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What makes CNS injury by pathogens different from other
CNS afflictions such as stroke or Alzheimer’s Disease is well
illustrated in the manuscripts of this volume. We will see
that viral, bacterial, or prion-induced injuries are dynamic
and varied. No two infection cases are the same due to
host or agent factors. We will encounter pathogens that are
shared with other species and some that range across the
globe. We will also find robust examples of gene x age x
environment interactions as determinants of nervous system
disease, which can be incorporated into understanding many
neurobiological processes.

The role of infection in neurologic and psychiatric
diseases is predicated on clinical and research observations,
which have been expanded into the domains of neurobiology
by hypotheses from several perspectives. Our collected
papers come from perspectives of epidemiology, protein
biochemistry, immunology, genetics, molecular biology,
pathology, behavioral sciences, psychology, neuropharma-
cology, and human and veterinary medicine. These articles
are comprehensive reviews, topical summaries, or original
research papers.

We hope that this collection of manuscripts provides
a greater understanding of both familiar and unfamiliar
pathogens, prompts new ideas on disease mechanisms and
treatments, and stimulates further cooperative work on
infection in neurologic and psychiatric diseases.

We thank our contributors from around the world. When
it comes to transmissible diseases, the world is a small
place. Although we did not specifically solicit for public
health topics, we note that cross-species transfers, emerging
diseases, epidemics and pandemics, are developed as key

discussions in several of our manuscripts. For this reason
we dedicate this special issue to the One Health Initiative,
whose work is defined by the Mission Statement on their
website: www.onehealthinitiative.com/mission.php “Recog-
nizing that human and animal health and mental health....
are inextricably linked, One Health seeks to promote,
improve, and defend the health and well-being of all species
by enhancing cooperation and collaboration between physi-
cians, veterinarians, and other scientific professionals....”

We express our sincere gratitude to all authors and
reviewers for their time and effort, to Betsy Foxman,
Editor-in-Chief for the invitation, and the staff at Hindawi
Publishing for their assistance and support.

Marylou V. Solbrig
Guey Chuen Perng
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Infection by herpes simplex virus type 1 (HSV-1) can cause clinical symptoms in the peripheral and central nervous system.
Recurrent ocular shedding can lead to corneal scarring and vision loss making HSV-1 a leading cause of corneal blindness due
to an infectious agent. The primary site of HSV-1 latency is sensory neurons within trigeminal ganglia. Periodically, reactivation
from latency occurs resulting in virus transmission and recurrent disease. During latency, the latency-associated transcript (LAT)
is abundantly expressed. LAT expression is important for the latency-reactivation cycle in animal models, in part, because it
inhibits apoptosis, viral gene expression, and productive infection. A novel transcript within LAT coding sequences (AL3) and
small nonprotein coding RNAs are also expressed in trigeminal ganglia of latently infected mice. In this review, an update of viral
factors that are expressed during latency and their potential roles in regulating the latency-reactivation cycle is discussed.

1. Introduction

At least 90% of the population are infected with herpes
simplex virus type 1 (HSV-1), and infection can cause a
variety of disorders [1, 2]. Recurrent ocular HSV-1 is the
leading cause of infectious corneal blindness in industrialized
nations [3]. In a murine model, ocular infection appears
to induce autoimmune disorders leading to corneal antigen
destruction and stromal keratitis [4]. HSV-1 infections also
cause gastrointestinal disorders, esophageal disorders, and
approximately 25% of all genital herpes infections [5, 6].

HSV-1 is the most commonly identified cause of acute,
sporadic viral encephalitis in the U.S. accounting for 10%–
20% of all cases [7]. It is estimated that there are approxi-
mately 2,000 new cases per year in the U.S. HSV-1 and HSV-2
can cause acute necrotizing encephalitis in infants, children,
and adults. Encephalitis due to HSV-2 in newborn infants is
a widespread disease in the brain and commonly involves a
variety of other organs in the body including skin, eyes, and
lungs [8].

