, the lamina propria seems to be structurally unimpaired as in Figure 5C. 

Further, in the CNS bacteria accumulated in the olfactory bulba and were frequently 

associated with nuclei of cells of unknown origin (Figure 8A, white hash symbols). 

 

 
Figure 8: L. monocytogenes is situated in close proximity to olfactory nerves fibers  
Immunostaining of the olfactory tissue after i.n. infection of 1-day-old mice with 1 x 107 CFU Lm at 1 dpi. Olfactory 
bulb (OB), cribriform plate (CP), lamina propria (LP) and olfactory epithelium (OE). For IHC, sections were stained 
for Lm (red), the neuronal marker β-tubulin III (green), the tight-junction marker β-catenin (white) and DNA (blue). 
(A) Sagittal view of the olfactory tissue. Bacteria are found associated with nerves in the lamina propria (white 
arrows) and the cribrifom plate (framed insert) as well as within the CNS (white hash symbols). (B) Enlarged insert 
from (A) showing Lm (red, white arrows) in close proximity to axons (green) in the cribriform plate. Images are 
representative of 2 litters. 
 

 

3.2 The role of bacterial virulence factors during infection of neonatal 
mice 

Two essential virulence factors of Lm for establishment of intracellular replication and 

spread are the actin assembly-inducing protein (ActA, gene: actA) and listeriolysin O 

(LLO, gene: hly). Lm strains deficient for these proteins show strongly impaired 

replication and survival rates in various infection models (reviewed in Hamon et al., 

2012; Travier and Lecuit, 2014). We were hence interested in the role of these 

virulence factors during i.n. infection of neonatal mice. 

One-day-old C57BL/6 mice were infected i.n. with either 1 x 104 CFU Lm WT or 

Lm ∆actA and Lm ∆hly, respectively and CFU counts were determined by plating on 
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agar at the indicated time points. As shown in Figure 9A, the isogenic mutant strain 

Lm ∆actA was able to colonize the nasal mucosa during the investigated period. CFU 

counts did not change significantly over time. Compared to Lm WT, bacterial burden 

was significantly lower at one dpi only (WT 3.1 x 106 vs. ∆actA 4.1 x 105 CFU/g). At the 

other time points we did not observe any statistically significant differences. Only few 

Lm ∆actA were able to enter the brain (12.5% (3/24) of the neonatal mice (Figure 9B). 

Viable bacteria were found in 21% (5/24) of all lungs. A single lung (1/6) was positive 

for Lm at one dpi and two lungs (2/9) at three dpi as well as two lungs (2/9) at 5 dpi 

(Figure 9C). Spread and replication in systemic organs by Lm ∆actA was detectable 

only at three and five dpi, resulting in significantly less bacterial burden at all 

investigated time points, compared to Lm WT. In livers, bacteria were present at three 

dpi in 44% (4/9) and at five dpi in 33% (3/9) of the infected mice (Figure 9D). Similarly 

in spleens, Lm ∆actA was also recovered in 44% (4/9) at three dpi and at five dpi in 

33% (3/9) of the infected mice, respectively (Figure 9E). Lm ∆actA was not detectable 

in the blood at any time point investigated. 

The isogenic mutant strain Lm ∆hly was also able to colonize the nasal mucosae, but 

CFU counts diminished over time, leading to a significant decrease of bacterial burden 

from one to five dpi (Figure 9A). CFU counts in the nose were also significantly different 

at three and five dpi, compared to Lm WT (Figure 9A). As opposed to Lm WT and 

Lm ∆actA, Lm ∆hly was not detectable in the CNS, systemic organs at any time 

investigated (Figure 9B–F). Further, we observed no significant differences in bacterial 

burden in any organ and the blood, when comparing Lm ∆actA and Lm ∆hly. 

Overall, ActA and LLO are two essential virulence factors that contribute to CNS 

infections in neonatal C57BL/6 mice upon i.n. application. Both Lm ∆actA and Lm ∆hly 

are able to colonize nasal mucosae of neonatal C57BL/6 mice for at least five days. 

But in contrast to Lm WT and Lm ∆actA, CFU counts of Lm ∆hly diminished 

significantly over time. Although infrequently, systemic infections were established only 

by Lm ∆actA and bacterial burdens were significantly lower, compared to Lm WT 

infections. 
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Figure 9: Listeriolysin O (LLO) and ActA are critical virulence factors in cerebral listeriosis  
Bacterial counts in (A) nose, (B) brain, (C) lung, (D) liver, (E) spleen and (F) blood at 1, 2, 3 and 5 days after i.n. 
infection of 1-day-old mice with 1 x 104 CFU Lm WT, an isogenic ActA deficient strain (∆actA) and an isogenic LLO 
deficient strain (∆hly). Each dot defines an individual mouse of 1-4 litters. The bar represents the median value for 
the respective data set. In bar diagrams, the results are represented as median values from 1-4 litters.Man-Whitney 
test and One-way ANOVA Kruskal-Wallis with Dunnets‘ post test; * p < 0.05; ** p < 0.01; *** p < 0.001.  
 

Since colonization of the nasal cavity was comparable between Lm WT and the 

respective mutant strains, we analyzed the physiology of the nasopharyngeal mucosae 

upon infection with Lm ∆actA and Lm ∆hly. Significant differences in the pathological 

score of WT and the respective mutant strains became apparent. Lm ∆hly was not 
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detectable, did not cause any pathological alterations and is therefore, not depicted in 

Figure 10. Infection with Lm ∆actA led to mild focal and multifocal rhinitis at one dpi 

(Table 2, Figure 10), leading to a score of two points. Unlike to Lm WT infections, the 

histopathological score increased only from day one to day three after bacterial 

administration, reaching five points. No further increase was detected from day three 

to five, leading to a significant score difference compared to Lm WT infections at five 

dpi. Interestingly, in contrast to the situation in WT infected mice, histopathological 

findings in Lm ∆actA infected pups revealed that neither the connective tissue nor 

cartilage or bone tissues were affected and no necrotic lesions were detectable (Table 

2). The analyses showed also that Lm ∆actA was frequently associated with 

recruitment of leukocytes at all investigated time points (Appendix 4). 

Summarizing, i.n. infections with Lm ∆hly did not evoke any inflammatory response or 

detectable tissue damage. Infections with Lm ∆actA, however, resulted in significant 

inflammation and tissue damage that was limited to the mucosae and the lamina 

propria. No necrotic lesions were observed in contrast to the situation after WT 

infection. 

 
Table 2: Histopathological manifestation of L. monocytogenes ∆actA infection in the nasopharynx 

 
1-day-old mice were infected i.n. with 1 x 104 CFU of an isogenic ActA deficient Lm strain.Tissue was harvested at 
1, 3 and 5 dpi. Quantitative histopathological score as defined in the material and methods section. A: focal, purulent 
rhinitis; b: multifocal, purulent rhinitis. The results were acquired from 1 litter. 
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Figure 10: ActA-deficient L. monocytogenes induces reduced damage in the nasal cavity. 
1-day-old mice were infected i.n. with 1 x 104 CFU Lm wildtype (WT) or an isogenic ActA deficient (∆actA) Lm strain. 
Tissue was harvested at 1, 3 and 5 dpi. Quantitative histopathological score as defined in the material and methods 
section. The results represent the median values from 1–3 litters. Mann-Whitney test; n.s. p > 0.05; * p < 0.05. 
 

To characterize the phenotypes of both mutant strains in more detail, we infected one-

day-old-neonatal mice with higher inoculi and performed immunohistochemical 

stainings. Lm ∆actA was located within the olfactory epithelium and the lamina propria, 

evoking pronounced tissue damage, as indicated by a loss of the neuronal 

immunofluorescence signal (Figure 11A, dotted line and white asterisks). Further, 

Lm ∆actA did not colocalize with axon bundles and was not detectable beyond 

cartilage tissue, the cribriform plate or within the CNS at three dpi, a time point Lm WT 

was isolated in brains of all investigated mice. (Figure 11B, white arrows). 

