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Abbreviations 

12N    Hypoglossal nucleus 

AD    Alzheimer’s disease 

AI    Agranular insular cortex 

Amb    Ambiguus nucleus 

aMCI    Amnestic mild cognitive impairment 

BoHV-1   Bovid alpha Herpes Virus 1 

CCL      C-C chemokine motif ligand  

CN    Cranial nerve 

CNS    Central nervous system 

CSF    Cerebrospinal fluid 

CXCL    C-X-C chemokine motif ligand 

dpi    Days post infection 

dpt    Days post treatment 

DRG    Dorsal root ganglion 

FR    Reticular formation  

Hpc    Hippocampus  

HSE    Herpes simplex encephalitis 

HSV-1      Herpes Simplex Virus 1 

IFN    Interferon 

LAT     Latency associated transcript 

LEnt    Lateral entorhinal cortex 

M1     Primary motor cortex 

Me5    Mesencephalic trigeminal nucleus 

miRNA   MicroRNA 

MO    Medial orbital cortex 

MTL     Mesiotemporal lobe 
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OB    Olfactory bulb 

OE     Olfactory epithelium 

Pir    Piriform cortex 

Pr5    Principal sensory nucleus 

PrV     Pseudorabies  

PrV-Ka   PrV- Kaplan 

RNA-ISH   RNA in situ hybridization 

S1    Primary somatosensory cortex  

SCG    Superior cervical ganglion 

Sol    Nucleus of the solitary tract 

Sp5    Spinal trigeminal nucleus 

TG    Trigeminal ganglion 

UL    Unique long 

US    Unique short 

V1    Primary visual cortex 

V2    Secondary visual cortex 

VMO    Vomeronasalorgan 

VPM    Ventral posteromedial nucleus 

VZV    Varicella Zoster Virus 
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1 Initial remarks and objectives 

Alphaherpesviruses such as Herpes Simplex Virus 1 (HSV-1) and Pseudorabies Virus 

(PrV) are neurotropic, double-stranded DNA viruses capable of causing severe 

neurological disease in their natural and incidental  hosts (Mettenleiter et al., 2019; 

Stahl and Mailles, 2019). Following productive infection of the oral or nasal mucosa, 

virions enter peripheral sensory neurons – most notably via nectin-1  (Spear et al., 

2000; Mettenleiter, 2003) – and undergo retrograde axonal transport  to peripheral and 

autonomic ganglia, particularly the trigeminal ganglion (TG). There, the virus either 

establishes lifelong latency or continues to spread to higher-order brain regions (Hill et 

al., 1975; Hill et al., 2001; Smith, 2012; Koyuncu et al., 2018; Duarte et al., 2019). 

Productive infection proceeds through the canonical immediate-early, early, and late 

transcriptional cascade (Ben-Porat and Kaplan, 1985; Pomeranz et al., 2005) whereas 

latency is defined by the persistence of the viral genome in an episomal form, with 

transcription largely restricted to latency-associated transcripts (LATs) (Pomeranz et 

al., 2005; Mahjoub et al., 2015; Phelan et al., 2017) and microRNAs (miRNAs) that 

suppress  apoptosis and reactivation (Perng et al., 2000; Gupta et al., 2006; Umbach 

et al., 2008; Shen et al., 2009). The balance between latency and reactivation is 

governed by viral–host interactions within neurons and by immune surveillance (Divito 

et al., 2006). 

Physiological or environmental stressors can tip this balance leading to renewed viral 

replication and spread anterogradely to peripheral sites or  retrogradely into the central 

nervous system (CNS) (Harrison and Jones, 2022).  

Two principal neuronal routes have been implicated in CNS invasion:   

1) the trigeminal pathway connecting peripheral ganglia with brainstem nuclei and 

thalamocortical targets (Arbuthnot et al., 1990; Ezure et al., 2001; Held and Derfuss, 

2011), and  

2) the olfactory pathway, whereby virions detected in the olfactory epithelium (OE) can 

reach mesiotemporal areas via the olfactory bulb (OB) (Twomey et al., 1979; Esiri, 

1982; Shivkumar et al., 2013; Barrios et al., 2014; Verpoest et al., 2017; Menendez 

and Carr, 2017b; Niemeyer et al., 2024).  
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Despite extensive research, the relative contribution, timing, and anatomical specificity 

of these routes remain incompletely resolved. 

Once in the brain, alphaherpesviruses elicit robust inflammatory responses. PrV, a 

close relative of HSV-1, induces fatal encephalitis and severe pruritus in a broad range 

of non-suid species (Mettenleiter, 2000). HSV-1 is the leading cause of sporadic 

Herpes Simplex Encephalitis (HSE) in humans, a life-threatening disease with a 

marked tropism for mesiotemporal and frontal brain regions (Bradshaw and 

Venkatesan, 2016; Stahl and Mailles, 2019). 

The mechanisms underlying this selective vulnerability are  poorly understood and may 

involve  differential receptor expression, regional neuroimmune milieus, and systems-

level connectivity (Damasio and van Hoesen, 1985; Boggian et al., 2000; Tyler, 2004; 

Lathe and Haas, 2017; Masuda et al., 2019; Verzosa et al., 2021).  

To address these gaps, we employed an attenuated PrV strain — PrV-ΔUL21/US3Δkin 

— which lacks the tegument protein pUL21 and expresses a kinase-inactive pUS3. In 

female CD1 mice intranasal infection with this mutant causes non-lethal 

lymphohistiocytic meningoencephalitis in the frontal and mesiotemporal lobes (MTL), 

recapitulating clinical, anatomical, and histopathological features of human HSE (Sehl 

et al., 2020). Prior work indicates a multiphasic disease course with persistent 

neuroinflammation and late clinical exacerbations, raising the possibility of viral 

persistence and/or intermittent reactivation within the CNS (Sehl-Ewert et al., 2022).  
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Objectives 

This thesis aims to identify and characterize the major determinants of 

alphaherpesviral neuroinvasion and persistence in the CNS by combining 

complementary in vitro and in vivo investigations in the PrV-ΔUL21/US3Δkin mouse 

model. 

1. Regional susceptibility: Determine whether distinct CNS regions and neuronal 

populations exhibit differential susceptibility to PrV infection. 

2. Early entry routes: Define the earliest replication sites and anatomical pathways 

mediating neuroinvasion after intranasal inoculation, with a focus on olfactory, 

trigeminal, and additional cranial nerve routes. 

3. Long-term infection dynamics: Assess whether prolonged infection entails viral 

persistence and/or reactivation and characterize associated chronic 

inflammatory changes. 

Approach 

▪ In vitro susceptibility assays using primary neurons derived from cerebral and     

cerebellar regions to profile region- and cell type–specific specificity (paper I). 

▪ Stereotactic intracranial inoculations into the temporal lobe and cerebellum to 

analyze regional vulnerability and dissemination; receptor-level analyses 

emphasizing nectin-1 by immunofluorescence (paper I). 
▪ Time-resolved mapping of early CNS entry routes after intranasal inoculation 

using immunofluorescence and RNA in situ hybridization (RNA-ISH) to track 

olfactory, trigeminal, and additional cranial nerve pathways (paper II). 
▪ Long-term study up to 105 days post infection (dpi) integrating RNA-ISH, RT-

qPCR, and histopathology to evaluate viral transcripts, immune cell infiltration, 

and lesion development (paper III). 

By integrating molecular, anatomical, and histopathological readouts, we validate PrV-

ΔUL21/US3Δkin as a robust experimental platform and delineate critical mechanisms 

of alphaherpesviral neuroinvasion and persistence in the murine CNS.  
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2 Introduction 

 

2.1 The central nervous system 

 
The nervous system is divided into two major components: the peripheral nervous 

system (PNS), which consists of peripheral nerves and ganglia, and the CNS, which 

comprises the brain and spinal cord. 

 

2.1.1 Cells of the CNS 

Neural tissue is composed of two principal cell types: neurons, which generate and 

transmit electrical impulses, and glial cells, which provide structural, metabolic, and 

immunological support (Fig. 1).  
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Fig. 1 Cellular composition of the CNS. Schematic representation of major CNS cell 
types, including ependymal cells lining the ventricular system, neurons with myelinated 
axons ensheathed by oligodendrocytes, astrocytes forming the blood-brain barrier at 
vascular interfaces, and microglia serving as resident immune cells. Created with 
BioRender.com. 

Among the neuroglia of the CNS, ependymal cells line the ventricular system and 

contribute to the production and circulation of cerebrospinal fluid (CSF) through their 

ciliated apical surfaces (Deng et al., 2023). Astrocytes play a key role in maintaining 

ionic homeostasis, regulating neurotransmitter uptake, and forming the blood-brain 

barrier, thereby supporting neuronal function and synaptic transmission (Cabezas et 

al., 2014). Microglia serve as the resident immune cells of the CNS, engaging in 

phagocytosis, antigen presentation, and mediating inflammatory responses during 

injury or disease (Colonna and Butovsky, 2017; Qin et al., 2023). Oligodendrocytes 

are responsible for myelinating axons within the CNS, thereby increasing the speed 

and efficiency of action potential conduction (Simons and Nave, 2015). 

Neurons consist of a cell body (soma) containing the nucleus, an axon, and proximal 

and distal dendrites. The axon is specialized for impulse conduction and differs from 

the soma and dendrites by lacking rough endoplasmic reticulum and ribosomes 

(Raine, 1999). Neurons are morphologically classified based on the number and 

arrangement of their processes (Fig. 2). Multipolar neurons, the most prevalent type in 

the CNS, possess a single axon and multiple dendrites that branch extensively near 

the soma, allowing complex synaptic integration and motor output (Rolls and Jegla, 

2015). Bipolar neurons have one axon and one dendrite emerging from opposite poles 

of the soma and are typically found in specialized sensory systems, such as the retina 

and olfactory epithelium (Remington, 2012; Brozzetti et al., 2020). Pseudounipolar 

neurons, which originate as bipolar during development, exhibit a single process that 

bifurcates into peripheral and central branches and are primarily located in peripheral 

sensory ganglia, where they mediate signal transmission from the periphery to the CNS 

(Fitzgerald, 2005). 
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Fig. 2 Structural classification of neurons. Schematic illustration depicting three 
principal neuronal types based on morphological characteristics: (i) multipolar neurons, 
characterized by multiple dendrites and a single axon; (ii) bipolar neurons, with one 
dendrite and one axon emerging from opposite poles of the soma; and (iii) 
pseudounipolar neurons, exhibiting a single process that bifurcates into peripheral and 
central branches. Created with BioRender.com.  

Functionally, neurons are generally classified into three main types: sensory neurons, 

motor neurons, and interneurons. Sensory neurons transmit signals from peripheral 

receptors toward the CNS (afferent pathway). Motor neurons convey signals from the 

CNS to effectors such as muscles or glands (efferent pathway). Interneurons, located 

entirely within the CNS, mediate communication between sensory and motor neurons 

and are essential for reflexes and higher-order processing (Sunderland, 2001). 