Herpes simplex virus- induced encephalitis (HSE) is
characterized by severe destruction of temporal and frontal
lobe structures, including limbic mesocortices, amygdala,
and hippocampus. Without antiviral therapy, the mortality
rate is as high as 70%, but even after antiviral therapy
20% of these patients die. Despite early treatment, chronic
progressive tissue damage in magnetic resonance imaging
can be found up to 6 months following the onset of
symptoms. Approximately 2/3 of the HSE cases occur
because of reactivation from latency [9], which explains why
there is high morbidity and long-term complications despite
antiviral treatment [10–12].

HSE is often associated with necrotic cell death resulting
from virus replication and inflammatory changes secondary
to virus-induced immune response [13]. However, there is
not a perfect correlation between virus burden in the brain
and the severity of histological changes and neurological
symptoms. Furthermore, a small number of HSE patients
are negative for HSV-1 DNA early in the course of infection
suggesting that factors other than virus replication are
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involved in pathogenesis. The finding that mice lacking
toll like receptor 2 (TLR2) are less susceptible to HSV-1-
induced encephalitis than wild type mice or mice lacking
TLR4 implies that TLR-2-mediated cytokine responses are
detrimental to the host [14]. In addition, two children
with HSE lack the intracellular protein UNC-93B and have
impaired interferon responses [15]. It appears that the ability
of the host to appropriately respond to HSV-1 infections in
the brain is crucial for preventing HSE.

2. The Latency-Reactivation Cycle

2.1. The Latency-Reactivation Cycle Has 3 Distinct Steps.
Despite a vigorous immune response during acute infection,
HSV-1 establishes latency in ganglionic sensory neurons,
typically trigeminal ganglia (TG) or sacral dorsal root ganglia
[16, 17]. Although TG is a primary site of latency following
ocular, oral, or intranasal infection [18–20], latent HSV-1
can also be detected in human adult nodose ganglia and
the vagus nerve [5, 6]. Up to 40% of sensory neurons can
be latently infected [21–25]. HSV-1 genomic DNA has also
been detected in the central nervous system of a significant
percentage of humans [18, 26, 27].

The steps of the latency-reactivation cycle have been
operationally divided into three major steps: establishment,
maintenance, and reactivation (Figure 1). Establishment of
latency includes entry of the viral genome into a sensory
neuron and acute infection. Viral gene expression is then
extinguished, with the exception of the latency-associated
transcript (LAT). For further details regarding viral gene
expression during acute infection and establishment of
latency, see Section 2.2.

Maintenance of latency is a phase that lasts for the life
of the host and is operationally defined as a period when
infectious virus is not detected by standard virus isolation
procedures. In general, abundant expression of viral genes
that are required for productive infection does not occur.
LAT is abundantly expressed during this stage of latency.

Reactivation from latency is initiated by external stimuli
(stress and immunosuppression, e.g.) that stimulate viral
gene expression. Abundant viral gene expression is detected
in sensory neurons and infectious virus can be isolated from
TG, eye swabs, and/or nasal swabs. It is not clear whether a
neuron that undergoes reactivation and produces infections
virus survives and resumes latency or is killed. For further
discussion of factors that regulate reactivation from latency,
see Sections 2.4–2.6. The ability of HSV-1 to reactivate from
latency results in recurrent disease and virus transmission.

2.2. Viral Gene Expression during

Productive Infection versus Latency

2.2.1. Viral Gene Expression during Productive Infection.
Binding and entry of HSV-1 to cells are mediated by
viral glycoproteins and cellular factors [28–30]. A cellular
mediator of viral entry (HveA or HVEM) is primarily
expressed in activated T cells and belongs to the tumor
necrosis factor receptor family [31]. Entry of HSV-1 into

epithelial and other nonlymphoid cells is mediated by
an unrelated membrane glycoprotein that resembles the
poliovirus receptor (HveB and HveC) [32]. HveC is active
as an entry mediator for all herpesviruses examined to date,
HSV-1, bovine herpesvirus 1 {BHV-1}, and pseudorabies
virus, {PRV}. HveC is abundantly expressed in neurons and
can block viral entry in several neuron-like cell lines [32].
After uncoating, the viral genome is present in the nucleus
and viral gene expression ensues.