Lm ∆hly induced no evident tissue damage and was microscopically detectable only 

until one dpi in the nasal cavity. We found Lm ∆hly exclusively in the apical part of the 

olfactory epithelium and only in low numbers (Figure 11C).  

Taken together, the Lm virulence factors ActA and LLO are essential for bacterial 

migration into the CNS in neonatal C57BL/6 mice. Whereas Lm ∆hly remained in the 

apical part of the olfactory epithelium, Lm ∆actA disseminated until cartiliganous tissue. 
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Figure 11: LLO and ActA are essential for CNS invasion of L. monocytogenes in newborn mice. 
Immunostaining of the olfactory mucosal tissue after i.n. infection of 1-day-old mice with 1 x 107 CFU of an isogenic 
ActA deficient (∆actA) Lm strain (A and B) or an isogenic LLO deficient (∆hly) Lm strain (C–E). Olfactory bulb (OB), 
cribriform plate (CP), lamina propria (LP) and olfactory epithelium (OE). Sections were stained for Lm (red), the 
neuronal marker β-tubulin III (green), the tight-junction marker β-catenin (white) and DNA (blue). (A) Sagittal view 
of the olfactory mucosal tissue at 3 dpi ∆actA Lm. White asterisks indicate subepithelial Lm, the dotted line illustrates 
disruption of the OE. (B) Zoomed view of the framed insert in (A), white Arrows indicate Lm. (C) Sagittal view of the 
OE at 1 dpi with ∆hly Lm. (D and E) Enlarged view of the framed inserts in (C). The pictures are representative of 
2 litters. 
 

Invasion of non-phagocytic cells by Lm is mainly mediated by two virulence factors 

Internalin A (InlA) and B (InlB) (reviewed in Pizarro-Cerda et al., 2012), but interactions 

between Lm and the olfactory epitheliuim have never been reported. We addressed 

the question, whether the invasion of the olfactory epithelium was dependent on InlA 

and/or InlB. One-day-old C57BL/6 mice were infected i.n. with 1 x 104 CFU 

Lm ∆inlA∆inlB and CFU counts were determined by plating at three dpi. We observed 

a tendency towards a lower bacterial load in the nasal cavity, compared to Lm WT (p= 

0.0571, Figure 12A). As for invasion of the CNS and spread to systemic organs and 

the blood, no differences compared to Lm WT were apparent (Figure 12B-F). These 
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data indicate that InlA and/or InlB at least in part promote colonization of the nasal 

cavity but are negligible for CNS invasion and systemic spread. 

 

 
Figure 12: L. monocytogenes InlA and InlB are not essential for full virulence in neonatal CNS infection.  
Bacterial counts in (A) nose, (B) brain, (C) lung, (D) liver, (E) spleen and (F) blood at 3 dpi. 1-day-old mice were 
infected i.n. with 1 x 104 CFU Lm WT or an isogenic Internalin AB defiecnent (∆inlA∆inlB) Lm strain. Each dot 
defines an individual mouse of 1-3 litter. The bar represents the median value for the respective data set. Mann-
Whitney test; n. s. p > 0.05.  
 

 

3.3 Immune responses within the CNS tissue 

An important goal of the project was to obtain a murine model that mimics the typical 

histopathological manifestations of human neonatal neurolisteriosis, such as 

meningitis or meningoencephalitis. 

As with histopathological examinations of the nasal cavity (Table 1, Figure 7), infection 

with Lm induced marked and progressive histopathological manifestations. At one dpi, 

no (0/6) infected mouse exhibited any histological changes (Table 3, Figure 13). By 

three dpi, 75% (6/8) of the infected mice displayed inflammatory manifestations in the 

CNS, ranging from focal, purulent meningitis to focal, purulent-necrotizing 
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meningoencephalitis resulting in a score of three points. Five dpi, 100% (4/4) of the 

infected mice displayed signs of purulent-necrotizing meningoencephalitis, leading to 

a score of four points in all mice. If present, pathological manifestations were always 

accentuated in the olfactory bulb. Intralesional bacteria were detectable in the CNS at 

three dpi in 50% (4/8) and at five dpi in 100% (4/4) of the mice. Together, i.n. infection 

of newborn mice with Lm caused a pronounced and progressive meningitis and 

meningoencephalitis.  

 
Table 3: Histopathological manifestation of L. monocytogenes infection in the CNS 

 
1-day-old mice were infected i.n. with 1 x 104 CFU Lm or left untreated. Tissue was harvested at 1, 3 and 5 dpi or 
from age-matched control animals, sagittally dissected and prepared for histopathological examination. Quantitative 
histopathological score as defined in the material and methods section. 
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Figure 13: Histopathological manifestation in the CNS after intranasal infection with L. monocytogenes. 
1-day-old mice were infected i.n. with 1 x 104 CFU Lm or left untreated. Tissue was harvested at 1, 3 and 5 dpi or 
from age-matched control animals, sagittally dissected and prepared for histopathological examination.  
(A) Quantitative histopathological score as defined in the material and methods section. (B-D) HE-staining of 
olfactory nerve (ON), Me: meninges, OB: olfactory bulb. Black asterisks mark inflammatory infiltrates. (B) Sagittal 
view of the olfactory system of a 2-day-old control mouse. HE-staining of olfactory nerve (ON), meninges (Me), 
olfactory bulb (OB). (C and D) Sagittal view of the OB at 5 dpi, asterisks mark inflammatory infiltrates (D) Enlarged 
view of the framed insert in (C). The results in (A) represent the median values from 2 litters and the images in (B–
D) are representative of 2 litters. One-way ANOVA Kruskal-Wallis with Dunnets‘ post test; ** p < 0.01 
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Previous immunofluorescence staining analysis of revealed intracerebral, often 

nucleus-associated bacteria adjacent to the cribriform plate (Figure 8A). Our 

histopathological examinations furthermore showed an accentuated inflammation in 

the olfactory bulb (Figure 13C, D), which was frequently accompanied by intralesional 

bacteria in this region of the brain (data not shown). These findings indicated that Lm 

colocalizes with immune cells within CNS tissue. To confirm this hypothesis, we 

performed immunostaining of sagittally dissected brains. One-day-old C57BL/6 mice 

were infected i.n. with Lm and tissue sections were stained for Lm (green), DNA (blue) 

and the leukocyte marker CD45 (red). 

We observed accumulation of CD45+ cells upon Lm infection (Figure 14). The 

inflammatory infiltrates were mainly localized in the olfactory bulb (Figure 14B, D), but 

were to some extent also present at the outer regions of the residual brain (Appendix 

2, white arrows). Notably, CD45+ cells in the lower, frontal part of the olfactory bulb co-

localized with Lm (Figure 14D, E). 
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Figure 14: Distribution of inflammatory cells and L. monocytogenes in the neonatal brain after intranasal 
infection. 
1-day-old mice were either infected i.n. with 1 x 105 CFU (A–E) or exposed to sterile PBS. Tissue sections were 
stained for Lm (green), the leukocyte marker CD45 (red) and DNA (DAPI, blue). Sagittal overview of entire brain-
tissue of an age-matched control mouse (A) and after i.n. infection at 3 dpi (B). Respective zoomed view of the 
olfactory bulb (C and D). (E) Zoomed view from (D). DAPI (blue), Lm (green) and CD45 (red) are shown separately 
(first 3 panels) and as a merge image. All pictures are representative of 5 litters. 
 

So far, the immune response in the brain tissue of newborn mice during neurolisteriosis 

has not been investigated. For further characterization, we investigated the mRNA 

expression of the proinflammatory cytokine TNFα and the chemokines CXCL2, CCL2 

and CCL7, which mediate immune cell recruitment to sites of infection. One-day-old 

C57BL/6 neonates were infected i.n. with Lm or left untreated. Whole brains were then 
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collected at the indicated time points, mRNA results were normalized to the house 

keeping gene Hprt and expressed as median fold change (FC). Significant differences 

in Tnfα mRNA expression in infected versus control mice was detectable as early as 

one dpi (Figure 15A). FCs were four, compared to control mice. At three dpi FCs 

increased to 28, reaching the maximum during the investigated period. Five days after 

administration of Lm, mRNA expression was increased nine fold, three times lower 

than at three dpi. 