2.1.2 Structural and functional organization  

The CNS is organized into gray and white matter. Gray matter consists primarily of 

neuronal cell bodies, dendrites, and unmyelinated axons, forming the cortical surface 

and deep nuclei of the brain. In contrast, white matter is composed predominantly of 

myelinated axonal tracts and lies beneath the cortex. In the spinal cord, this 

arrangement is reversed, with gray matter occupying the central region and white 

matter surrounding it (Liebich, 2010).  
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Structurally, the brain is hierarchically organized into the hindbrain, midbrain, and 

forebrain (Wurst and Bally-Cuif, 2001) (Fig. 3A).  

 

Fig. 3 Anatomical and functional organization of the murine brain. A) The CNS is 
subdivided into three primary regions: the forebrain, midbrain, and hindbrain. These 
correspond to the major developmental subdivisions — the telencephalon (1) and 
diencephalon (2) forming the forebrain; the mesencephalon (3) constituting the 
midbrain; and the metencephalon (4) and myelencephalon (5) comprising the 
hindbrain. The spinal cord (6) represents the caudal continuation of the CNS. B) 
Telencephalic subdivisions, comprising olfactory bulb (I), frontal (II), parietal-temporal 
(III), and occipital (IV) regions. C) Ventricular system composed of cerebrospinal fluid-
filled cavities. D) Limbic system architecture, highlighting key structures involved in 
emotion and memory processing, including the cingulate gyrus, corpus callosum, 
fornix, hypothalamus, anterior thalamic nuclei, mammillary bodies, amygdala, 
parahippocampal gyrus, and hippocampus. Created with BioRender.com 

The hindbrain, comprising the myelencephalon and metencephalon, represents an 

evolutionarily conserved region fundamental for autonomic regulation, sensorimotor 

integration, and basic survival functions (Horn-Bochtler and Büttner-Ennever, 2011). 

The myelencephalon includes the medulla oblongata, which transitions caudally into 

the spinal cord, forming a continuous axis for neural transmission (Johns, 2014). This 
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region governs vital autonomic processes such as respiration and cardiovascular 

control (Diek et al., 2022).  

The metencephalon comprises the pons and cerebellum. The pons serves as a relay 

between the cerebrum and cerebellum and contains parts of the reticular formation 

(FR), which plays a crucial role in autonomic control, including cardiovascular and 

respiratory regulation (Traurig, 2008). The cerebellum is critical for motor coordination, 

balance, and procedural learning (Narayanan and Thirumalai, 2019).  

The midbrain (mesencephalon), contains the periaqueductal gray, ventral tegmental 

area, substantia nigra, parts of the FR, and the cerebral peduncles (Moreno-Bravo et 

al., 2012). These structures are involved in pain modulation, reward processing, and 

voluntary motor control (Gebhart and Schmidt, 2013). 

Together, these three subdivisions form the brainstem, a central hub for integrative 

neural pathways and cranial nerve activity. The brainstem houses distinct cranial nerve 

(CN) nuclei responsible for a wide range of sensory and motor functions (Johns, 2014). 

These nuclei are distributed as follows: medulla oblongata (CN IX, X, XII), pons (CN 

V, VI, VII, VIII) and midbrain (CN III, IV) (Feldman et al., 2021).  

Above the brainstem lies the forebrain, subdivided into the diencephalon and 

telencephalon. The diencephalon includes the thalamus, hypothalamus, and 

epithalamus (Puelles, 2019). The thalamus functions as an integration center for 

sensory and motor signals to the cerebral cortex (Fama and Sullivan, 2015), while the 

hypothalamus regulates endocrine and autonomic processes essential for 

homeostasis (Sawchenko and Swanson, 1981). The epithalamus, which includes the 

pineal gland, contributes to circadian rhythm regulation (Begemann et al., 2025). 

The telencephalon represents the most evolutionarily advanced region of the brain and 

encompasses the cerebral cortex and subcortical structures such as the caudate 

nucleus, putamen and septal nuclei (Briscoe and Ragsdale, 2019). The cerebral cortex 

is anatomically divided into four lobes — frontal, parietal, temporal, and occipital — 

named according to the overlying cranial bones (Bruner et al., 2015) (Fig. 3B). Each 

lobe contains specialized subregions responsible for distinct motor, sensory, and 

cognitive functions. 
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The frontal lobe includes the primary motor cortex (M1), which initiates voluntary 

movement, and the secondary motor cortex, a broader functional region involved in 

motor planning, coordination, and integration of sensory input into motor output 

(Ohbayashi, 2021; Yoshida et al., 2025). The prefrontal cortex, encompassing the 

prelimbic, infralimbic, and orbitofrontal cortices (Mathiasen et al., 2023), plays a central 

role in executive functions, decision-making, and social behavior (Funahashi, 2017). 

The parietal lobe houses the primary somatosensory cortex (S1), which processes 

tactile, proprioceptive, and nociceptive input (Borich et al., 2015). Posterior to S1 lies 

the secondary somatosensory cortex, which integrates bilateral sensory information 

and contributes to higher-order somatosensory perception, such as object recognition 

through touch and texture discrimination (Taub et al., 2024). 

The temporal lobe contains the primary auditory cortex, responsible for processing 

acoustic input. Surrounding this area, the secondary auditory cortex contributes to the 

interpretation of complex sounds by integrating basic auditory features with memory 

and other sensory inputs (Angeloni and Geffen, 2018; Moerel et al., 2019). Deep within 

the temporal lobe lies the mesiotemporal region, which includes the hippocampus 

(Hpc), amygdala, subiculum, perirhinal and entorhinal cortices—structures essential 

for memory, spatial navigation, and emotional regulation (Squire and Zola-Morgan, 

1991; Eichenbaum, 2000).  

The occipital lobe is primarily dedicated to visual processing. It contains the primary 

visual cortex (V1), which receives input from the retina and encodes orientation, 

contrast, and motion. The secondary visual cortex (V2), adjacent to V1 contributes to 

higher-order visual functions including object recognition, color perception, and motion 

tracking (Uysal, 2023). 

In addition to the classical lobes, the insular cortex — often referred to as the insular 

lobe — is a distinct cortical region located deep between the frontal and temporal 

cortex. The insula is involved in multimodal sensory integration, interoceptive 

awareness, emotional processing, and autonomic regulation (Evrard, 2019). 
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somatosensory input; diencephalic structures include the hypothalamus, anterior 

thalamic nuclei, and habenular commissure; and telencephalic regions encompass 

cortical and subcortical areas such as the OB, Hpc, parahippocampal gyrus, fornix, 

mammillary bodies, septum pellucidum, nuclei septales, amygdala, cingulate gyrus, 

and entorhinal cortex (Catani et al., 2013) (Fig. 3D). 

The limbic system is recognized as one component within a broader network regulating 

cognitive, autonomic and visceral functions. It plays a key role in spatial memory, 

learning, motivation, emotional processing, and social behavior (Hariri et al., 2000).  

The hypothalamus, though primarily associated with homeostatic regulation, forms 

reciprocal connections with the nucleus accumbens, ventral tegmental area, 

hippocampus, and amygdala. This network — termed the “limbic-motor interface” — is 

essential for initiating behaviors such as feeding and fear responses, integrating 

emotional and cognitive signals to drive action (Mogenson et al., 1980). 

The OBs transmit sensory input to the amygdala, orbitofrontal cortex, and Hpc, 

facilitating associative odor-taste learning (Schoenbaum et al., 1999; Royet and Plailly, 

2004).  

The amygdala, processes emotional responses, particularly fear, anxiety, and 

aggression, and contributes to memory formation and decision-making (Amunts et al., 

2005).  

The Hpc is an allocortical structure essential for memory consolidation (Squire, 1992). 

The parahippocampal gyrus, surrounding the Hpc, supports scene recognition and 

memory retrieval (Epstein and Kanwisher, 1998; McDonald et al., 2000). 

The fornix serves as the Hpc’s primary efferent tract, terminating in the mammillary 

bodies, which are involved in episodic memory (Lövblad et al., 2014). 

The cingulate gyrus, located above the corpus callosum, receives input from the 

thalamus and neocortex and is involved in emotion formation, learning, and motivation-

linked behavior (Hadland et al., 2003; Hayden and Platt, 2010).  

The entorhinal cortex, situated in the MTL, acts as the primary interface between the 

Hpc and neocortex. It is crucial for declarative and spatial memory, as well as memory 

formation and consolidation (Hargreaves et al., 2005; Jacobs et al., 2010).  
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Together, these structures form a dynamic system integrating sensory, emotional, and 

cognitive information, enabling adaptive behavior and complex memory processing. 

Notably, the limbic system is closely interconnected with the olfactory system, which 

provides direct input to limbic regions such as the amygdala, Hpc and entorhinal cortex. 

This anatomical and functional coupling underlies the profound influence of olfactory 

stimuli on emotional states and memory formation (Krusemark et al., 2013; Mena et 

al., 2025). 

2.1.4 The olfactory system 

The olfactory system is a highly specialized sensory network responsible for detecting 

and processing odorant molecules. It comprises interconnected neural structures that 

transform chemical stimuli into perceptual experiences (Fig. 4).  
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Fig. 4 Schematic overview of the murine olfactory pathway and associated 
cortical regions. The scheme illustrates the pathway of odor detection and neural 
processing in the mouse, beginning with odorant molecules entering the nasal cavity 
and binding to receptors in the olfactory epithelium. Sensory input is transmitted via 
olfactory receptor neurons to the olfactory bulb, where initial signal processing occurs, 
and subsequently relayed to higher brain regions including the piriform cortex, 
amygdala, entorhinal cortex, hippocampus, thalamus, and hypothalamus. A coronal 
section of the telencephalon (modified from ‘The Mouse Brain in Stereotaxic 
Coordinates’ (Paxinos and Franklin, 2001)) illustrates the relative localization of 
olfactory projections within the forebrain. Scale bar: 100µm. Created with 
BioRender.com 

Odorant molecules bind to G-protein-coupled receptors located on the cilia of olfactory 

sensory neurons within the olfactory epithelium of the nasal cavity, initiating a 

transduction cascade that converts chemical signals into electrical activity transmitted 

via the olfactory nerve (Singletary and Hagerty, 2023). This nerve is formed by bundles 

of unmyelinated axons — collectively referred to as the fila olfactoria — which traverse 

the cribriform plate to terminate in the OB, located directly beneath the frontal lobe. 

Within the OB, these axons synapse onto mitral and tufted cells, initiating the central 

processing of olfactory input (Hintiryan et al., 2012; Durrant et al., 2016). 

Mitral cells project broadly to nearly all regions of the olfactory cortex, integrating input 

from multiple glomeruli. Tufted cells, more numerous and highly excitable, project to 

more restricted cortical targets, supporting selective signal transmission (Nagayama et 

al., 2014; Cavarretta et al., 2018).  

From the OB, olfactory information is transmitted via white matter tracts — including 

the uncinate fasciculus, inferior fronto-occipital fasciculus, and cingulum — to limbic 

structures such as the amygdala and entorhinal cortex, as well as to the piriform cortex 

(Pir) (Sosulski et al., 2011; Stenwall et al., 2025). The Pir, a key component of the 

primary olfactory cortex, is located between the insula and the MTL, and plays a central 

role in odor perception. Is also relays information to higher-order centers including the 

thalamus, hypothalamus, Hpc, and frontal cortex enabling integration of  olfactory input 

with emotional and cognitive processing (Illig and Wilson, 2014; Yuan et al., 2014). 