HSV gene expression is temporally regulated in three
distinct phases: immediate early (IE), early (E), or late (L)
[33]. IE transcription does not require protein synthesis
and is stimulated by VP16 [34]. E gene expression is
dependent on at least one IE protein, and generally E genes
encode nonstructural proteins that play a role in viral DNA
synthesis. L gene expression is maximal after viral DNA
replication, requires IE protein production, and L proteins
comprise the virion particle.

Five IE genes encode ICP0, ICP4, ICP22, ICP27, or
ICP47. ICP4 [35–38] and ICP27 [39–41] are required for
virus growth in tissue culture. In general, ICP4 represses
IE gene expression [37, 42–46] and activates E or L gene
expression by interacting with RNA polymerase II tran-
scription factors [46, 47]. ICP27 redistributes small nuclear
ribonucleoprotein complexes, interferes with splicing of IE
transcripts, and promotes E and L poly A site selection [48–
51]. ICP47 prevents transport of antigenic peptides into the
endoplasmic reticulum [52] and is crucial for neurovirulence
because it inhibits CD8+ T cell responses [53]. ICP0 can
activate expression of all classes of viral genes, in part because
it increases steady-state levels of mRNA [54].

ICP0 also binds several cellular proteins: (1) elongation
factor 1α [55], (2) cyclin D3 [56], (3) an ubiquitin-specific
protease [57, 58], and (4) PML [59–62]. Interactions between
ICP0 and chromatin-remodeling enzymes activate viral
transcription. For example, a histone deacetylase inhibitors
enhance viral gene expression and productive infection
[63, 64]. Secondly, ICP0 alters a complex that inhibits
gene expression (REST/CoREST/histone deacytlase repressor
complex) [65]. Finally, HSV-1 ICP0 interacts with HDAC2
[66] and blocks histone deacetylation to stimulate viral gene
expression [65, 67]. Since ICP0 has recently been shown
to remove histones from viral chromatin during productive
infection [68], it is tempting to suggest that ICP0 has a
similar function during reactivation from latency. These
activities of ICP0 promote virus replication in differentiated
cells [69].

2.2.2. Viral Gene Expression Is Extinguished after Infection
of Sensory Neurons. Following infection of rodents, rabbits,
or humans with HSV-1, productive infection is initiated in
the mucosal epithelium. Virus particles or subparticles then
enter sensory neurons and are transported intra-axonally to
the sensory ganglia. Since HSV-1 infection typically occurs
via the oral, ocular, or nasal route, the 5th cranial nerve,
trigeminal ganglia (TG), is a primary site for latency [18, 19].
Extensive viral gene expression and replication occur within
TG for approximately a week following infection of animal
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Acute infection
(high levels of infectious virus)

Establishment of latency
LAT inhibits apoptosis & productive infection
Neuronal factors inhibit productive infection
Infiltration of lymphocytes in TG

Maintenance of latency
LAT inhibits apoptosis
LAT inhibits productive infection

Neuronal death?

Reactivation from latency
Increased viral gene expression��� infectious virus

Stress and/or immune suppression

Figure 1: Steps in the latency-reactivation cycle of HSV-1. For details, see the text.

models that support HSV infection [70, 71]. Productive viral
gene expression that occurs in TG appears to be different
than what is seen in cultured cells [72]. Infectious virus
can readily be detected in homogenates prepared from TG
during acute infection. However, it is difficult to conclude
whether this infectious virus is the result of productive
infection in sensory neurons or the result of transport from
peripheral sites of infection. Replication is not required
for establishment of latency because mutants that cannot
replicate will establish latency, but at a reduced level [73–81].