Neutrophils and inflammatory monocytes have been shown to play a crucial role in the 

innate immune responses to Lm (Carr et al., 2011; Shi et al., 2011). The mRNA 

expression of the neutrophil-attracting chemokine Cxcl2 was significantly increased 

compared to control mice during all investigated time points. At one dpi we observed 

a 1.7 FC, at three dpi a four FC and at five dpi a 42 FC, showing a steady increase 

over time (Figure 15B). Furthermore, the mRNA expression of the monocyte-attracting 

chemokines Ccl2 and Ccl7 was both significantly upregulated during the course of the 

experiment, but expression patterns of Ccl2 and Ccl7 varied (Figure 15C and D). Ccl7 

mRNA induction was higher at early time points with FCs of seven at one dpi and 63 

at three dpi compared to Ccl2 with FCs of three and nine, respectively. Ccl7 mRNA 

expression reached its maximum at three dpi as FCs were less pronounced at five dpi 

(FC nine). Ccl2, on the other hand, was highest expressed at five dpi with a FC of 132. 

In conclusion, i.n. infection with Lm induced significantly enhanced mRNA expression 

of the proinflammatory cytokine Tnfα as well as the immune cell-recruiting chemokines 

Cxcl2, Ccl2 and Ccl7 in brain tissue of neonatal mice. 
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Figure 15: CNS infection with L. monocytogenes via the i.n. route induces cytokine expression in brains of 
neonatal mice. 
1-day-old C57BL/6 mice were infected i.n. with 1 x 104 CFU Lm or left untreated. For analyses of cytokine 
expressions, whole brain tissues were harvested at the indicated time points or age-matched control animals and 
total RNA was prepared. qRT-PCR for (A) Tnfα, (B) Cxcl2, (C) Ccl2 and (D) Ccl7. Transcript results were normalized 
to the housekeeping gene Hprt and expressed as fold change. Each dot defines an individual mouse of 2–3 litters. 
The bar represents the median value for the respective data set. Mann-Whitney test; * p < 0.05, ** p < 0.01, 
*** p < 0.001. 
 

Next, we characterized the CD45+ positive cells which were recruited to the site of 

infection. Upon i.n. infection with 1 x 104 CFU Lm, mice were perfused transcardially 

and whole brains were harvested at the indicated time points. After processing, 

samples were applied for FACS studies. To separate cell debris from intact cells, 

suspensions were first gated according to their cell-surface area or size (Forward-

scatter, FSC-A) and their granularity or internal complexity (Side-scatter, SSC-A; 

Figure 16A). Cell multiplets were excluded from the initially gated population by 

repeatedly using the FSC-A and the FSC-W (width) parameter (Figure 16B). The 

single cell population was gated on the common leukocyte marker CD45 as well as for 

the pan-myeloid marker CD11b. Then, three subsets according to the expression level 

of CD45 and CD11b were analyzed (Figure 16C), as these expression patterns provide 

information about specific cell types (Table 4). The different populations described in 
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Figure 16C were quantified as percentage of total cell counts obtained in Figure 16B. 

If not stated otherwise, percentages in the text are expressed as median values. 

 

 
Figure 16: Gating strategy of immune cells isolated from total neonatal brain tissue. 
1-day-old mice were either infected i.n. with 1 x 104 CFU Lm or sterile PBS. Mice were then sacrificed at 1, 3 and 5 
dpi. After transcardial perfusion with PBS, whole brains were harvested and processed for flow cytometry. This 
figure shows the gating strategy applied throughout the study. (A) To separate cell debris from intact cells, samples 
were plotted with Forward-scattered light (FSC) and Side-scattered light (SSC). (B) Double or multiple cells were 
gated out from single cells using the width (FSC-W) vs. area (FSC-A) parameters. (C) The single cell population 
was then gated on the leukocyte marker CD45 and the pan-myeloid marker CD11b (complement receptor 3). 
Hereby three subsets according to the expression level of CD45 and CD11b were generated.  
 

Intranasal infection of one-day-old C57BL/6 neonates with Lm led to a slight increase 

in the CD45loCD11b+ population, compared to PBS-treated control mice at all 

investigated time points. The percentage of CD45loCD11b+ cells in infected mice at one 

dpi was 5.6% (range 5.4–5.7%) and in control mice 5.5% (range 4.3–5.7%). This 

proportion increased to 10.7% (range 8.8–19.9%) at three dpi and to 14.3% 

(range 5.6–39.1%) at five dpi after Lm infection. The CD45loCD11b+ population in age-

matched and mock-treated neonates increased at three days to 11.4% (range 10–

13.2%) and to 10.9% (range 6.8–19.3%) at five days after PBS administration 

(Figure 16C, Figure 17A, B). We observed that the CD45loCD11b+ population in control 

mice expanded over time and was not significantly elevated upon Lm infection. Of note, 

the number of CD45loCD11b+ cells between individual neonates varied up to 35% 

under infected and up to 13% under PBS-treated conditions. 

Analysis of the CD45hiCD11bhi subset showed a slight, but non-significant increase in 

infected compared to control mice at one dpi. The percentage of CD45hiCD11bhi at this 

time point was 0.19% (range 0.056–0.22%) in infected mice and 0.09% (range 0.02–

0.12%) in PBS-treated mice. By three dpi, the percentage was significantly increased 

with 1.03% (range 0.3–1.97%) in infected versus 0.41% (range 0.21–0.57%) in control 

mice. At five dpi, infection with Lm led to an increase in the CD45hiCD11bhi population 
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to 2.42% (range 0.65–25.5%) of total cell counts. This corresponds to a nearly 10-fold 

increase compared to PBS-treated mice with 0.26% (range 0.076–0.62%) (Figure 16C, 

Figure 17A, C). 

Additionally, we observed a CD45+CD11b- population (Figure 16C, Figure 17A), which 

represents (immature) lymphocytes i.e. T-cells and NK-cells (Chiossone et al., 2009; 

Zhou et al., 2016). Cell counts of this population were nearly identical at one and three 

days after administration of Lm or sterile PBS. At one dpi the relative percentages were 

0.085% (range 0.074–0.1%) in infected and 0.092% (range 0.052–0.12) in PBS-

treated mice. The overall percentage increased at three dpi to 0.35% (Range 0.1–

0.52%) in infected neonates and to 0.31% (range 0.15–0.75%) in control mice. We 

detected a significant difference with 0.4% (range 0.17–0.97%) and 0.2% (range 0.15–

0.31%) between infected and PBS-treated mice, respectively. The total percentages 

of CD45+CD11b- cells in Lm infected neonates increased over time. 

Taken together, we showed that there was no significant increase in CD45loCD11b+ 

cells upon Lm infection compared to PBS-treated controls at any time point after the 

infection. In contrast, numbers of CD45hiCD11bhi cells were significantly elevated with 

increasing age. We made a similar observation for the CD45+CD11b- cell population, 

which increased slightly, but significantly at five dpi.  