In parallel, the vomeronasal organ (VMO), situated bilaterally within the mucosa of the 

nasal septum, constitutes a distinct chemosensory subsystem specialized in detecting 

pheromonal cues. Sensory neurons within the VMO project to the accessory olfactory 
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bulb, forming a separate pathway that modulates instinctive social and reproductive 

behaviors (Hovis et al., 2012). 

 

2.2 Innervation of the nasal, oral and nasopharyngeal region 

 

The nasal, oral and nasopharyngeal region is innervated by a complex network of 

cranial nerves, including the olfactory nerve (CN I), trigeminal nerve (CN V), facial 

nerve (CN VII), glossopharyngeal nerve (CN IX), vagus nerve (CN X) and hypoglossal 

nerve (CN XII), each contributing distinct sensory, motor, and autonomic modalities 

(Fig. 5).  
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Fig. 5 Neuroanatomical and histological mapping of cranial nerve innervation in 
the murine nasal, oral and nasopharyngeal regions. The schematic overview 
illustrates afferent and efferent projections of cranial nerves supplying the nasal cavity, 
oral cavity and nasopharynx. Color-coded tracts indicate individual nerves - CN V 
(trigeminal), CN VII (facial), CN IX (glossopharyngeal), CN X (vagus), and CN XII 
(hypoglossal) - and trace their connections from peripheral sensory and motor targets, 
including respiratory epithelium (RE), nasal glands (NG), nasopharynx (NP), salivary 
glands (SG), oral mucosa (OM), teeth (TE), tongue musculature (TM), and facial 
muscles (FM), to their respective brainstem nuclei and higher-order projections. 
Central nuclei are shown for each pathway: trigeminal ganglion (TG), principal sensory 
nucleus (Pr5), spinal trigeminal nucleus (Sp5), mesencephalic trigeminal nucleus 
(Me5), ventral posteromedial nucleus (VPM), nucleus of the solitary tract (Sol), nucleus 
ambiguus (Amb), hypoglossal nucleus (12N), and parasympathetic peripheral ganglia 
(PG). Representative histological micrographs highlight the cellular architecture of 
peripheral target tissues corresponding to each cranial nerve. Scale bar: 100µm. 
Created with BioRender.com. 

 

The olfactory nerve (CN I), is purely sensory and transmits afferent odor signals from 

the olfactory epithelium to the OB and to higher order olfactory centers, as described 

in the section: the olfactory system. 

 

2.2.1 The trigeminal system 

The trigeminal nerve (CN V), is the principal somatosensory nerve of the face and oral 

cavity. It innervates the face via three branches: the ophthalmic nerve (V1), the 

maxillary nerve (V2), and the mandibular nerve (V3). The ophthalmic and maxillary 

nerves are purely sensory, while the mandibular nerve carries both sensory and motor 

fibers (Fehrenbach, 2015). Collectively, these branches transmit tactile, thermal, 

vibratory, and proprioceptive information from facial dermatomes, the cornea, nasal 

and oral mucosa, and portions of the external ear (Baumel, 1974; Stewart, 1989).  

 

The ophthalmic nerve exits the cranial cavity and gives rise to the frontal, lacrimal, and 

nasociliary nerves. Notably, the nasociliary branch innervates the olfactory mucosa in 

the dorsal nasal meatus and concha (Prendergast, 2013). The maxillary nerve leaves 

the cranial cavity and enters the pterygopalatine fossa, where it divides into the 

zygomatic, pterygopalatine, and infraorbital nerves. These branches supply the ventral 

and middle nasal meatuses, nasal conchae, hard and soft palate, and the upper jaw 
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including maxillary teeth. The mandibular nerve exits the skull and innervates the 

muscles of mastication (e.g. masseter and tensor veli palatini) and provides sensory 

input from lower jaw and  anterior two-thirds of the tongue, including mandibular teeth 

(Glocker et al., 2006). 

 

All three branches converge at the TG, located at the base of the rhombencephalon 

within the cranial cavity. The TG contains cell bodies of first-order sensory neurons, 

which are ensheathed by satellite glial cells (Messlinger et al., 2020). An exception is 

found in proprioceptive fibers, whose cell bodies reside in the mesencephalic 

trigeminal nucleus (Me5), bypassing the TG entirely (Kamel and Toland, 2001).  

 

From the TG, afferent fibers enter the brainstem via the middle cerebellar peduncle 

and terminate in either the principal sensory nucleus (Pr5) or the spinal trigeminal 

nucleus (Sp5) within the hindbrain (Ezure et al., 2001). Pr5 is subdivided into 

dorsomedial and ventrolateral compartments, each receiving input from specific facial 

regions (Patestas and Gartner, 2016). Sp5, the largest of the trigeminal nuclei, is 

organized into three somatotopically arranged subnuclei: pars oralis, pars interpolaris, 

and pars caudalis, which process sensory input from the oral cavity, nasal passages 

and pharyngeal structures. Sp5 also receives convergent afferent input from other 

cranial nerves, including CN VII, CN IX, and CN X, facilitating multisensory integration 

within the oropharyngeal region (Patel et al., 2025). Together with the Me5 these nuclei 

represent the second-order neurons of the trigeminal system. 

 

From the trigeminal nuclei, two major ascending tracts emerge: the spinal trigeminal 

tract and the trigeminothalamic tract. The former carries primary afferents to Sp5, while 

the latter transmits second-order fibers from Sp5 and Pr5 to the ventral posteromedial 

nucleus (VPM) of the thalamus (Nash et al., 2010; Wilcox et al., 2015). Third-order 

neurons in the VPM project to S1 in the parietal lobe, enabling conscious perception 

of facial and oral stimuli (Corkin et al., 1970). Additionally, VPM projections extend to 

the FR and are relayed to other thalamic and cortical regions, contributing to autonomic 

regulation and higher-order sensory integration (Arbuthnot et al., 1990). 
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2.2.2 The facial nerve 

The facial nerve (CN VII) consists of a motor and a sensory-parasympathetic 

component (nervus intermedius). Originating from the medulla oblongata, it enters the 

facial canal, where the geniculate ganglion houses the cell bodies of pseudounipolar 

neurons transmitting gustatory input from the anterior two-thirds of the tongue via the 

chorda tympani, a branch of the nervus intermedius. The nervus intermedius also 

conveys parasympathetic fibers targeting glands of the head and neck (Ho et al., 

2015). After exiting the skull, the facial nerve continues along its extracranial course, 

where it primarily innervates facial muscles (Martínez Pascual et al., 2019). 

2.2.3 The vagus group 

The glossopharyngeal nerve (CN IX),  vagus (CN X) and accessory (CN XI) nerves —

collectively referred to as the "vagus group" — originate from the medulla oblongata 

(Simon and Mertens, 2009). Sensory fibers of CN IX arise from the inferior (distal) 

glossopharyngeal ganglion, which contains afferent neuronal cell bodies. These fibers, 

together with afferents from CN VII, converge on the solitary tract and terminate in the 

nucleus tractus solitarii (Sol) and Sp5. Motor fibers arise from the nucleus ambiguus 

(Amb), while parasympathetic fibers originate from the parasympathetic nucleus of CN 

IX (Standring and Gray, 2005). 

 

The vagus nerve (CN X) contains sensory fibers in the superior (proximal) and inferior 

(distal) vagal ganglia, which project to Sol and integrate glossopharyngeal inputs. Its 

motor fibers also emerge from the Amb (Thompson et al., 2019). Together, CN IX and 

CN X provide extensive innervation to the pharyngeal mucosa, palatine tonsils, and 

the posterior third of the tongue. They regulate secretory activity in the buccal, 

pharyngeal, and laryngopharyngeal glands, playing a critical role in swallowing, taste, 

and autonomic reflexes (Standring and Gray, 2005; Simon and Mertens, 2009).  

2.2.4 The hypoglossal nerve 

The hypoglossal nerve (CN XII) originates from the hypoglossal nucleus (12N) in the 

medulla oblongata. After exiting the cranial cavity, it functions as a purely somatic 

motor nerve, innervating both intrinsic and extrinsic tongue muscles. Its motor output 

is regulated by descending projections from the M1, which bilaterally synapse on 
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hypoglossal nucleus neurons, ensuring precise and coordinated tongue movement 

(Lin and Barkhaus, 2009).  
 

The convergence of afferent fibers from CN V, VII, IX, and X within Sp5 and their 

integration into ascending thalamocortical pathways highlight the complex sensory 

interplay of the nasal, oral, and nasopharyngeal region (Henssen et al., 2019). 

Moreover, the presence of peripheral ganglia and direct central projections renders 

these cranial nerves susceptible to neuroinvasive pathogens (Dando et al., 2014; Hooi 

et al., 2025). The close anatomical continuity between peripheral sensory neurons, 

their associated ganglia (e.g., TG, Sol, Amb), and central nuclei establishes direct 

neuronal connections from mucosal surfaces to the CNS. These structural pathways, 

particularly the olfactory and trigeminal systems, are therefore key determinants of viral 

entry, dissemination, and subsequent neuropathology. Alphaherpesviruses, in 

particular, exploit these neuronal routes for entry into the CNS (Kramer and Enquist, 

2013). 

 

2.3 Alphaherpesviruses 

 

2.3.1 Taxonomy and host diversity  

Alphaherpesviruses are members of the order Herpesvirales, which comprises three 

distinct families: Herpesviridae, Alloherpesviridae, and Malacoherpesviridae. This viral 

order represents one of the most complex and widely distributed groups of viruses, 

with over 200 distinct species identified to date (Davison et al., 2009).  

Herpesviruses infect an exceptionally broad range of hosts, from mollusks to 

mammals, and are a significant cause of morbidity and mortality across both human 

and animals (Sehrawat et al., 2018). Within the Herpesviridae family, viruses are 

further categorized into three subfamilies: Alphaherpesvirinae, Betaherpesvirinae, and 

Gammaherpesvirinae (Davison, 2002; Davison et al., 2009; Owens et al., 2012). The 

Alphaherpesvirinae subfamily is pantropic and taxonomically subdivided into five 

genera: Simplexvirus, Varicellovirus, Iltovirus, Mardivirus, and Scutavirus (Mettenleiter 

et al., 2019).  
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The genus Simplexvirus includes several notable species such as Human 

alphaherpesvirus 1 (HSV-1) - commonly referred to as human herpes simplex virus 1, 

Human alphaherpesvirus 2 (HSV-2), and Bovine alphaherpesvirus 2 (BoHV-2), also 

known as bovine mammillitis virus (Mettenleiter et al., 2019). These viruses are 

primarily associated with mucocutaneous and neurotropic infections in humans and 

cattle (Lanave et al., 2020; Zhu and Viejo-Borbolla, 2021).  