2.2.3. IE Promoters Are Differentially Regulated in Sensory
Neurons Relative to Nonneuronal Cell Types. Several studies
using transgenic mice that contain IE promoters linked
to a reporter gene have concluded that IE promoters are
differentially regulated by neuronal specific factors. For
example, the HSV-1 ICP4 promoter is active in Schwann
cells, but not sensory neurons in TG [82]. As expected,
the ICP4 promoter in transgenic mice is activated in TG
neurons following infection with HSV-1. In contrast to the
ICP4 promoter, transgenic mice containing the ICP0 or
ICP27 promoters are active in certain neurons within the
brain and TG [83]. The ICP0 promoter is also differentially
regulated in TG neurons depending on the age of the mouse.
The ICP0 promoter contains a cis-acting element that can
bind a neuronal specific transcription factor, Olf-1, which
is differentially and developmentally expressed in specific
subsets of sensory neurons [84] suggesting that the Olf-1 site
plays a role in activating ICP0 promoter activity in certain
neurons.

All IE promoters contain a common cis-acting sequence
(TAATGARAT) that is required for VP16-mediated trans-
activation [34, 85]. VP16 must interact with two cellular
proteins, Oct-1 and HCF, to efficiently induce IE promoter
activity. A cellular transcription factor, Zhangfei, binds to

HCF and prevents activation of the ICP0 promoter [86].
Another cellular transcription factor, Luman, also binds
to HCF and sequesters HCF in the cytoplasm of sensory
neurons, suggesting that Luman has a role in latency [86].
Zhangfei and Luman have basic domain-leucine zippers
(bZIP) regions, acidic activation domains, and consensus
HCF-binding motifs, yet have little amino acid similarity.
In nonneuronal cells, HCF has a nuclear localization [87],
but in sensory neurons it appears to be predominantly
localized to the cytoplasm [88]. If the relative levels of
Luman and Zhangfei are high, the availability of “free”
HCF that could interact with VP16 would be reduced
and consequently IE gene expression would be repressed.
It has also been hypothesized that VP16 is not present
in sufficient quantities in the nucleus of infected sensory
neurons to stimulate efficient productive infection [88].
However, inducible expression of VP16 in the context of the
viral genome or in transgenic mice did not lead to enhanced
viral replication [89].

Other cellular transcription factors expressed in sensory
neurons (Brn-3.0 and N-Oct3, e.g.) have the potential to
regulate IE gene expression [90, 91]. Brn-3.0 binds to
noncoding sequences in the HSV-1 genome, but the binding
sites for Brn-3.0 are not identical to those for Oct-1 or other
related transcription factors that also include Brn-3.1 and
Brn-3.2 [92]. Brn-3.0 is important in the peripheral nervous
system of mice because null mutations in the brn-3.0 locus
result in neonatal death with defects in sensory ganglia and
specific central nervous system nuclei [93, 94]. brn-3.2 is
required for differentiation of certain retinal ganglion cells
[95]. One study has concluded that Brn-3.1 and 3.2 have
opposite effects on a target promoter [96]. Considering that
the Brn3 family of transcription factors is expressed in the
peripheral nervous system, these proteins may regulate HSV
gene expression during the latency-reactivation cycle.
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Following infection of primary neurons, ICP0 does not
appear to accumulate in the nucleus of infected cells [97].
An independent study also concluded that the function of
ICP0 is impaired in human neuronal-like cells because a
nuclear structure (ND10) that ICP0 interacts with is different
compared to nonneuronal cells [98]. The same neuronal-
like cells do not support efficient viral replication, in part,
because ICP0 expressing plasmids do not activate viral
transcription efficiently. These studies argue that ICP0 does
not function efficiently in neuronal cells and thus productive
infection is inhibited.