Since monocyte and macrophage subsets share the same expression patterns of 

CD45 and CD11b, we additionally gated the CD45loCD11b+ and the CD45hiCD11bhi 

populations on CX3CR1 and Ly6C. The fractalkine receptor or also termed CX3CR1, 

is a chemokine receptor expressed by microglia, monocytes, dendritic cells (DCs) and 

some subsets of NK cells as well as T-cells (Hamann et al., 2011; Harrison et al., 

1998). The lymphocyte antigen complex 6C or Ly6C is also expressed on a variety of 

cell types i.e. monocytes, DCs, B-cells, T-cells and NK-cells (Lee et al., 2013). With 

the CD marker combinations CD45/CD11b/CX3CR1/Ly6C and their respective 

expression levels, myeloid-derived cell populations can be determined Table 4. 
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Figure 17: CNS infection with L. monocytogenes results in accumulation of immune cells in the brain.  
1-day-old-mice were either infected i.n. with or with 1 x with 1 x 104 Lm (●) or exposed to sterile PBS (○). Total brain 
tissues were harvested at 1, 3 and 5 dpi after transcardial perfusion with PBS and processed accordingly. (A) 
Representative FACS plots of age-matched control (I-III) and Lm infected (IV-VI) animals at 1, 3 and 5 dpi as 
indicated. Cells were gated on the common leukocyte marker CD45 and the pan-myeloid marker CD11b. Percent 
of (B) CD45loCD11b+ and (C) CD45hiCD11bhi and (D) CD45+CD11b- cells. Each dot defines an individual mouse of 
2–3 litters. The bar represents the median value for the respective data set. Mann-Whitney test; n.s. p > 0.05, 
** p < 0.01, *** p < 0.001; **** p < 0.0001. 
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Table 4: CD marker expression of microglia, monocytes and macrophages. 

 
Expression pattern of the surface markers CD11b, CD45, CX3CR1 and Ly6C on microglial, monocyte and 
macrophage cells according to the literature. References: 1(Rose et al., 2012) 2(Shechter et al., 2013), 3(Yona et 
al., 2013), 4(Yamasaki et al., 2014), 5(reviewed in Yang et al., 2014), 6(reviewed in Benakis et al., 2015), 7(Bruttger 
et al., 2015), 8(reviewed in Pierre et al., 2017). 
 

Evaluation of the CD45loCD11b+ population (Figure 16C, Figure 17A, B) for expression 

of CX3CR1 and Ly6C showed a single CX3CR1+Ly6C- population in all PBS-treated 

mice at any investigated time point. We observed a similar picture upon i.n. Lm 

infection. Additonally, a low number of cells exhibited a CX3CR1-Ly6C+ phenotype 

(Figure 18).  
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Figure 18: Characterization of the CD45loCD11b+ cell population for their expression of CX3CR1 and Ly6C 
1-day-old-mice were either infected i.n. with or with 1 x with 1 x 104 Lm (●) or exposed to sterile PBS (○). Total brain 
tissues were harvested at 1, 3 and 5 dpi after transcardial perfusion with PBS and processed accordingly. 
Representative FACS plots of age-matched control (I-III) and Lm infected (IV-VI) animals at 1, 3 and 5 dpi as 
indicated. Cells were gated on the common leukocyte marker CD45 and the pan-myeloid marker CD11b. The cell 
population indicated in Figure 17A was additionally examined for their expression of CX3CR1 and Ly6C. 
 

Analysis of the CD45hiCD11bhi cell populaton (Figure 16C, Figure 17A, B), revealed a 

different expression pattern of CX3CR1 and Ly6C than the CD45loCD11b+ population. 

In control mice we observed only weak expression of CX3CR1 and Ly6C at any time 

point. The same applied for one day after intranasal Lm inoculation. In contrast, at 

three and five dpi two distinct populations, a CX3CR1+Ly6C- and a CX3CR1-Ly6C+ 

population, was observed (Figure 19).  

Taken together, flow cytometric analysis revealed four distinct cell populations. We 

identified a lymphocytic (CD45+CD11b-) population, which was elevated slightly, but 

statistically significantly at five dpi. Additionally, we detected three myeloid populations. 

The CD45loCD11b+ population did not exhibit any significant differences between 

infected and PBS-treated mice at any time point. In contrast, the CD45hiCD11bhi 

population increased significantly at three dpi and could be further subdivided into 

CD45hiCD11bhiCX3CR1+Ly6C- and CD45hiCD11bhiCX3CR1-Ly6C+ 
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Figure 19: Characterization of the CD45hiCD11bhi cell population for their expression of CX3CR1 and Ly6C.  
1-day-old-mice were either infected i.n. with or with 1 x with 1 x 104 Lm (●) or exposed to sterile PBS (○). Total brain 
tissues were harvested at 1, 3 and 5 dpi after transcardial perfusion with PBS and processed accordingly. 
Representative FACS plots of age-matched control (I-III) and Lm infected (IV-VI) animals at 1, 3 and 5 dpi as 
indicated. Cells were gated on the common leukocyte marker CD45 and the pan-myeloid marker CD11b. The cell 
population indicated in Figure 17B was additionally examined for their expression of CX3CR1 and Ly6C. 
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4 Discussion 

The aim of this study was to establish a murine model for neonatal neurolisteriosis to 

analyze the yet poorly characterized mechanism of tissue tropism and port of entry in 

Listeria infections in the neonate host. As a recognized enteropathogen, crossing the 

intestinal epithelial barrier is thought to be the most important route of infection of Lm 

in the human host (Disson and Lecuit, 2012). However, intragastric infection of neonate 

mice showed inconsistent spread to CNS tissue in various experiments, irrespective of 

the inoculum (Figure 1). Similar observations have been made in previous studies 

upon oral or i.g. inoculation of adult mice (Marco et al., 1997; Marco et al., 1992; 

Okamoto et al., 1994). Only when Lm was applied repeatedly over seven to ten 

consecutive days, meningitis and rhombencephalitis were observed in 25–33% of all 

the treated Swiss CD1 mice (Altimira et al., 1999). Comparable approaches would be 

extremely difficult to perform in neonate mice. A similar time span would exceed the 

early neonatal period and the small size of neonate mice would increase the risk of 

inadvertent microtrauma due to the repeated gavage and subsequent systemic spread 

of Lm.  

Altimira and colleagues reported that the majority of mice with neurological symptoms 

exhibited a rhombencephalitis. This form of neurolisteriosis is common for ruminants, 

in which Lm enters oropharyngeal lesions and migrates into the CNS along sensory 

neurons (Barlow and McGorum, 1985; Braun et al., 2002). Akiyama et al. obtained 

comparable results. Mice and goats were either infected through injection of Lm into 

oral mucosal tissue or fed with abrasive food, soaked in cultures of Lm. Of the animals 

with neurological symptoms, all developed rhombencephalitis accompanied by 

mononuclear infiltrations along the trigeminal nerve (Akiyama et al., 1957). These 

results raise the question as to whether the above-cited approach, using repeated 

gavage by Altimira et al., may have caused such lesions, suggesting the oropharyngeal 

route of infection rather than penetration of the intestinal epithelial barrier may have 

been the primary port of entry for CNS invasion of Lm.  

Intragastric infection of neonatal mice resulted in >70% mortality, due to premature 

euthanasia of the mice at three dpi after a single dose of 1 x 107 CFU (Figure 2). This 

was an interesting finding, since to the best of our knowledge, no such experiments in 

newborn C57BL/6 mice have previously been reported. It should be noted that lowering 

the inoculum to 5 x 105–1 x 106 CFU resulted in approx. 50% mortality in neonatal 
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mice, of which 70% had to be euthanized within the first four dpi (data not shown). The 

LD50 of adult C57BL/6 mice ranges from >109–1010 CFU upon i.g. administration 

(Lecuit et al., 2001; Lopez et al., 1999), demonstrating the high susceptibility of 

neonatal C57BL/6 mice to i.g. infection with Lm. Early mortality rates in murine models 

have been shown to be detrimental for studying neurolisteriosis, as pathological 

manifestations in the CNS tend to occur much later during the infection (Berche, 1995; 

Lopez et al., 1999; Prats et al., 1992). 

Bou Ghanem et al. established a foodborne model for listeriosis, in which adult mice 

were fed with Lm contaminated bread (Bou Ghanem et al., 2012). The authors 

frequently isolated bacteria from brain tissue of BALB/c and, to a lesser extent, also 

from brain tissue of C57BL/6 mice. However, the development of pathological 

manifestations, i.e. meningitis or meningoencephalitis, was not investigated. In 

addition, a clear drawback was the usage of a murinized InlA (InlAm) expressing Lm 

strain in this particular study. This transgene Lm strain was initially generated to 

overcome the species barrier of InlA/E-cadherin interaction, as InlA can bind to human 

but not to murine E-cadherin (Lecuit et al., 1999; Wollert et al., 2007). Nonetheless, a 

recent study revealed an unnatural and broadened receptor repertoire for InlAm 

compared to InlA, leading to artificial pathogenicity and enhanced innate immune 

responses, hence questioning the value of the InlAm transgenic strain (Tsai et al., 

2013).  