The genus Varicellovirus includes Human alphaherpesvirus 3 (VZV), the causative 

agent of varicella and herpes zoster (Ku et al., 2005). Animal-associated species within 

this genus include Bovine alphaherpesvirus 1 (BoHV-1), responsible for infectious 

bovine rhinotracheitis (Graham, 2013), and Bovine alphaherpesvirus 5 (BoHV-5), 

which causes bovine meningoencephalitis (Magyar et al., 1993). Equine 

herpesviruses, such as Equid alphaherpesvirus 1 (EHV-1), EHV-3, and EHV-4 also 

belong to this genus and cause respiratory disease, abortion, and coital exanthema in 

horses (Kapoor et al., 2014), together with Felid alphaherpesvirus 1 (FeHV-1), which 

causes feline viral rhinotracheitis in cats (Gaskell et al., 2007). Additionally, 

varicellovirus suid alpha1, Suid alphaherpesvirus 1 (SuHV-1), commonly referred to as 

pseudorabies virus (PrV), is the etiological agent of Aujeszky’s disease in pigs and 

other mammals (Mettenleiter, 2000).  

The genus Iltovirus is represented by Gallid alphaherpesvirus 1 (GaHV-1), the 

etiological agent of infectious laryngotracheitis in chickens (Gowthaman et al., 2020).  

In contrast, genus Mardivirus includes Gallid alphaherpesvirus 2 (GaHV-2), known as 

Marek’s disease virus (MDV) which induces T-cell lymphomas in poultry (Poonam et 

al., 2017), as well as other avian herpesviruses such as Anatid alphaherpesvirus 1 

(AnHV-1) and Columbid alphaherpesvirus 1 (CoHV-1), infecting ducks and pigeons, 

respectively (Dhama et al., 2017; Gornatti-Churria et al., 2023).  

Finally, the genus Scutavirus encompasses reptilian herpesviruses, with Chelonid 

alphaherpesvirus 5 (ChHV-5) and Testudinid alphaherpesvirus 3 (TeHV-3), both of 

which are associated with disease in turtles (Gandar et al., 2015; Whitmore et al., 

2021). 
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2.3.2 Structural and genetic features  

Herpesviruses share a set of conserved structural and genetic characteristics that form 

the basis of their replication strategy and ability to establish lifelong persistence in the 

host. Central to this conservation is a group of approximately 40 core genes present in 

all herpesvirus subfamilies (Albà et al., 2001; Arvin et al., 2007). These genes encode 

essential components of the viral nucleocapsid and proteins required for DNA 

replication, capsid assembly and viral egress.  

The virion itself consists of a linear double-stranded DNA genome of approximately 

125–290 kbp, enclosed within a T=16 icosahedral capsid, and surrounded by a protein-

rich tegument layer. The tegument is organized into two zones: an inner layer adjacent 

to the capsid and an outer layer in close contact with the envelope (Mettenleiter et al., 

2009). The envelope, derived from host cell membranes, contains virus-encoded 

glycosylated proteins that mediate attachment, entry, and cell-to-cell spread (Pilling et 

al., 1999; Davison et al., 2009) (Fig. 6).  

 

Fig. 6 Structure of a herpes virion. Herpesvirions consist of a linear double-stranded 
DNA genome enclosed within an icosahedral capsid, surrounded by a protein-rich 
tegument layer and an outer lipid envelope embedded with viral glycoproteins. Created 
with BioRender.com. 

The genomes of alphaherpesviruses, such as HSV-1 and PrV, are organized into a 

unique long (UL) and unique short (US) region. While HSV-1 contains inverted repeats 

flanking both regions, PrV possesses repeats only surrounding the US region, resulting 
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in four genomic isomers for HSV-1 but only two for PrV (Ben‐Porat et al., 1983). The 

PrV genome spans ~143 kbp and encodes 72 ORFs, that give rise to about 70 proteins, 

showing a high degree of homology to HSV-1 (Klupp et al., 2004; Pomeranz et al., 

2005). These include 11 glycoproteins, over 15 tegument proteins, six capsid proteins, 

and additional envelope-associated and non-structural components (Mettenleiter, 

2002; Klupp et al., 2004). 

2.3.3 Viral replication cycle  

Herpesvirus replication is a highly coordinated multistep process involving distinct viral 

components and multiple cellular compartments (Fig. 7). 

 

Fig. 7 Herpesviral replication cycle. Entry is initiated by glycoprotein-mediated 
attachment and membrane fusion, followed by microtubule-guided transport of the 
nucleocapsid to the nuclear pore. After nuclear entry, the viral DNA circularizes, and 
gene expression follows the immediate-early (α), early (β), and late (γ) phases. Capsid 
assembly occurs in the nucleus, with primary envelopment at the inner nuclear 
membrane and subsequent release into the cytosol. Final maturation involves 
tegument acquisition and secondary envelopment via the trans-Golgi network. Mature 
virions are released through vesicular fusion with the plasma membrane. Modified from 
Mettenleiter (Mettenleiter, 2004). Created with BioRender.com. 
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Infection is initiated with the attachment of viral glycoproteins to specific cell-surface 

receptors, triggering membrane fusion and delivery of the viral capsid and associated 

tegument proteins into the cytosol (Struyf et al., 2002; Krummenacher et al., 2004). 

This fusion typically occurs at the plasma membrane, but endocytic entry routes have 

also been described (Mettenleiter et al., 2019). 

Once inside the host cell, most tegument proteins dissociate, while the capsid — still 

linked to an inner tegument layer — is actively transported along microtubules toward 

the nucleus (Sodeik et al., 1997). At the nuclear pore complex, the capsid docks with 

a vertex aligned to the pore, enabling genome release into the nucleus. There, the 

linear viral DNA circularizes, and gene expression proceed through a temporally 

regulated cascade of immediate-early (α), early (β), and late (γ) phases (Knipe, 1989; 

Schang et al., 1999; Shahin et al., 2006). 

Specifically, viral transactivators initiate transcription of immediate early (IE) genes, 

whose products activate early (E) gene expression. Early proteins establish a cellular 

environment favorable for viral DNA replication, followed by transcription of late (L) 

genes encoding structural components of the virion. This transcriptional cascade 

ensures efficient replication and assembly of progeny virions (Honess and Roizman, 

1974; Roizman and Whitley, 2013). 

Capsid assembly occurs within the nucleus, and newly formed nucleocapsids exit via 

budding at the inner nuclear membrane, acquiring a primary envelope in the 

perinuclear space. This envelope then fuses with the outer nuclear membrane, 

releasing the de-enveloped capsids into the cytoplasm (Mettenleiter, 2002; Roller and 

Baines, 2017). In the cytosol, partial tegumentation occurs before the capsids undergo 

secondary envelopment by budding into trans-Golgi-derived vesicles. These vesicles 

contain the final envelope and complete tegument, forming mature virions (Turcotte et 

al., 2005; Mettenleiter et al., 2009; Hogue et al., 2014; Wild et al., 2018). 

The final step involves transport to the plasma membrane, where fusion releases 

infectious virions into the extracellular space. In addition to extracellular release, 

herpesviruses can also spread directly between adjacent cells, though it remains 

unclear whether this transmission involves complete virions or subviral components 

such as nucleocapsids (Mettenleiter et al., 2009). 
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In alphaherpesviruses, fully assembled virions, naked capsids or viral glycoproteins 

can subsequently infect neighboring cells, including neurons of the peripheral nervous 

system. Alternatively, virions my undergo  anterograde transport in vesicles along 

microtubule tracks to peripheral axons  and terminals, where they are released 

(Miranda-Saksena et al., 2018). 

2.3.4 Viral entry 

Herpesviruses utilize a conserved set of envelope glycoproteins for entry, including the 

bona fide fusion protein gB and the heterodimeric complex gH/gL, collectively referred 

to as the “core fusion machinery.” In addition, alphaherpesviruses require the 

subfamily-specific receptor-binding protein gD (Vallbracht et al., 2019). Glycoprotein 

gC enhances initial viral attachment to heparan sulfate, but is dispensable for entry 

when other glycoproteins are present. Membrane fusion is pH-independent and 

requires the coordinated engagement of multiple cell surface receptors (Spear and 

Longnecker, 2003).  

Despite structural conservation, alphaherpesviruses such as HSV-1 and PrV display 

distinct functional requirements for glycoproteins and differential receptor usage (Fig. 

8). 
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Fig. 8 Comparative mechanisms of viral entry for HSV-1 and PrV. HSV-1 and PrV 
employ a coordinated cascade of glycoprotein-mediated interactions to attach to and 
fuse with host cell membranes. Initial attachment is mediated by glycoprotein gC 
binding to cell surface heparan sulfate (HS). Subsequent membrane fusion involves 
glycoprotein gD engaging specific cellular receptors — HVEM, 3-O-sulfated heparan 
sulfate (3-O-HS), and Nectins (nectin-1 and -2) for HSV-1; CD155, Tage4, and Nectins 
(multiple family members) for PrV — thereby activating the fusion complex of gB, gH, 
and gL. Unlike HSV-1, PrV can induce cell–cell fusion in certain cell types 
independently of gD, suggesting that gB or gH/gL complex can alternatively mediate 
receptor interaction. Created with BioRender.com. 

HSV-1 strictly requires gB, gD, gH, and gL for membrane fusion and entry, with gD 

playing a critical role in receptor engagement. In contrast, PrV, while employing the 

same glycoprotein repertoire, can mediate cell-cell fusion in some cell types (e.g., 

rabbit cells) even in the absence of gD, suggesting alternative receptor interactions via 

gB or gH/gL (Spear and Longnecker, 2003; Vallbracht et al., 2019). 

HSV-1 engages three entry receptors classes via gD: HVEM, a member of the tumor 

necrosis factor receptor family, nectin-1 and nectin-2, belonging to the immunoglobulin 

superfamily localized at cadherin-based junctions, and 3-O-sulfated heparan sulfate, 

generated by specific glucosaminyl 3-O-sulfotransferases. Among these, HVEM and 

nectin-1 are the most efficient for HSV-1 entry, while nectin-2 is less active, and 3-O-

sulfated heparan sulfate is uniquely utilized by HSV-1.  

In contrast, PrV exhibits broader receptor tropism, engaging multiple nectin family 

members across species, as well as additional, yet unidentified receptors. Notably, PrV 

does not engage HVEM or 3-O-sulfated heparan sulfate. Instead, CD155 and its rodent 

homolog Tage4 serve as functional entry receptors for PrV but are inactive for HSV-1 

(Spear et al., 2000; Spear and Longnecker, 2003).  

2.3.5 Latency and Reactivation 

A defining biological feature of all herpesviruses is their ability to establish latency. 

During this phase, viral gene expression is highly restricted, and no infectious particles 

are produced. This latent state enables the virus to persist for the lifetime of the host 

and allows for periodic reactivation, during which infectious virus is generated and 

transmitted to new hosts (Mettenleiter et al., 2019). 
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Unlike beta- and gammaherpesviruses, which establish latency in extraneural sites 

such as hematopoietic cells, alphaherpesviruses display a distinct tropism for the 

sensory ganglia of the PNS such as the TG or the dorsal root ganglia (DRG) (Koyuncu 

et al., 2018). However, several recent studies suggest that latency may also occur 

directly within the CNS (Yao et al., 2014; Sivasubramanian et al., 2022).  