2.2.4. The LAT Promoter Is Neuronal Specific. In sharp
contrast to other HSV-1 promoters, the promoter that directs
expression of the latency-associated transcript (LAT) is
activated in sensory neurons (see Figure 2 for a schematic of
the HSV-1 LAT promoter). Two separate promoter fragments
that are upstream of the start site of LAT, latency-associated
promoter 1 and 2 (LAP1 and LAP2), can cis-activate a
reporter gene in transiently transfected cells [99, 100].
Several studies have demonstrated that sequences spanning
the TATA box, LAP1, are critical for directing LAT expression
in sensory neurons [99, 101–104]. LAP2 promoter has been
proposed to promote expression of the stable 2 Kb LAT
expression during productive infection of cultured cells.
LAP2 may also play a role in promoting long-term expression
of LAT in sensory neurons or may activate expression
of novel transcripts during specific stages of infection in
sensory neurons. Although the LAT promoter elements have
neuronal specificity in transient transfection assays, they
can also direct expression of a reporter gene in nonneural
cells [105–109]. This may reflect the abundance of cellular
transcription factor binding sites within the LAT promoter
(Figure 2(c)). Many of these transcription factors are present
in nonneural cells and can activate the LAT promoter in
transiently transfected cells. For example, the two CRE
binding sites in the LAT promoter are functional because
cAMP activates the promoter [110, 111]. The CRE motif that
is proximal to the TATA box is important for expression in
neurons, and its presence has a positive effect on reactivation
from latency [111–113]. Furthermore, Sp1, YY1, USF, and
CAAT are frequently found in RNA polymerase II promoters
that are not neural specific. Neuronal specific factors have
been identified that bind to the LAT promoter [111–113].
The finding that the IE protein, ICP4, binds to DNA
sequences downstream of the TATA box and represses the
LAT promoter is one important reason why LAT is not an
abundant transcript during productive infection [107].

Long-term expression of LAT has also been examined
in the context of the viral genome [122–125]. These studies
have demonstrated that LAP2 sequences function as a long-
term enhancer (Figure 2(c)) in latently infected mice. LAP2
also appears to maintain LAP1 promoter activity. Although
DNA sequences within the LAT promoter activate RNA
expression in sensory neurons, neuronal specificity does not
appear to be contained into a single cis-acting motif. As
expected, the LAT locus is transcriptionally active during
latency and is associated with acetylated histones, whereas
ICP0 expression is repressed and hypoacetylated [126].

2.3. Viral Gene Expression Is Restricted during

Latency to the LAT Locus

2.3.1. LAT Is Abundantly Expressed in Sensory Neurons during
Latency. LAT is abundantly transcribed in latently infected
neurons of mice, rabbits, or humans [1, 104, 114, 115, 127–
131]. Mice, rabbits, or humans latently infected with HSV-
1 express LAT, and LAT is predominantly detected in the
nucleus. LAT is complementary to ICP0 and overlaps the
ICP0 transcript (Figure 2(b)), suggesting that LAT inhibits
ICP0 expression by an antisense mechanism. Although the
ability of LAT to repress ICP0 expression may be important,
LAT sequences that promote spontaneous reactivation in a
rabbit ocular model do not overlap ICP0 [132]. The simplest
interpretations of these data are that LAT has more than one
function or the ability of LAT to repress ICP0 expression is
not that important in the small animal models used to study
latency.

Detection of thymidine kinase and ICP4 transcripts, in
addition to LAT, in TG of latently infected mice [133] appears
to be the result of spontaneous reactivation or unsuccessful
reactivation from latency [134, 135]. Viral genome positive
neurons that are LAT negative can be detected in latently
infected mice [24]. Since in situ PCR was used to detect
viral DNA, but in situ hybridization was used to detect LAT,
neurons expressing low levels of LAT were likely missed.

Splicing of the 8.5 Kb LAT transcript yields an abundant
2 Kb LAT and an unstable 6.5 Kb LAT [109, 114, 128]
(Figure 3). Correct splicing of the 2 Kb LAT is necessary
for establishment and maintenance of latency [139, 140].
In general, the stable 2 Kb LAT is not capped, is poly A-
appears to be circular, and is a stable intron [141, 142].
Although LAT is predominantly detected in the nucleus,
it is also present in the cytoplasm [143–145] and is asso-
ciated with polyribosomes [143, 146] or splicing factors
[143].