To the best of our knowledge, murine CNS infection with Lm has so far been 

consistently induced only upon parenteral injection in adult animals (Berche, 1995; 

Drevets et al., 2001; Lopez et al., 1999; Prats et al., 1992; Schluter et al., 1996). These 

studies evoked pathological changes in the CNS, i.e. meningitis or 

meningoencephalitis and provided insights into mechanisms of bacterial spread and 

the induced immune responses. These experiments have been conducted in healthy 

and adult mice. However, non-immunocompromised, adult humans are not considered 

to represent a high risk group for developing listeriosis (Bortolussi and Mailman, 2006; 

Disson and Lecuit, 2012; Lorber, 1997). Furthermore, parenteral application could 

potentially lead to an altered host response, since these methods circumvent bacterial 

penetration of the mucosal barriers, which may contribute significantly to microbial 

detection and the initiation of immune activation (Kagnoff, 2014; Maldonado-Contreras 

and McCormick, 2011). Thus, the currently established animal models do not reflect 

the natural infection in human neonates.  
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It is commonly accepted that in the in utero acquired Lm-induced EOD, the primary 

route of infection is either through direct penetration of the placental blood barrier 

followed by hematogenous dissemination or aspiration of contaminated amniotic fluid 

(Clauss and Lorber, 2008; Janakiraman, 2008; Lorber, 1997). Acquisition of LOD 

listeriosis, however, is thought to occur during parturition as a consequence of 

exposure to Lm as part of the maternal vaginal or enteric microbiota. Yet, the route of 

infection is still unknown (Clauss and Lorber, 2008; Janakiraman, 2008).  

In neonates suffering from EOD, Lm can be isolated from external ear, nose, throat or 

meconium, with highest concentrations in the lung and gut (Lorber, 1997). These 

findings raise the question as to which mucosal surfaces represent the primary port of 

entry in neonatal listeriosis. Studies in sheep, lambs and adult mice exposed to Lm-

containing aerosols showed that Lm is able to infect via the lung, causing systemic and 

CNS infections (Bracegirdle et al., 1994; Cordy and Osebold, 1959; Kautter et al., 

1963; Munder et al., 2005). Human neonates may aspirate Lm not only in utero in the 

context of an EOD, but also during parturition in context of a LOD leading to exposure 

of the respiratory mucosal surfaces.  

Munder and co-workers identified alveolar macrophages as important cell types 

involved in lung infection of Lm, which could potentially transport the bacteria to the 

bloodstream and further into the CNS tissue (Munder et al., 2005). In our intranasal 

model, we also observed high bacterial replication in liver and spleen tissue, 

suggesting that Lm may gain access to systemic organs also via the lung 

(Figure 3C-E). 

The concept of a “Trojan horse”-mediated bacterial spread is further supported by the 

observation that an intracellularly non-motile ActA-deficient Lm strain was detectable 

in liver and spleen tissue by three and five dpi (Figure 9D, E). Moreover, and in contrast 

to oral administration, nasal exposure lead to spread to CNS tissue as early as two dpi 

(Figure 1). In addition, we observed longer survival rates compared to i.g. infected mice 

(Figure 2). Whereas approx. 50–80% of the neonatal mice had to be euthanized within 

the first five dpi upon i.g. administration, 80% of the mice survived during the same 

period after i.n. application. Also, i.n. administration was accompanied by more 

consistent CNS infection and a significantly higher bacterial burden (Figure 1).  

Prolonged survival has been demonstrated to increase the possibility for the 

manifestation of neurological symptoms in mice, as already discussed above. Upon 
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histopathological examination, infected brains showed symptoms of meningitis and 

meningoencephalitis (Table 3, Figure 13).  

Surprisingly, these manifestations, as well as the accumulation of intracerebral 

bacteria, were most pronounced in the olfactory bulb. In contrast, parenteral 

administration of Lm evoked meningitis and meningoencephalitis involving the cerebral 

cortex, choroid plexus, ventricles or even the entire brain (Berche, 1995; Lopez et al., 

1999; Prats et al., 1992). The neurological manifestations in these studies were also 

accompanied by bacteremia, a condition only observed sporadically in our neonatal 

nasal exposure model (approx. 9% of all infected mice), and after the onset of 

neuropathological manifestations and the appearance of intracerebral bacteria 

(Figure 3, Table 3, Figure 13). Interestingly, LOD-meningitis is only rarely 

accompanied by bacteremia or septicemia, raising the question, whether 

hematogeneous spread represents the primary route of listerial CNS infection in 

human neonates (Bortolussi and Mailman, 2006). 

For Lm, several different mechanisms of CNS invasion have been demonstrated. 

Blood-borne bacteria may directly enter endothelial cells of the blood-brain and blood-

cerebrospinal fluid barrier and subsequently invade the CNS (reviewed in Disson and 

Lecuit, 2012; Drevets et al., 2004b) . Alternatively, Lm has also been shown to invade 

blood-circulating leukocytes, by which bacteria could be transported to the CNS 

(Drevets, 1999; Drevets et al., 2001). Both mechanisms are based on systemic spread 

with high bacterial replication in organs such as the liver and spleen, leading to 

bacteremia and subsequent CNS infection (Berche, 1995; Drevets, 1999; Drevets et 

al., 2001; Lopez et al., 1999).  

Here, we report a novel, non-hematogenous port of entry in neonatal C57BL/6 mice 

leading to CNS infection, whereby Lm is able to colonize the nasal cavity and invade 

the olfactory epithelium (Figure 3A, Figure 5C, D). Interestingly, we found submucosal 

bacteria exclusively within the olfactory but not in the respiratory epithelium within the 

nasal cavity, a phenotype similar to neurotropic herpes viruses. This can be explained 

by the fact that the herpes virus receptors nectin-1 and heparan sulfate are mainly 

expressed at the apical surface of the olfactory but not the respiratory epithelium (Milho 

et al., 2012; Shivkumar et al., 2013). In vitro studies using macrophage, endothelial 

and epithelial-like cell lines have demonstrated that heparan sulfate binding also 

promotes adhesion and uptake of Lm in an InlB- and ActA-dependent manner 

(Alvarez-Dominguez et al., 1997; Henry-Stanley et al., 2003; Jonquieres et al., 2001). 
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In our study, we observed significantly reduced CFU loads at one dpi in the nasal cavity 

after infection with ActA-deficient compared to WT Lm (Figure 9A). However, it 

currently remains unclear whether this phenotype is attributed to impaired adhesion or 

epithelial invasion, abrogated intracellular motility, reduced protection against 

autophagy or a combination of these effects associated with ActA functions (Brundage 

et al., 1993; Domann et al., 1992; Yoshikawa et al., 2009). To address in more detail. 

whether ActA is involved during invasion of the olfactory epithelium, future experiments 

we will have to investigate earlier time points, taking into consideration that 

intraepithelial bacteria were visualized already at twelve hpi and detected by culture at 

1 dpi (Figure 5E, Figure 9A). 

Similar to Lm ∆actA, mice infected with Lm ∆inlA∆inlB displayed a reduced bacterial 

burden in the nose by three dpi compared to the WT strain, but the differences were 

not statistically significant (Figure 12A). As with Lm ∆actA, it again has to be 

questioned how relevant late time points are in terms of addressing adhesion and 

internalization related virulence factors. Competitive infections experiments could 

provide a useful tool to determine in the future whether ActA and/or InlA/B provide any 

advantage in adhesion or invasion during colonization of the nasal cavity.  

The olfactory epithelium is located in the superior-posterior nasal cavity and mainly 

consists of olfactory sensory neurons, sustentacular cells and basal cells. 