During latency, alphaherpesviruses persist in a transcriptionally repressed, non-

productive state within neurons, effectively evading immune surveillance (Cao et al., 

2024). At the molecular level, latent viral genomes persist as circularized episomes 

tightly associated with nucleosomes bearing repressive histone modifications thereby 

permitting transcription of only a small portion of the viral genome (Deshmane and 

Fraser, 1989; Kubat et al., 2004). Among the few transcripts expressed during latency, 

the LAT is the most abundant viral RNA in latently infected neurons (Mettenleiter et al., 

2019). LATs are a set of co-linear RNAs transcribed from a locus located within the 

repeat regions flanking the unique long segment of the herpesviral genome. 

Transcription from this locus produces an initial 8.4 kb RNA, referred to as the ‘minor 

LAT’ or primary transcript, which undergoes rapid splicing to generate a highly stable 

2.0 kb intron, further processed into an additional 1.5 kb intron. These two introns, 

owing to their abundance and stability, are collectively referred to as the ‘major LATs’ 

(Nicoll et al., 2012). In addition to LATs, several viral miRNAs are expressed during 

latency. These miRNAs act synergistically with LATs to suppress viral replication, 

inhibit apoptosis, and possibly facilitate controlled reactivation (Umbach et al., 2008; 

Brdovčak et al., 2018). Notably, LATs have also been implicated in promoting neuronal 

differentiation and modulating the host cellular environment (Hamza et al., 2007; Li et 

al., 2010). 

The equilibrium between latency and reactivation can be disrupted by various 

physiological and environmental stimuli. Factors such as fever, emotional stress, 

hormonal fluctuations, ultraviolet radiation, physical trauma, and immunosuppression 

can trigger reactivation in latently infected tissue (Roizman et al., 2007). These stimuli 

may act directly on infected neurons or indirectly via non-neuronal cells, including 

satellite glial cells and CD8⁺ T lymphocytes. Such interactions promote nuclear 

accumulation of host transcription factors and the viral transactivator VP16 within 

neurons (Wilson and Mohr, 2012), a critical step  for initiating the reactivation cascade 

in HSV-1 (Thompson et al., 2009).  
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Reactivation typically culminates in the production of infectious virions that travel 

anterogradely to the site of infection, facilitating viral shedding and transmission to new 

hosts (Wilson and Mohr, 2012; Koyuncu et al., 2018).  

Ultimately, the  outcome of latency and reactivation depends on the dynamic interplay 

between host signaling pathways, particularly those regulating stress responses and 

neuronal survival, and viral transcriptional and replicative machinery (Smith, 2012). 

2.3.6 Neuroinvasion 

In addition to their broad host range, rapid lytic replication, and ability to establish 

latency — especially within peripheral ganglia — alphaherpesviruses are distinguished 

by their neuroinvasive potential, enabling entry, axonal transport, and spread within 

the nervous system (Card, 2001; Salinas et al., 2010; Taylor and Enquist, 2015). 

Neurovirulence, distinct from neuroinvasiveness, denotes the capacity of the virus to 

cause pathological damage within the nervous system (Card and Enquist, 1995). 

Following productive replication in epithelial cells of the oronasal mucosa, 

alphaherpesviruses invade peripheral sensory nerve endings by binding to synaptic 

receptors. Fusion of the viral envelope with the neuronal plasma membrane 

(axolemma) enables entry of the nucleocapsid and tegument proteins into the neuronal 

cytoplasm, where viral replication may proceed (Spear et al., 2000; Mettenleiter, 2003).  

To facilitate directed transport within neurons, alphaherpesviruses exploit host adaptor 

and motor proteins in the cytoplasm that mediate viral capsid trafficking along 

microtubules. These motor proteins operate in an ATP-dependent manner: dynein 

drives intraaxonal retrograde transport from synaptic terminals to the soma, while 

kinesins mediate anterograde transport from the soma to distal axons and synapses. 

During retrograde spread, virions reach the neuronal cell body of the presynaptic 

neuron; conversely, anterograde transport enables infection of postsynaptic targets 

(Taylor and Enquist, 2015). Although retrograde transport predominates during CNS 

invasion, anterograde spread plays a critical role in viral dissemination and 

pathogenesis (Kramer and Enquist, 2013). 
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Trigeminal invasion route 

During primary infection or following reactivation from latency in the peripheral sensory 

ganglia, particularly the TG, newly assembled virions can travel anterogradely within 

pseudounipolar TG neurons. One axonal branch projects back to the primary site of 

infection, resulting in recurrent mucocutaneous lesions such as blisters, sores, or 

ulcers (Ramchandani et al., 2016). The central branch extends to trigeminal nuclei in 

the brainstem, facilitating transsynaptic spread to higher-order brain regions (Bearer, 

2012; Smith, 2012). Specifically, virions may propagate from second-order neurons in 

the Sp5 and Pr5 via the trigeminothalamic tract, terminating in the VPM of the thalamus 

(Nash et al., 2010; Wilcox et al., 2015). From the VPM, third-order neurons can relay 

the infection to S1, the FR, and other cortical areas (Shigenaga et al., 1979; Arbuthnot 

et al., 1990; Donovan and McCasland, 2008). This pathway has been experimentally 

validated in HSV-1 infection models (Shukla et al., 2012; Mancini and Vidal, 2018; Doll 

et al., 2019), and further corroborated for PrV in mice, where PrV antigens were 

detected in the nasal respiratory epithelium, TG, Sp5, Pr5, VPM, and S1 (Babic et al., 

1994; Klopfleisch et al., 2004; Klopfleisch et al., 2006; Sehl et al., 2020; Sehl and 

Teifke, 2020).  

Emerging evidence indicates that, in addition to the trigeminal pathway, alternative 

entry routes such as the olfactory pathway also contribute to CNS dissemination (Held 

and Derfuss, 2011; Menendez and Carr, 2017a). 

Olfactory invasion route 

Following replication within the OE, virions may undergo anterograde axonal transport 

toward the OB (Hintiryan et al., 2012). From the OB, viral particles can spread to 

various brain regions, including the Pir, and components of the limbic system within 

the MTL (Sosulski et al., 2011; Illig and Wilson, 2014; Yuan et al., 2014). Evidence 

from human HSV-1 infections and experimental models indicate that 

alphaherpesviruses are capable of invading the CNS via the olfactory nerve, as viral 

antigen and nucleic acids have been detected in the OE and olfactory cortex (Twomey 

et al., 1979; Esiri, 1982; Shivkumar et al., 2013; Menendez and Carr, 2017b; Niemeyer 

et al., 2024). In PrV infection, olfactory transmission has been demonstrated in pigs of 

different ages, further supporting this route of neuroinvasion (Verpoest et al., 2017).  
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Alternative invasion routes 

Beyond the classical trigeminal and olfactory pathways, additional cranial nerves have 

been implicated in alphaherpesviral neuroinvasion. Specifically, the glossopharyngeal 

(CN IX), vagus (CN X), and hypoglossal (CN XII) nerves have been associated with 

CNS entry.  

HSV-1 antigen has been detected in brainstem nuclei connected to these nerves, 

indicating their potential role in facilitating viral spread (Niemeyer et al., 2024). 

Likewise, VZV has been shown to infect the vagus nerve, underscoring the broader 

neuroinvasive capacity of alphaherpesviruses (Chen et al., 2011; Seidel et al., 2015; 

Gershon et al., 2015).  

The autonomic nervous system also contributes to viral dissemination. The 

pterygopalatine ganglion, part of the parasympathetic nervous system, has repeatedly  

tested positive for PrV antigen (Babic et al., 1994; Klopfleisch et al., 2006; Sehl et al., 

2020). Similarly, the superior cervical ganglion (SCG), a key sympathetic ganglion, has 

shown viral antigen presence after infection (Babic et al., 1994; Sehl et al., 2020), 

further highlighting the involvement of both autonomic branches in neuroinvasion. 

2.3.7 Herpes Simplex Encephalitis (HSE)  

HSV-1 is the primary etiological agent responsible for labial, genital, and corneal 

herpes manifestations, clinically referred to as herpes labialis and herpes keratitis. In 

addition to these mucocutaneous infections, HSV-1 can cause life-threatening human 

HSE, for which it represents the predominant causative pathogen (Chentoufi et al., 

2012; Gnann and Whitley, 2017).  

HSE is associated with a mortality rate of up to 70%, if left untreated. Even with antiviral 

therapy, approximately 30% of patients succumb to the disease, and only around 9% 

achieve full recovery (Whitley and Lakeman, 1995; Tyler, 2009; Steiner and Benninger, 

2013; Whitley and Baines, 2018). 

Initial clinical signs are often nonspecific (fever, headache, neck pain), followed by 

neurological signs such as aphasia, disorientation, seizures, and altered mental status 

(Raschilas et al., 2002; Steiner and Benninger, 2013). Limbic involvement frequently 

leads to behavioral changes, including hypomania, memory deficits, and Kluver–Bucy 
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syndrome (Gnann and Whitley, 2017). The majority of survivors experience debilitating 

long-term sequelae, including persistent cognitive and memory impairments, epilepsy, 

and speech or behavioral disturbances (McGrath et al., 1997; Raschilas et al., 2002; 

Whitley and Baines, 2018). In rare cases, relapsing or chronic inflammation of the CNS 

may occur, affecting both immunocompetent and immunocompromised individuals 

(Yamada et al., 2003; Landau et al., 2005; Sköldenberg et al., 2006; Alsweed et al., 

2018).  

Due to its ability to invade neural tissue, HSV-1 can access the CNS via trigeminal 

and/or olfactory pathways, either during primary infection — predominantly observed 

in children and adolescents — or following reactivation in adults (Whitley and Lakeman, 

1995; Steiner and Benninger, 2013; Whitley and Baines, 2018).  

Supporting the role of primary infection, more than 50% of HSE cases involve viral 

strains distinct from those responsible for previous cold sores (Whitley et al., 1982; 

Steiner and Benninger, 2013). Nevertheless, reactivation remains a plausible 

mechanism, as HSV-1 can spread from latently infected TG to the forebrain (Koyuncu 

et al., 2018). The detection of viral DNA in postmortem brain tissue and observations 

in animal models further suggest that latency may be established not only in peripheral 

ganglia but also within the CNS, indicating the possibility of recurrent infection 

originating endogenously within the brain (Fraser et al., 1981; Baringer and Pisani, 

1994; Yao et al., 2014; Menendez and Carr, 2017a; Sivasubramanian et al., 2022).  

HSE predominantly affects the frontal and mesiotemporal lobes of the forebrain, 

including structures of the limbic system (Esiri, 1982; Nicoll et al., 1993). The infection 

typically manifests asymmetrically within these regions, while brainstem involvement 

is relatively rare (Bradshaw and Venkatesan, 2016). Viral antigen is most frequently 

detected in the amygdaloid nuclei, cortical regions, and the white matter of the lateral 

olfactory striae. Additional regions include the entorhinal cortex, subiculum, Hpc, 

insular cortex, and cingulate gyrus. In contrast, antigen presence is less commonly 

observed in the OBs and the pons (Esiri, 1982).  