2.3.2. Small Nonprotein Coding RNAs Are Encoded within the
LAT Locus. Small noncoding RNAs can regulate gene expres-
sion [147, 148], promote neuronal differentiation [149], or
inhibit apoptosis [150]. There are numerous types of small
noncoding RNA: short interfering (si) RNA [151], small
temporal RNA [152], heterochromatic siRNA [153], tiny
noncoding RNAs [154], and micro-RNAs (miRNAs) [155].
miRNAs are nonprotein coding RNA molecules that are
synthesized in the nucleus as 70–90 nucleotide precursors,
and then processed into 21–23 nucleotide single-stranded
RNA by the Dicer nuclease in the cytoplasm [155]. Dicer
also processes siRNA. Following the discovery of 5 miR-
NAs encoded within the Epstein-Barr virus genome [156],
miRNAs have been identified in Kaposis sarcoma-associated
virus [157–159], mouse gammaherpesvirus 68 [157], human
cytomegalovirus [157, 160, 161], HSV-1 [156, 162], Marek’s
disease virus [163], and simian virus (SV40) [164].

A study by Umbach et al. [136] concluded LAT is
a miRNA precursor that encodes four miRNAs, and two
within LAT promoter sequences (Figure 3(a)). One of these
miRNAs, LAT miR-H6, inhibits ICP4 protein levels but not
ICP4 RNA levels. ICP0 protein levels, but not RNA levels,
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Figure 2: Location of genes within the HSV-1 repeats. (a) UL and US denote the unique sequences of the long (L) and short (S) components
of the genome. The boxes depict repeat sequences. (b) Transcription map of the repeat region. Location and orientation of LAT [114, 115],
ICP0, γ134.5 [116, 117], ORFP [118], L/STs [119] are indicated by solid lines. Partially mapped transcripts (αX and βX) are denoted by
dashed arrows [120, 121]. (c) The LAT promoter contains numerous cis-acting sites that can be bound by cellular transcription factors.
Binding of ICP4 to the ICP4 binding site in the LAT promoter inhibits promoter activity [107]. In transient transfection assays, the LAT
promoter can be divided into a strong promoter (LAP1) and a weaker promoter (LAP2) [99, 100]. For details of transcripts encoded by LAT,
see Figure 3.

are inhibited by another LAT miRNA, miR-H2-3p. The
authors conclude that suppression of ICP0 and ICP4 by these
miRNAs “facilitates the establishment and maintenance of
viral latency.” Since the six LAT-specific miRNAs are not
located within the first 1.5 kb of LAT coding sequences,
they may only play a supportive role during the latency-
reactivation cycle in small animal models of infection. The
fact that LAT-specific miRNAs inhibit ICP0 or ICP4 suggests
that they enhance the establishment or maintenance of
latency. In the context of the latency-reactivation cycle in
small animal models, it is unlikely, they are crucial when
compared to the first 1.5 kb of LAT coding sequences.

Two additional small RNAs (s-RNAs) are encoded within
the first 1.5 kb of LAT coding sequences (LAT s-RNA1 and
s-RNA2) [138] (Figure 3(b)). Expression of LAT s-RNA1
and s-RNA2 is readily detected in trigeminal ganglia of
latently infected mice [165]. LAT s-RNA2 inhibits ICP4
protein expression, but not RNA expression. LAT s-RNA1
inhibits productive infection approximately 1,000-fold in
transient transfections assays, whereas LAT s-RNA2 only
inhibits productive infection 5-fold [165]. These LAT s-RNAs
may not be miRNAs because they lack Dicer cleavage sites
and a mature miRNA band that migrates between 21 and
23 nucleotides was not detected. LAT s-RNA1 and s-RNA2
would not have been identified using the methods described

by Umbach et al. [136] because they size selected RNA species
migrating between 17 and 30 nucleotides, and LAT s-RNA1
is 62 nt long and LAT s-RNA2 is 36 nt long.