Sustentacular cells are columnar epithelial cells that stretch from the nasal cavity to 

the lamina propria over the entire olfactory epithelium. Their surface is lined by various 

microvilli and a broad apical process that contains the nucleus, whereas the portion 

below the nucleus appears as a slim foot-like extension anchored at the basal 

membrane. The cell bodies of the bipolar olfactory sensory neurons are embedded 

between the sustentacular cells; the dendrites of these neurons protrude as bulbous 

knobs with numerous non-motile cilia into the airway lumen. Their axons emanate from 

their basal membrane and project through the lamina propria to form nerve bundles, 

which perforate the cribriform plate and from the outer nerve layer of the olfactory bulb. 

Along the basal lamina, resident basal cells serve as stem cells for tissue renewal 

(Harkema et al., 2006; Weiler and Farbman, 1998). Our TEM and immune histological 

observations indicate sustentacular cells and olfactory sensory neurons as target cells 

for Lm at the olfactory epithelium of neonatal C57BL/6 mice (Figure 5C, E, F; Appendix 

1). We found epithelial degradation, extensive inflammation and necrotic lesions 

ranging from the apical region of the olfactory epithelium to the cribriform plate as early 



Discussion 

 
76 

as at one dpi (Figure 6, Table 1). These results are comparable to effects observed 

after infection with Burkholderia pseudomallei and Neisseria meningitidis, two 

facultative intracellular pathogens that penetrate the nasal mucosa and exploit the 

olfactory nerves to gain access into the CNS. Nasal infection in mice with these 

bacteria leads to significant morphological changes and conspicuous degradation of 

the olfactory mucosa, beginning at the apical layer and progressing towards the 

basolateral site. In addition, B. pseudomallei is also able to enter the respiratory 

epithelium without causing any detectable tissue damage. Only destruction of the 

olfactory epithelium, however, was able to lead to CNS infection (Sjolinder and 

Jonsson, 2010; St John et al., 2014). 

Interestingly, immunostaining also revealed epithelial invasion of Lm in the absence of 

a loss of integrity of the olfactory epithelium. We were able to detect single bacteria 

deep within the olfactory mucosa and associated with axon bundles in the lamina 

propria without any gross morphological alterations of the surrounding tissue 

(Figure 5C, Appendix 4). A similar phenotype has been described after oral infection 

of mice expressing humanized E-cadherin (hECAD), indicating that epithelial entry and 

penetration through the intestinal epithelium is not necessarily associated with tissue 

damage or inflammation (Nikitas et al., 2011; Tsai et al., 2013). Surprisingly, Lm was 

able to rapidly translocate through intestinal epithelial cells from the apical to the 

basolateral side, irrespective of ActA-dependent intracellular motility, by exploiting the 

host endocytosis machinery. Instead, Lm-containing vesicles were transported across 

the enterocytes in a microtubule-dependent manner and basolaterally released by 

exocytosis (Nikitas et al., 2011). Our own findings indicate a comparable mechanism 

for penetration through the olfactory epithelium, as bacteria of an ActA-deficient strain 

were also to reach the lamina propria (Figure 11A, Appendix 5). This hypothesis is 

supported by the fact that mammalian sustentacular cells exert epithelial and glial 

support functions, thereby displaying endocytosis and phagocytosis of dead olfactory 

sensory neurons, raising the question, to what extent bacterial invasion is facilitated by 

Lm or the sustentacular cell itself(Bannister and Dodson, 1992; Suzuki et al., 1996). 

Comparable to sustentacular cells, olfactory sensory neurons also exhibit endocytotic 

activity and are able to perform retrograde vesicle transport (Bannister and Dodson, 

1992; Doving et al., 2011). This in turn raises the question which cell type is responsible 

for the epithelial translocation of Lm. As sustentacular cells and olfactory sensory 
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neurons span the entire olfactory epithelium, it is possible that Lm might travel in both 

cell types towards the basal membrane.  

Transcytosis across the olfactory epithelium appears to be distinct from the 

transcytoses across the intestinal epithelium. Whereas translocation through 

enterocytes can be both ActA- and LLO-independent (Nikitas et al., 2011), 

translocation through the olfactory epithelium is strictly relying on LLO. We could not 

detect Lm ∆hly in any other organ than the nose and herein exclusively at the apical 

site of the olfactory epithelium and only at one dpi, causing neither tissue damage nor 

inducing any microscopically detectable inflammatory responses (Figure 11C–E). 

Accordingly, we detected intraepithelial Lm ∆hly only in approx. 27% (2/6) of the mice, 

hampering qualitative and quantitative analyses. Similar to the analysis of invasion 

related virulence factors, earlier time points would have to be investigated in the future 

to characterize this phenotype in more detail. It remains unclear why Lm does not 

require ActA for tissue invasion, but strictly relies on LLO to spread within the olfactory 

mucosa.  

It is conceivable that Lm may be engulfed in an endocytic-like vacuole, which is 

transcytosed through the sustentacular cell or olfactory sensory neuron towards the 

basolateral site in an ActA-independent manner. To compare listerial transversal 

mechanisms in enterocytes and sustentacular cells or olfactory sensory neurons, an 

intervention into the microtubule network e.g. by administration of nocodazole or 

cholchicine may provide additional information. However, such interventions are 

difficult to perform in vivo. One possibility to overcome this limitation would be to use 

ex vivo tissue cultures of the olfactory epithelium. Thin tissue sections retain the 

architectural composition and functional capacities of the olfactory epithelium and 

provide an in vitro method to perform e.g. infections or chemical treatments under 

conditions similar to the in vivo situation (Hegg et al., 2009). Additionally, staining of 

fluid-phase endosomes, e.g. by administering FITC-dextran simultaneous with the 

infection, could help to characterize the cellular compartment harboring Lm (Cao et al., 

2007). After reaching the basal membranes in sustentacular cells or olfactory sensory 

neurons, LLO might then be needed for vacuolar escape. 

Another explanation could be that during translocation towards the basolateral site, the 

vacuole in sustentacular cells or olfactory sensory neurons needs to be lysed by LLO, 

in contrast to vacuoles in enterocytes. Cytosolic bacteria may then invade adjacent 

sustentacular cells or olfactory sensory neurons via cell-to-cell spread. In vitro studies 
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using primary murine macrophages and human epithelial cell lines have demonstrated 

that cell-to-cell spread is strongly dependent on the Lm’ phospholipases PI-PLC and 

PC-PLC for lysis of the secondary vacuoles (Alberti-Segui et al., 2007; Grundling et 

al., 2003). Impaired dissemination within the olfactory epithelium upon infection with 

strains lacking these virulence factors, would indicate a Listeria-driven mechanism of 

intercellular spread. 

Infections of primary neurons with Lm have been shown to be deleterious due to the 

lytic properties of LLO (Dramsi et al., 1998; Schluter et al., 1999). Neuronal damage 

caused by Lm within the olfactory epithelium could subsequently attract immune cells 

such as macrophages, which capture the bacteria and transport them to deeper tissues 

in a “Trojan horse”-dependent fashion. Lm may replicate within immune cells and could 

therefore spread independent of ActA (Brundage et al., 1993; Drevets, 1999). This 

hypothesis is supported by our immunohistochemical and histopathological findings. 

Both Lm WT and ∆actA were frequently associated with leukocytes within the nasal 

mucosal tissue (Appendix 4) and evoked significant inflammation, commencing from 

the olfactory epithelium to the lamina propria.  

Interestingly, in vitro and in vivo studies have demonstrated that invasion of murine 

neurons is significantly more effective when Lm enters indirectly by cell-to-cell spread 

from neighboring macrophages (Dramsi et al., 1998; Jin et al., 2002). However, it 

remains uncertain to which extent the observed tissue damage is driven by Lm or the 

host immune response. To address both questions, infection of CCR2-/- mice that are 

impaired in the recruitment of inflammatory monocytes or antibody-mediated depletion 

of neutrophils could be useful approaches (Shi et al., 2011). This would provide 

information about a potential leukocyte-mediated bacterial tissue spread and damage. 