Histopathologically, HSE is characterized by extensive neuronal necrosis 

accompanied by mononuclear inflammatory infiltrates, composed predominantly of 

lymphocytes and histiocytes, distributed across the meninges, perivascular spaces, 

and brain parenchyma. Reactive astro- and microgliosis, neuronophagy (phagocytosis 
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of damaged neurons), satellitosis (accumulation of glial cells around neurons) and 

extensive cerebral edema are also typical features of the brain’s response to viral injury 

(Booss and Kim, 1984; Kennedy et al., 1988; Wnęk et al., 2016).  

2.3.8 The PrV-ΔUL21/US3Δkin mouse model for HSE  

Due to the limited availability of mouse models that accurately replicate HSV-1 

infection, recent studies have introduced an alternative approach using a mutant strain 

of PrV (Sehl et al., 2020; Sehl-Ewert et al., 2022). 

Unlike HSV-1, PrV is generally non-pathogenic to humans, although rare human 

infections have been reported (Wang et al., 2019; Chen et al., 2025). PrV infection 

causes Aujeszky’s disease, which affects a wide range of domestic mammals. Pigs 

are the primary host: in adult pigs, the virus typically leads to respiratory symptoms, 

abortion, or even subclinical infection, whereas piglets often develop severe 

neurological disease. While pigs may survive the infection, it is invariably fatal in other 

susceptible species such as dogs, cats, ruminants, and rodents, which exhibit severe 

neurological signs and intense pruritus, a condition known as “mad itch” syndrome 

(Mettenleiter, 2000). 

Over the past decades, numerous studies have characterized PrV deletion mutants to 

investigate the roles of specific viral proteins in neuroinvasion and neurovirulence 

(Klopfleisch et al., 2004; Klopfleisch et al., 2006; Maresch, 2011). One mutant strain 

has emerged as particularly noteworthy: PrV-∆UL21/US3∆kin, which combines a 

deletion of the tegument protein pUL21 with a non-functional kinase pUS3 (Maresch, 

2011). 

The viral gene products pUS3 and pUL21 are conserved across Alphaherpesvirinae 

and dispensable for viral replication in PrV and HSV-1 (Kimman et al., 1994; Baines et 

al., 1994; Klupp et al., 2001; Klupp et al., 2005). pUS3 modulates immune evasion, T 

cell activity, and interferon signaling, and contributes to virus-induced inhibition of 

apoptosis (Leopardi et al., 1997; Munger and Roizman, 2001; Cartier, Komai, Masucci, 

2003; Benetti et al., 2003; Cartier, Broberg et al., 2003; Cartier and Masucci, 2004; 

Ogg et al., 2004; Geenen et al., 2005; Aubert et al., 2006; Benetti and Roizman, 2007; 

Wang et al., 2011; Imai et al., 2013; Yang et al., 2015; Xiong et al., 2015; Rao et al., 
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2018). Despite its multifunctionality (Kato and Kawaguchi, 2018), the single deletion of 

pUS3 in PrV results in a wildtype-like phenotype in mice (Sehl et al., 2020).  

In contrast, pUL21 affects multiple steps of the viral replication cycle and plays a critical 

role in neuroinvasion (Wind et al., 1992; Klupp et al., 1995; Wagenaar et al., 2001; 

Klupp et al., 2005; Michael et al., 2007; Mbong et al., 2012; Finnen and Banfield, 2018). 

Its absence impairs retrograde axonal transport, likely due to disrupted interaction with 

the dynein-associated protein Roadblock-1 (Curanović et al., 2009; Yan et al., 2019). 

UL21-deficient PrV displays delayed spread and extended survival in mice, although 

the infection remains fatal (Yan et al., 2019). The combined deletion of pUL21 and 

pUS3 kinase likely reflects additive effects or a functional interplay between the two 

proteins. Notably, absence of pUL21 reduces pUS3 incorporation into virions (Lyman 

et al., 2003; Michael et al., 2007), which may enhance the attenuation observed in the 

double mutant. 

In female 6-8-week-old CD1 mice, the PrV-ΔUL21/US3Δkin mutant mirrors key 

features of HSE. Unlike wild-type PrV-Kaplan (PrV-Ka), which causes rapid, fatal 

brainstem-restricted disease around 2–3 dpi (Klopfleisch et al., 2004; Klopfleisch et al., 

2006), mutant-infected mice survive longer despite productive infection and extensive 

neuroinvasion, particularly in the frontal and mesiotemporal cortices. Viral antigen and 

histopathological findings — including severe meningoencephalitis with neuronal 

necrosis, lymphohistiocytic infiltrates, and glial activation — were detected mainly 

unilaterally in MTL, Pir and Hpc (Esiri, 1982; Nahmias et al., 1982; Damasio and van 

Hoesen, 1985; Tyler, 2004; Wnęk et al., 2016). Apoptosis occurred predominantly in 

non-inflamed areas, suggesting virus-induced neuronal injury (Haanen and Vermes, 

1995; Laval et al., 2018; Laval et al., 2019). Clinical signs including ruffled fur, 

hunching, pruritus, alopecic skin erosions and behavioral abnormalities such as 

stargazing appeared during acute inflammation.   

Long-term studies revealed a biphasic disease course, with initial recovery followed by 

recurrence of clinical signs beyond 28 dpi in 74% of surviving mice, characterized by 

behavioral abnormalities and non-specific clinical signs including ruffled fur or 

hunching (Sehl-Ewert et al., 2022). Seizures occurred in a low number of animals 

approximately six months post-infection, potentially indicating relapsing encephalitis 

(Jay et al., 1995; Laohathai et al., 2016; Zhang et al., 2020). These clinical features 
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closely parallel long-term complications in human HSE, such as memory impairment, 

personality changes, and epilepsy (McGrath et al., 1997). Notably, viral antigen was 

detected at 49 and 84 dpi in individual animals, pointing to possible reactivation from 

latency, consistent with recurrent encephalitis observed in humans (Yamada et al., 

2003; Landau et al., 2005). In these late stages, meningoencephalitis remained 

confined to the temporal and frontal lobes, with variable meningeal, perivascular, and 

neuroparenchymal inflammatory infiltrates and neuronal necrosis (Sehl-Ewert et al., 

2022).  

Overall, this study investigates how alphaherpesviruses invade, disseminate, and 

persist within the murine CNS. Using the PrV-ΔUL21/US3Δkin model, we integrate in 

vitro and in vivo analyses to define region- and cell type–specific susceptibility, to map 

early entry routes, and to characterize the neuropathological sequelae of long-term 

infection with respect to viral persistence, reactivation, and neuroinflammation. 
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5 Results and general discussion 

Alphaherpesviruses are characterized by their pronounced neurotropism and capacity 

to establish both acute and latent infections in the nervous system (Koyuncu et al., 

2018). The closely related alphaherpesviruses HSV-1 and PrV are capable of invading 

neural tissues and triggering life-threatening encephalitis (Mettenleiter et al., 2019; 

Stahl and Mailles, 2019). In humans, HSV-1 infection can cause HSE, which 

predominantly affects the frontal and temporal lobes and manifests with severe 

inflammation, and subsequent acute neurological deficits as well as persistent 

cognitive and functional impairments (Raschilas et al., 2002; Steiner and Benninger, 

2013; Gnann and Whitley, 2017): 

Despite decades of research, key questions remain regarding (i) why distinct brain 

regions are selectively vulnerable, (ii) which anatomical pathways permit CNS access 

and (iii) how long-term infection dynamics unfold with respect to latency and 

reactivation? To address these gaps, we used a recently established CD-1 mouse 

model infected with the attenuated mutant PrV-ΔUL21/US3Δkin, which reproduces 

hallmark features of HSE (Sehl et al., 2020; Sehl-Ewert et al., 2022). Within this thesis, 

three complementary studies interrogated region- and cell type–specific susceptibility 

(paper I), the earliest routes of CNS entry after intranasal infection (paper II), and long-

term brain infection dynamics including latency/reactivation (paper III). The following 

sections synthesize these results in a stepwise framework (clinical course → target 

regions and receptor biology → entry routes → long-term dynamics) to maintain logical 

continuity. 

Before addressing the specific experimental objectives, we first characterized the 

clinical course of PrV-ΔUL21/US3Δkin infection to establish the temporal framework 

and biological reproducibility of the model. 

5.1 Clinical course of PrV-ΔUL21/US3Δkin infection in mice 

Across papers I-III, the clinical phenotype of PrV-ΔUL21/US3Δkin-infected mice was 

consistent. During the acute phase of infection, animals displayed nonspecific clinical 

signs (hunching, ruffled fur, reduced activity) plus neurological manifestations 

(seizures, “stargazing”) compatible with dysfunction in piriform and mesiotemporal 

structures (Hokkanen et al., 1997; Wu et al., 2003; Chee et al., 2022). Pruritus likely 
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reflected lesions in peripheral and central sensory pathways, with the 

neuroinflammatory response contributing to the pathophysiology (Laval and Enquist, 

2020). 

Differences in the onset of clinical signs and severity were closely linked to the 

inoculation route and target region. In paper I, stereotactic temporal lobe inoculation 

precipitated severe signs around 5 dpi, one to two days earlier than cerebellar 

inoculation, plausibly due to shorter network distance to susceptible limbic targets in 

the temporal lobe. Temporal inoculation produced seizures/behavioral changes early, 

while cerebellar inoculation yielded initial pruritus then behavioral abnormalities. Wild-

type PrV-Ka caused severe pruritus and seizures ≤2 dpi underscoring the mutants 

attenuated phenotype (paper I). When compared to intranasal inoculation (Klopfleisch 

et al., 2004; Klopfleisch et al., 2006; Sehl et al., 2020), intracranial infection accelerated 

disease and increased severity, likely because direct parenchymal deposition of viral 

particles bypasses peripheral barriers and permits rapid neuroinvasion (McLean et al., 

1989; Speck and Simmons, 1998).  

In paper II (≤4 dpi after intranasal infection) no clinical signs were expectedly observed, 

consistent with first mild signs around 6 dpi (Sehl et al., 2020).  

Paper III extended to 190 dpi and confirmed a multiphasic course (Sehl-Ewert et al., 

2022): an acute phase (9-14dpi), followed by a partial recovery and possible late 

recurrences, including immunosuppression-triggered return of clinical signs around 

170 dpi, paralleling long-term sequelae known from HSE (Marcocci et al., 2020; Wouk 

et al., 2021; Costa and Vale, 2024). 

5.2 Objective 1: predilection sites - mesiotemporal lobe, piriform, and 
prefrontal cortex 

Papers I–III (Sehl et al., 2020; Sehl-Ewert et al., 2022), consistently identified MTL, 

piriform, and prefrontal cortex as core targets, irrespective of the inoculation site – 

matching classic HSE pathology (Esiri, 1982; Taylor et al., 2005; Armien et al., 2010; 

Yong et al., 2021).  

In paper I, both temporal and cerebellar stereotactic inoculations ultimately converged 

on MTL, Pir, and prefrontal cortices via brainstem – midbrain – thalamus/hypothalamus 
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between 5 and 7 dpi. Temporal lobe inoculation did not result in spread to the 

cerebellum, and cerebellar inoculation produced only sparse local infection, confirming 

low cerebellar permissiveness (McFarland and Hotchin, 1987; Sehl et al., 2020). Wild-

type PrV-Ka showed a similar distribution, but appeared more restricted, likely because 

early euthanasia (rapid clinical decline) precluded full cortical spread. Future 

refinements (additional inoculation sites, lower titers) could test whether spread 

invariably converges on these cortical areas. Paper II showed that peripheral infection 

reaches the MTL within 72 hpi via ascending routes from peripheral sites, the OE and 

brainstem nuclei, corroborated by antigen and RNA detection. Paper III detected high 

viral transcript loads in MTL and Pir during 9–14 dpi in animals that reached humane 

endpoint criteria, with long-term histopathology showing transition from severe 

necrotizing meningoencephalitis to persistent lymphohistiocytic inflammation, gliosis 

and focal neuronal necrosis predominantly affecting MTL/Pir/prefrontal cortex. 

Studies on the difference of cell-intrinsic susceptibility supported this pattern: in vitro 

infection of primary cerebral vs. cerebellar neurons (paper I) yielded higher titers in 

cerebral cultures for both mutant and wild-type PrV, suggesting intrinsic 

permissiveness differences. Analogous region-specificity is known for West Nile virus 

(Cho et al., 2013) and may relate to basal interferon-stimulated gene programs (Zhang 

et al., 2021) a candidate mechanism of future work. 

Nectin-1 as a determinant of cortical vulnerability 

To explain regional tropism mechanistically, paper I analyzed nectin-1, a key entry 

receptor for PrV/HSV-1 (Geraghty et al., 1998; Shukla et al., 2000; Spear et al., 2000). 

Nectin-1 is broadly expressed in brain tissue, but its regional distribution varies 

considerably (Haarr et al., 2001; Horváth et al., 2006; Lathe and Haas, 2017). In vitro, 

cerebral vs. cerebellar neurons showed no nectin-1 difference, likely reflecting model 

limitations (lack of cytoarchitecture and region-specific cellular composition). In vivo, 

high  nectin-1 was mapped to MTL, Pir and prefrontal regions (high antigen levels) and 

low expression to cerebellum and V2 (minimal to no antigen detection), which align 

with murine/ human reference data (Prandovszky et al., 2008; Lathe and Haas, 2017). 

Our analysis showed no significant difference in nectin-1 distribution between PrV-

infected and mock-treated mice, supporting inherent region-specific receptor levels - 

rather than infection-induced changes - as a major driver of tropism. This is 
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substantiated by recent work showing that nectin-1 knockout mice exhibit significantly 

improved survival following intranasal PrV challenge, underscoring the receptor’s 

critical role in viral entry and pathogenesis (Tomioka et al., 2024). These findings 

indicate that both regional and neuronal population–specific factors, including receptor 

distribution, contribute to selective cortical vulnerability. Building on this, future studies 

employing genetically modified mouse models with reduced or altered nectin-1 

expression may help to resolve remaining questions about its role in shaping 

neuroinvasion patterns and clinical outcomes. 

5.3 Objective 2: entry routes - a multimodal cranial-nerve network with 
brainstem integration  

Alphaherpesviruses invade the CNS via a multimodal network of cranial nerves that 

includes trigeminal, olfactory, glossopharyngeal–vagal, and hypoglossal pathways. 

These routes collectively enable widespread viral dissemination from peripheral entry 

sites into higher-order brain regions. Among them, the trigeminal and olfactory systems 

represent the principle conduits (Held and Derfuss, 2011; Steiner and Benninger, 

2013; Mori, 2015; Sehl and Teifke, 2020; Niemeyer et al., 2024). Across papers I-III 
both pathways were prominently represented.  

Trigeminal system 

The trigeminal pathway emerges as one of the most reliable routes of CNS entry and 

spread. Across papers I-III, viral signals were consistently identified in Sp5 and S1, 

both core components of the trigeminal projection network (Landisman and Connors, 

2007; García-Guillén et al., 2021). In paper I, additional viral antigen was found in the 

VPM, while paper III revealed viral transcripts in the TG, reinforcing the canonical 

anatomical chain  TG - Sp5 - VPM - S1 (Shigenaga et al., 1979; Hattox and Nelson, 

2007; Donovan and McCasland, 2008). These structures have previously been shown 

to harbor  viral antigen in PrV-infected mice (Klopfleisch et al., 2004; Klopfleisch et al., 

2006; Sehl et al., 2020). Paper II extended this trajectory to the periphery, 

demonstrating viral antigen in regions innervated by the maxillary, mandibular, and 

ophthalmic branches of the trigeminal nerve, including the palate, nasal mucosa and 

incisors (Grunditz et al., 1994; Naftel et al., 1999; Shankland, 2001; Prendergast, 2013; 

Fried and Gibbs, 2014; Yun et al., 2024). 
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Olfactory system 

The olfactory pathway represents a second, equally critical route for CNS entry, 

particularly following intranasal infection. Paper II identified viral antigen in the OE and 

OB within 72 hpi, indicating rapid access to the forebrain. Paper III confirmed these 

findings by detecting viral transcripts in the OB, providing molecular evidence of 

olfactory neuroinvasion. While PrV-associated OE involvement had previously been 

documented only in pigs (Verpoest et al., 2017), our data demonstrate that PrV-

ΔUL21/US3Δkin also targets these regions in mice - consistent with HSV-1 findings 

(Shivkumar et al., 2013; Niemeyer et al., 2024). Downstream of the OB, viral antigen 

was consistently found in MTL structures, particularly in the lateral entorhinal cortex 

(LEnt) and Pir, both of which maintain dense reciprocal connectivity with olfactory 

regions (Neville and Haberly, 2004; Kajiwara et al., 2007; Gretenkord et al., 2019; 

Stenwall et al., 2025). These areas serve as key relay stations linking olfactory input 

to limbic and prefrontal targets. Supporting this, papers I and III reported strong 

antigen signals in Pir, Hpc, MO and AI - regions engaged in odor information 

processing and emotion-related behavior (Boggian et al., 2000; Shivkumar et al., 2013; 

Menendez and Carr, 2017b). 

Glossopharyngeal, vagal, and hypoglossal projections/pathways 

Beyond these major routes, findings from paper II suggest that additional cranial 

nerves contribute to CNS entry and dissemination. Evidence for glossopharyngeal 

involvement (CN IX)  includes viral antigen in the palate -  a region innervated by 

glossopharyngeal fibers (Mu et al., 2021), and in the Sol and Amb, which represent 

primary sensory and motor nuclei of this nerve relay (Mizuno and Nomura, 1986; 

Standring, 2016). Both nuclei are functionally coupled to the vagus nerve (CN X): the 

Sol receive dense vagal afferents, and the Amb houses vagal motor neurons (Isabella 

and Moens, 2024; Chen and Liu, 2025). Hence, glossopharyngeal and vagal circuits 

likely cooperate in mediating ascending viral transport within the brainstem. Moreover, 

the detection of viral antigen in the 12N in papers I and II suggests that PrV may exploit 

overlapping motor pathways. This observation is consistent with the known 

connectivity between 12N, Sp5, and Sol (Borke et al., 1983; Guan et al., 1998; Okada 

et al., 2019; Guo et al., 2020) and supports the concept of cross-nerve dissemination. 
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Also, these findings correspond with previously documented neuroinvasion profiles of 

related alphaherpesviruses, including HSV-1 (Niemeyer et al., 2024).   

Brainstem relay networks and ascending viral spread 

The brainstem serves as a central hub and integrates these multimodal cranial-nerve 

circuits. Across papers I-III, the FR consistently exhibited viral antigen detection and 

appears to function as a key intersection linking trigeminal, glossopharyngeal-vagal, 

and hypoglossal networks, as well as MTL structures connected to the olfactory 

pathway (Baker et al., 1990; Hornung, 2003; Panneton and Gan, 2014). The FR is 

densely interconnected with the Sol, Amb, and 12N (Holstege and Kuypers, 1982; 

Borke et al., 1983; Streppel et al., 2000; Ruggiero et al., 2000; Nasse et al., 2008), 

providing a pipeline for viral exchange between sensory and motor systems.  

Beyond the brainstem, thalamic and hypothalamic regions also exhibited viral antigen 

presence in papers I and III, implicating them as potential relay centers for ascending 

spread. The VPM of the thalamus, connects to the S1, while both the thalamus and 

hypothalamus maintain reciprocal projections with MTL, Pir, and prefrontal areas 

(Gehrlach et al., 2020; O'Leary et al., 2022; Qiu et al., 2024). Both structures are 

anatomically linked to the FR (Milsom et al., 2004; Wang, 2009),  suggesting that once 

viral particles reach the reticular network, they can propagate toward higher cortical 

targets through established ascending pathways. 

Experimental considerations  

The choice of inoculation method becomes critical for accurately capturing 

neuroinvasion pathways. While stereotactic CNS injection (paper I) enables precise 

targeting, it bypasses physiologically relevant entry points such as the olfactory and 

trigeminal systems, and thus does not fully replicate natural exposure patterns. In 

contrast, the intranasal inoculation (papers II and III) closely replicates peripheral 

exposure, engaging both olfactory and trigeminal routes and, potentially, secondary 

activation of glossopharyngeal and hypoglossal circuits through accidental ingestion 

and swallowing reflexes (Jean, 2001; Milsom et al., 2004). Together, these findings 

support a multimodal entry model in which multiple cranial nerves cooperate in 

establishing CNS infection. The FR functions as an integration node, coordinating 

bidirectional spread between cranial-nerve nuclei and higher-order limbic regions. This 
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expanded view moves beyond the traditional dual-route concept and underscores the 

complex neuroanatomical basis of alphaherpesviral neuroinvasion. 

5.4 Objective 3: long-term alphaherpesviral CNS infection dynamics - latent vs. 
lytic programs and immune correlates 

In paper III long-term infection dynamics of PrV-ΔUL21/US3Δkin were analyzed up to 

105 dpi using RNAscope™ and RT-qPCR for the latency marker LAT and the lytic 

gene UL19, encoding the major capsid protein (Hill et al., 1975; Klupp et al., 2004; 

Koyuncu et al., 2018). 

During the acute phase (9–14 dpi), both transcripts were abundantly expressed in 

mesiotemporal, frontal and parietal lobes, consistent with high viral loads detected by 

RT-qPCR. By 28 dpi, transcript levels markedly declined. From 42 dpi onward, LAT 

stabilized at low levels, while UL19 varied among animals, indicating heterogenous 

reactivation propensities. These differences may reflect individual variation in latent  

genome copy numbers, which are known to influence reactivation likelihood (Sawtell, 

1998; Sawtell et al., 1998). Accumulating evidence also suggests that abortive 

reactivations, defined by the initiation of lytic transcription without completion of the 

replication cycle, occur frequently. In such cases, lytic transcripts are detectable, but 

corresponding proteins are absent, indicating that viral replication is halted 

prematurely. This interruption likely results from robust intrinsic antiviral responses 

within neurons, which possess cell-intrinsic mechanisms capable of sensing and 

suppressing viral gene expression (Ma et al., 2014). 