Furthermore, if Lm initially disseminates irrespective of cell-to-cell spread from 

sustentacular cells into olfactory sensory neurons or vice versa, additional 

immunostaining for a pan-leukocyte marker could provide helpful insights. In such a 

scenario, leukocytes would be expected to reside in close proximity to sustentacular 

cells before neuronal damage and invasion of axons or axon bundles should be 

detected.  

Alternatively, the entire infection process involving invasion, dissemination, tissue 

destruction and spread into the CNS might be attributed to different bacterial 

populations, each displaying individual phenotypes. As mentioned above, a small 

population of invasive Lm was detected situated deep within the olfactory mucosal 
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tissue and associated with axon bundles but without obvious signs of significant tissue 

damage. It is possible that some bacteria may enter the dendritic knobs of olfactory 

sensory neurons, escape the endosomal vacuole within the cell body and from there, 

actively migrate through the basolateral axons into the CNS. Our own results show 

migration of Lm through the cribriform plate in close proximity to axonbundles. This 

process appears to be mediated by actin polymerization, as Lm ∆actA was neither 

detectable in nerve fiber bundles nor in the CNS (Figure 8, Figure 9, Figure 11). This 

hypothesis is supported by of Henke et al., who showed actin tail formation within 

axons of naturally infected ruminants using electron microscopy (Henke et al., 2015).  

Another study by Drevets and colleagues showed that phagocyte-mediated transport 

of Lm can be independent of ActA (Drevets et al., 2004a). These data further support 

that in our nasal model, ActA is a key player for intracellular migration of Lm into CNS 

tissue of neonatal mice via the olfactory route. 

Other populations of Lm following invasion of olfactory epithelial cells (olfactory 

sensory neurons or sustentacular cells) could spread to adjacent cells. This might 

cause LLO-mediated cell damage followed by the attraction of immune cells, leading 

to inflammation and necrotic lesions via local replication in the olfactory epithelium. At 

this moment, it remains speculative whether damage to olfactory sensory neurons 

and/or sustentacular cells represent the initiation point for the inflammatory response. 

Lm was shown to reside in both cell types before lesions became apparent and thus 

spread from both cell types in an ActA-dependent or -independent manner might have 

occurred. Additional immunohistological analyses, including a specific staining for 

sustentacular cells and immune cells could reveal more information.  

Invasion of Lm into the CNS induced a potent local immune responses in the brain. 

Using flow cytometric analysis, we identified four major immune cell subsets according 

to the expression pattern of the surface molecules CD45, CD11b, Ly6C and CX3CR1. 

Initial gating subdivided these subsets into cells only expressing CD45 and those 

expressing also CD11b. CD45+CD11b- represent (immature) lymphocytes such as T-

cells and NK-cells (Chiossone et al., 2009; Zhou et al., 2016), cell types which have 

both been implicated in mediating innate and adaptive immune defenses against Lm 

infection (Kang et al., 2008; Kwok et al., 2002; Lara-Tejero and Pamer, 2004; Schluter 

et al., 1999). A small but significant increase of this cell subset was detected at five dpi 

(Figure 17A, D), indicating a likely involvement of these cells in the cerebral immune 

responses in neonatal C57BL/6 mice. 
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The majority of immune cells in the CNS tissue belonged to the myeloid linage, defined 

by the expression of both CD45 and CD11b (Figure 17). To further subdivide the 

myeloid subsets, we included CX3CR1 and Ly6C (Table 4, Figure 18, Figure 19). To 

the best our knowledge, a similarly detailed characterization of the cerebral immune 

response has never been performed in neonatal mice. We were particularly interested 

in the microglial and monocytic responses. Monocytic responses have been shown to 

be a critical feature of the systemic host response to Lm in adult mice (Serbina et al., 

2012; Shi et al., 2011). Also, in vitro studies have demonstrated that primary microglial 

cells, cultured from newborn mice, exhibit strong phagocytic properties and secrete 

e.g. TNFα, CXCL2 and CCL2 upon infection (Frande-Cabanes et al., 2014; Remuzgo-

Martinez et al., 2013). In our neonatal mouse model we observed a significant mRNA 

upregulation of these cytokines in brain tissue of infected mice. This phenotype might 

therefore be attributed to microglial cells as well (Figure 15). 

In the healthy brain, the microglial pool maintains itself and displays a predominantly 

homeostatic function. Microglial cells monitor neuronal activity, support reshaping of 

neuronal connections and scan the environment for pathological alterations or potential 

danger signals (Masuda and Prinz, 2016). The number of 

CD45lo/intCD11b+CX3CR1+Ly6C- microglial cells did not exhibit any significant 

quantitative alteration in infected versus PBS treated control animals (Figure 17B). Yet, 

the number of microglial cells increases dramatically during the postnatal period 

approx. until day 15 (Harry and Kraft, 2012; Kim et al., 2015; Prinz and Priller, 2014). 

In addition to this physiological increase in the number of microglial cells, the neonatal 

mouse might not be able to mount any additional cellular expansion of this cell 

population when infected with Lm. Nevertheless, CD45lo/intCD11b+CX3CR1+Ly6C- 

microglial cells constitute by far the largest immune cell fraction in the CNS (Figure 17). 

However, their functional impact remains purely speculative at the moment. Also, it is 

unclear to which extent the CD45lo/intCD11b+CX3CR1+Ly6C- microglial cells display an 

expanding and/or surveilling phenotype and to which extent a fraction of these cells 

might be activated. With the CD marker combinations used in this study, the activation 

status of microglial cells relies solely on an elevated expression levels of CD45 and 

CD11b (Table 4). Indeed, we detected CD45hiCD11bhiCX3CR1+Ly6C- cells. These 

could therefore represent highly activated microglial cells. On the other hand, these 

cells might represent blood-borne anti-inflammatory monocytes (Ly6Clo) and/or Ly6Clo 

monocyte-derived M2-like macrophages, as these cell types express the same CD 
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marker pattern (Table 4). Ly6Clo monocytes and their progeny are major producers of 

anti-inflammatory cytokines and promote tissue repair (Auffray et al., 2007; Yang et al., 

2014). Recruitment of Ly6Clo monocytes would be reasonable, considering the necrotic 

lesions observed at three and five dpi (Table 3). Ly6Clo monocytes most likely work in 

concert with the microglia, which can switch its activation state from a M1-like 

inflammatory to a M2-like neuroprotective phenotype (Pierre et al., 2017). To reveal 

the precise composition of the CD45hiCD11bhiCX3CR1+Ly6C- subset, additional 

markers like CD11c, which is expressed by M2-like microglial cells, would provide a 

useful tool in future analyses (Butovsky et al., 2014; Wlodarczyk et al., 2014).  

The fourth major identified cell population exhibits a CD45hiCD11bhiCX3CR1-Ly6C+ 

phenotype, representing inflammatory (Ly6Chi) monocytes and their progeny M1-like 

macrophages (Table 4). As mentioned above, Ly6Chi monocytes are known to be 

critical components of the anti-listerial host defense in adult mice (Shi et al., 2011). The 

increase in the number of Ly6Chi monocytes was supported by the prominent mRNA 

expression of the Ly6Chi-attracting chemokines Ccl2 and Ccl7 (Figure 15C, D). Both, 

CCL2 and CCL7 were shown to be critical for clearance of systemic Lm infection in 

adult mice (Jia et al., 2008). Nevertheless, the CD45hiCD11bhiCX3CR1-Ly6C+ 

population could also contain TipDCs, a subset progeny of Ly6Chi monocytes. These 

cells were shown to produce TNFα and iNOS upon infection with Lm and prime naïve 

alloreactive T-cells, thereby supporting a T-cell-mediated long term resistance 

(Serbina et al., 2003). It is unknown, whether TipDCs are exclusively generated in adult 

mice and recruited to the site of systemic infection or whether they might also 

contribute to the CNS defense in neonate animals. Additional staining for TNFα and 

iNOS might shed more light on this aspect. Although M1-like microglial cells may 

exhibit a similar phenotype, they can be excluded by the absence of high Ly6C and 

CCR2 expression (Table 4). To elucidate the Ly6Chi-mediated immune response, the 

analysis of a CCR2 knockout mouse might represent a suitable approach. The strong 

upregulation of both Ccl2 and Ccl7 mRNA expression indicates that the Ly6Chi 

monocyte influx could be mediated by their binding partner CCR2 (Jia et al., 2008). 