Importantly, the consistency between RNAscope™ and RT-qPCR data reinforces the 

reliability of these findings. However, minor discrepancies particularly observed in the 

olfactory bulb likely arise from methodological resolution, as whole-tissue analysis 

captures viral genomes below the detection threshold of section-based imaging. 

Unexpectedly, LAT was not detected in the trigeminal ganglion, the canonical site of 

alphaherpesviral latency  (Pomeranz et al., 2005; Held and Derfuss, 2011; Koyuncu et 

al., 2018). Instead, LAT was consistently present in brainstem regions, particularly in 

Sp5, supporting previous reports suggesting that brainstem neurons may preferentially 

harbor latent genomes (Yao et al., 2014; Sivasubramanian et al., 2022). 



146 

Single-cell analysis revealed a temporal shift from frequent co-expression of LAT and 

UL19 during early infection toward mutually exclusive transcription of either LAT or 

UL19 after 28 dpi, indicating a transition from an initial mixed state to stable latent or 

lytic programs (Kramer and Coen, 1995; Liu et al., 2000; Feldman et al., 2002; Sawtell, 

2003; Zhang et al., 2022). 

Long-term histopathology focusing on immune correlates, further substantiated these 

findings. The pattern of CNS pathology evolved from an acute necrotizing 

meningoencephalitis to a persistent state characterized by lymphohistiocytic 

infiltration, gliosis, and focal neuronal necrosis in anatomically predisposed regions. T-

cell aggregates co-localized with UL19-rich regions at 11–14 and 42 dpi, indicating 

sites where viral reactivation has likely occurred and elicited an immune response 

(Held and Derfuss, 2011). Consistent with HSV-1 studies, CD8⁺ T cells are thought to 

suppress further viral reactivation in an antigen-specific manner (Liu et al., 2000), 

whereas LAT transcripts may counteract immune pressure by inhibiting apoptosis 

through caspase-3 modulation (Jiang et al., 2011). Positive regions of cleaved 

caspase-3 overlapped with areas of high UL19 expression and dense T-cell infiltration, 

indicating that lytic activity triggers immune effector engagement, and subsequent 

apoptotic neuronal loss. Collectively, these findings indicate that alphaherpesviral 

persistence within the brain is accompanied by sustained neuroinflammatory 

processes that may modulate the dynamics of viral reactivation. 

Future studies should refine these correlations by immunophenotyping infiltrating T 

cells (CD4⁺ vs. CD8⁺), evaluating effector markers such as granzyme B and 

intracellular IFN-γ, and profiling chemokine axes (CXCL9/10, CCL5) to discriminate 

between abortive, subclinical, and productive reactivation.  

In a targeted reactivation experiment (paper III), long-term infected mice received 

cyclophosphamide and dexamethasone at 170 dpi, followed by euthanasia 20 days 

post-treatment (dpt). Moderate clinical signs emerged around 5 dpt, and by 20 dpt low-

level LAT and UL19 signals were detectable accompanied by sparse T-cell infiltration 

— consistent with glucocorticoid-induced lymphodepletion (Himmelein et al., 2011). 

These findings suggest that reactivation may have occurred earlier than sampling, 

highlighting the need for shorter treatment-to-sampling intervals to accurately capture 

peak lytic activity. 
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Together, these results support three non-exclusive patterns of long-term CNS 

infection: (i) episodic, abortive reactivation or (ii) episodic, often subclinical reactivation 

marked by focal UL19 expression and T-cell clustering, and (iii) chronic, low-grade 

infection with persistent inflammation and low-level viral transcription. Both scenarios 

(ii, iii) parallel findings from long-term HSV-1 studies (Nicoll et al., 1993; Asenbauer et 

al., 1998; Valyi-Nagy et al., 2000; Armien et al., 2010).  

Beyond direct viral effects, long-term CNS infections may have broader implications. 

Recurrent HSV-1 reactivations have been associated with cognitive decline, amnestic 

mild cognitive impairment (aMCI) and Alzheimer’s disease (AD). Epidemiological and 

molecular evidence links HSV-1 reactivation to altered APP metabolism, amyloid-β 

deposition, and increased anti-HSV-1 IgG avidity (Kobayashi et al., 2013; Readhead 

et al., 2018; Marcocci et al., 2020). 

In addition, post-infectious autoimmune responses such as anti-NMDAR encephalitis 

may further exacerbate cognitive impairment (Cleaver et al., 2024). Given its limbic 

predilection and intermittent lytic activity, the PrV-ΔUL21/US3Δkin model provides a 

translational framework to investigate such mechanisms. Future long-term studies 

combining transcriptomic profiling, serology, amyloid-β immunohistochemistry, and 

screening for anti-NMDAR antibodies could elucidate how recurrent alphaherpesviral 

reactivation contributes to progressive neurodegeneration. 

5.5 Conclusion 

This thesis provides an integrated analysis of alphaherpesviral neuroinvasion, 

persistence, and neuropathogenesis using the PrV-ΔUL21/US3Δkin mouse model, 

which closely reproduces key clinical and histopathological features of human HSE. 

Across three complementary studies, the work delineates a coherent framework that 

links regional and cellular susceptibility (paper I), multimodal cranial-nerve–mediated 

entry routes (paper II), receptor-dependent cortical tropism (paper I), and the long-

term balance between latent and lytic viral programs (paper III). 

The results identify the mesiotemporal lobe, piriform, and prefrontal cortices as core 

target regions, reflecting both anatomical connectivity and high nectin-1 expression as 

determinants of cortical vulnerability (paper I). Neuroanatomical tracing across 

multiple inoculation routes demonstrates that PrV accesses the CNS through a 
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complex cranial-nerve network — including trigeminal, olfactory, glossopharyngeal-

vagal, and hypoglossal pathways — that converge in the brainstem and enable 

ascending viral dissemination (paper II). This integrated circuitry provides a structural 

basis for the selective involvement of limbic and associative cortices characteristic of 

HSE. 

Long-term analyses reveal persistent low-grade infection and episodic abortive or 

subclinical reactivation events within the CNS, associated with T-cell infiltration, 

apoptotic neuronal loss, and region-specific viral transcription patterns (paper III). The 

identification of LAT expression within brainstem nuclei rather than trigeminal ganglia 

supports an expanded concept of central latency reservoirs. Together, these findings 

underscore that alphaherpesviral persistence in the brain represents a dynamic 

equilibrium between immune control and viral reactivation potential, accompanied by 

neuroinflammatory processes that may shape long-term outcomes.  

Beyond its mechanistic insights, the PrV-ΔUL21/US3Δkin model establishes a 

translationally relevant system to study post-infectious sequelae, including 

neuroinflammation, cognitive decline, and putative links to neurodegenerative and 

autoimmune disorders. As such, it provides a robust platform for future investigations 

into the molecular and immunological determinants of alphaherpesvirus-induced 

neuropathology and long-term CNS dysfunction. 

 

 

 

 

 

 

 



149 

6 Summary 

Alphaherpesviruses such as HSV-1 and PrV exhibit pronounced neurotropism and the 

ability to establish acute and latent infections within the nervous system. To elucidate 

key determinants of alphaherpesviral neuroinvasion and persistence, this thesis 

employed the attenuated mutant PrV-ΔUL21/US3Δkin in CD-1 mice, which reproduces 

hallmark features of human HSE. 

Through a combination of targeted stereotactic and intranasal infection models, three 

principal aspects were addressed: (i) regional and cell type–specific neuronal 

susceptibility, (ii) anatomical pathways of early CNS entry, and (iii) long-term infection 

dynamics including latency and reactivation. 

The studies identified the mesial temporal, piriform, and prefrontal cortices as core 

targets, linked to high nectin-1 expression and specific anatomical connectivity. 

Neuroanatomical mapping revealed that PrV gains CNS access via a multimodal 

cranial-nerve network encompassing trigeminal, olfactory, glossopharyngeal-vagal, 

and hypoglossal routes converging in the brainstem. Long-term analyses 

demonstrated persistent, low-grade infection and episodic abortive or subclinical 

reactivation associated with neuroinflammatory responses, indicating a predominantly 

central establishment of viral latency that extends the current understanding of 

alphaherpesviral persistence to include central neuronal reservoirs in addition to 

peripheral ganglia. 

Collectively, these findings establish the PrV-ΔUL21/US3Δkin model as a robust and 

translationally relevant system for dissecting regional and receptor-dependent 

neurotropism, multimodal cranial-nerve-mediated CNS entry, and the central dynamics 

of alphaherpesviral latency and reactivation. 
 
 
 



150 

7 Zusammenfassung 

Alphaherpesviren wie HSV-1 und PrV zeichnen sich durch ihren ausgeprägten 

Neurotropismus sowie die Fähigkeit aus, sowohl akute als auch latente Infektionen im 

Nervensystem zu etablieren. Zur Identifizierung zentraler Determinanten der 

alphaherpesviralen Neuroinvasion und Persistenz wurden in dieser Arbeit CD-1-

Mäuse mit der attenuierten Pseudorabiesvirusmutante PrV-ΔUL21/US3Δkin infiziert, 

die charakteristischen Merkmale der humanen Herpes-simplex-Enzephalitis (HSE) 

reproduziert. 

Mittels einer Kombination aus gezielten stereotaktischen und intranasalen 

Infektionsmodellen wurden drei Hauptaspekte untersucht: (i) regionale und 

zelltypspezifische neuronale Vulnerabilität, (ii) anatomische Eintrittspfade in das ZNS 

sowie (iii) Langzeitverläufe der Infektion einschließlich Latenz und Reaktivierung. 

Die Untersuchungen identifizierten die mesialen Temporallappen, den piriformen und 

den präfrontalen Kortex als zentrale Zielregionen alphaherpesviraler Infektion, die mit 

einer hohen Nectin-1-Expression und spezifischer anatomischer Konnektivität 

korrelierten. Eine neuroanatomische Kartierung zeigte, dass PrV über ein 

multimodales Hirnnervennetzwerk Zugang zum ZNS erhält, das trigeminale, 

olfaktorische, glossopharyngeal-vagale und hypoglossale Bahnen umfasst und im 

Hirnstamm konvergiert. Langzeitanalysen belegten eine geringgradige, persistierende 

Infektion sowie episodische, abortive oder subklinische Reaktivierungen, die mit 

neuroinflammatorischen Reaktionen einhergingen. Die Befunde sprechen für eine 

überwiegend zentrale Etablierung viraler Latenz und erweitern damit das bisherige 

Verständnis alphaherpesviraler Persistenz in peripheren Ganglien um zentrale 

neuronale Reservoirs. 

Zusammenfassend etabliert das PrV-ΔUL21/US3Δkin-Modell ein robustes und 

translational relevantes System zur Untersuchung regionaler und rezeptorabhängiger 

Neurotropie, multimodaler hirnnervenvermittelter ZNS-Invasion sowie zentraler 

Dynamiken alphaherpesviraler Latenz und Reaktivierung. 
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