Interestingly, we observed infiltrating CD45+ cells and tissue inflammation at an early 

stage of the infection mainly at the outer parts of the brain tissue and most pronounced 

in the olfactory bulb (Figure 13B; Figure 14B, D; Appendix 2). These findings indicate 

that at least by three dpi, the vast majority CD45+/CD45hi cells identified by flow 

cytometric analysis are not distributed evenly over the entire brain tissue but instead 
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are restricted to the meninges and the site of listerial entry. This indicates also that the 

significant increase of the CD45hiCD11bhi cell population at this time point is mainly 

attributed to immune cells in the meninges and olfactory bulb (Figure 17C). In future 

experiments a systematic analysis of the different regions of the brain of neonatal mice 

in respect to bacterial spread and immune cell infiltration would be interesting. 

Thus, the precise cell composition within the infected brain tissue and the functional 

role of individual cells types remains enigmatic, despite our detailed flow cytometric 

analysis. We observed a significant increase in the CD45hiCD11bhi cell population but 

many myeloid cell types share overlapping surface marker and cytokine profiles 

(Benakis et al., 2015; David and Kroner, 2011; Michelucci et al., 2009; Tay et al., 2016). 

Moreover, these cells do not remain in a steady state throughout an infection, but 

adjust their phenotype in respect to local tissue conditions. For example, inflammatory 

Ly6Chi monocytes were shown to downregulate Ly6C and acquire M2-like anti-

inflammatory properties (Arnold et al., 2007; Saederup et al., 2010). 

 Also, not only classical immune cells, but also neurons and astrocytes are known to 

contribute to the antimicrobial host defenses, e.g., by the production of 

proinflammatory or monocyte-attracting cytokines (Benakis et al., 2015), a feature 

which needs to be addressed in future experiments. 

The CD45hiCD11bhiCX3CR1-Ly6C+ cell population could also compose, in part, of 

neutrophils. Although to a lesser extent, neutrophils may express medium levels of 

Ly6C (Rumble et al., 2015). This notion is further supported, as we observed a strong 

mRNA induction of the neutrophil-attracting chemokine Cxcl2 (Figure 15B) and among 

others, an infiltration of polymorphonuclear cells in mice exhibiting 

meningoencephalitis at 5 dpi (Figure 13D). Further flowcytometric analyses using 

antibodies directed against the surface marker Ly6G, would provide more detailed 

information to which extent these cells contribute in immune responses in brain tissue 

of Lm-infected newborn mice.  

Taken together, we successfully established the first murine infection model for 

neonatal neurolisteriosis and identified a new port of entry. We showed that Lm is able 

to invade and penetrate the olfactory epithelium and hijack olfactory nerves to reach 

the CNS tissue through the cribriform plate. The cytotoxin listeriolysion O (LLO) 

exhibited a pivotal role during the course of infection. Intraepithelial bacteria could be 

detected, but LLO-deficient Lm failed to penetrate the olfactory mucosa and did neither 

induce barrier disruption, nor were detectable in CNS tissue. In contrast, ActA mutant 
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bacteria were able to transmigrate the olfactory epithelium and reached the lamina 

propria, although to a lesser extent than wildtype bacteria. The absence of Lm ∆actA 

in CNS tissue favors the hypothesis that ActA-mediated translocation resembles the 

primary mechanism for Lm to reach the CNS since transport in migratory phagocytes 

would not require functional ActA. Once inside the brain, wildtype Listeria induced the 

infiltration of various immune cells. Flow cytometric and immune-histochemical 

analyses revealed the recruitment of CD45+CD11b+ microglia/macrophages and a 

significant increase of infiltrating Ly6C+ monocytes/macrophages and neutrophils 

concomitant with bacterial tissue infiltration. Consistently, mRNA for key immune cell-

recruiting cytokines such as Tnfα, Cxcl2, Ccl2, and Ccl7, were highly upregulated. The 

possibility to analyze neonatal CNS infection by Lm following the natural route of 

infection is critical for a better understanding of the onset and progression of the 

disease. Our in vivo model reflects the pathogenesis of neonatal Listeria infections and 

might help to discover improved preventive and therapeutic measures to lower the 

clinical burden of neonatal cerebral listeriosis in the future. 
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6 Appendix 

 
Appendix 1: L. monocytogenes co-localizes with olfactory sensory neurons.  
Immunostaining of olfactory sensory neurons and Lm after i.n. infection of 1-day-old with 1 x 107 CFU Lm. Lm (red), 
neuronal marker β-tubulin III (green) and DNA (blue). (A) Surpass view of a Z-stack image of the olfactory epithelium 
at 1 dpi showing Lm in the olfactory epithelium and associated with neuronal cellular structures. (B and C) Slice 
view plane Z1 of the initially acquired Z-stack image, with and without the red channel. (D & E) Zoom views of (B) 
and (C); white arrows indicate bacteria associated with neuronal cellular structures. The pictures are representative 
of 2 litters. 
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Appendix 2: Accumulation of CD45+ cells in the neonatal brain after intranasal infection with L. 
monocytogenes  
1-day-old mice were either infected i.n. with 1 x 105 CFU Lm exposed to sterile PBS. Tissue sections were stained 
for the leukocyte marker CD45 (red) and DNA (DAPI, blue). Sagittal overview of entire brain-tissue of an age-
matched control mouse (A) and after i.n. infection at 3 dpi (B). White arrows mark accumulation of CD45+ cells. The 
pictures are representative of 5 litters. 
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Appendix 3: Recruitment of inflammatory cells to sites of L. monocytogenes in olfactory bulbs of neonatal 
mice. 
1-day-old C57BL/6 were inoculated intranasally with 1 x 105 CFU Lm. (A-C) Mice were sacrificed at 3 dpi and 
olfactory bulbs were processed for immunostaining. Lm (red), leukocytes (CD45, red), myeloid cells (CD11b, white) 
and DNA (DAPI, blue). The pictures are representative of 5 litters. 
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Appendix 4: L. monocytogenes WT and ∆actA co-localize with leukocytes in the nasal mucosa 
Immunostaining of the olfactory mucosal tissue after i.n. infection of 1-day-old mice with 1 x 104 CFU Lm WT, an 
isogenic ActA deficient (∆actA) Lm strain or age-matched control animals. Nasal cavity (NC), olfactory epithelium 
(OE), lamina propria (LP) and Cartilage (Ct). Sections were stained for Lm (brown) and counter-stained with 
hematoxylin (A and B) Sagittal view of olfactory mucosal tissue of an 5 day-old control animal. (B) Enlarged view 
of (A). (C and D) Exemplary sagittal view of the olfactory mucosal tissue at 5 dpi infected with Lm WT. (D) Enlarged 
view of (C). (E and F) Sagittal view of the olfactory mucosal tissue at 5 dpi infected with Lm ∆actA. (E) Enlarged 
view of (F). Leukocyte associated bacteria are marked with black arrows. The pictures are representative of 2 litters. 
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Appendix 5: Dissemination of L. monocytogenes ∆actA within the olfactory mucosa  
Immunostaining of the olfactory system after i.n. infection of 1-day-old mice with 1 x 107 CFU Lm ∆actA. For IHC, 
sections were stained for Lm (red), the neuronal marker β-tubulin III (green), the tight junction marker and DNA 
(blue). Shown is Lm ∆actA in the OE and LP (white arrows) at 1 dpi. The picture is representative of 2 litters. 
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