2.3.3. Novel Transcripts Are Expressed within LAT Coding
Sequences. Sequences that encompass LAT also encode sev-
eral additional transcripts. For example, novel transcripts
within the LAT promoter region have been reported [166].
More recently, a transcript and protein, UOL (Upstream
of LAT), was identified that is encoded within the LAT
promoter regulatory region [167]. Deletion of UOL does not
dramatically reduce the spontaneous reactivation phenotype
in rabbits [168]. Another transcript, antisense to LAT (AL),
is expressed within the first 1.5 kb of LAT coding sequences
and the start site of the LAT promoter and appears to encode
a protein [169] (see Figure 3 for location of UOL and AL).

Two small ORFs that are also antisense to LAT (AL2
and AL3) have been identified within the first 1.5 kb of LAT
coding sequences (Figure 3(b)). A transcript within the first
1.5 kb of LAT coding sequences (AL3) is expressed during
productive infection and in trigeminal ganglia of latently
infected mice [170]. Like AL, AL3 is antisense with respect
to LAT. An AL3 protein was also detected in cells transfected
with an AL3 expression vector, and in trigeminal ganglia of
infected mice. Conversely, an AL3 protein was not detected
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Figure 3: Schematic of factors encoded within the LAT locus. (a) Schematic of genes within the long repeats that contain the LAT locus.
The large arrow indicates the primary LAT transcript. The solid rectangle represents the very stable 2 kb LAT intron. The start of LAT
transcription is indicated by the arrow at +1 (genomic nucleotide 118801). Several restriction enzyme sites and the relative locations of the
ICP0 and ICP34.5 transcripts are shown for reference. The locations of the 6 micro-RNAs (miR-H1-6) that are located within the 8.3 kb LAT
[136] are shown. (b) Partial restriction map of LAT and position of LAT open reading frames (L1-8) within the first 1.5 Kb of strain McKrae
LAT coding sequences, which were based on previous studies [137]. The numbering system of the ORFs was consistent with a previous
study [137]. Only the ORFs with at least 30 amino acids are shown (the number of amino acids in each ORF is denoted by the numbers
in brackets). Open circles denote the position of two LAT small RNAs that are encoded within the first 1.5 kb LAT coding sequences [138].
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during productive infection, in part, because the 5′ terminus
of the AL3 transcript is downstream of the first in frame
methionine of AL3. It is not currently known whether a
transcript encompassing AL2 is expressed during productive
infection or during latency. It remains to be seen whether
AL2 or AL3 plays a role in the latency-reactivation cycle of
HSV-1.

2.4. LAT Regulates the Latency-Reactivation Cycle. As dis-
cussed above, the latency-reactivation cycle of HSV-1 can
be operationally defined in 3 steps: establishment of latency,
maintenance of latency, and reactivation from latency
(summarized in Figure 1). In a human being, latency is
maintained for the life of the host, indicating that a well-
conceived strategy exists that allows for periodic reactivation,
while maintaining the viral genome in sensory neurons.

Numerous HSV-1 mutants that do not express detectable
levels of LAT have been constructed and tested in animal
models [17, 171]. Although a couple of studies have sug-
gested that LAT plays no role in a latent infection [172, 173],
most have concluded that LAT is important but not required.

LAT enhances establishment of latency in mice [174, 175]
because certain LAT-mutants contain lower levels of viral
DNA in murine TG relative to wild type virus [21, 176].
Furthermore, LAT enhances establishment of latency in the
rabbit eye model and consequently reduces reactivation from
latency [177]. The finding that LAT represses productive viral
gene expression in TG of mice during acute infection [178,
179] supports the studies concluding that LAT facilitates
establishment of latency. When considering the role that LAT
plays in reactivation from latency, its role in establishing
latency must be taken into consideration.

LAT enhances establishment of latency in mice [174,
175] or rabbits [180] because certain LAT mutants contain
lower levels of viral DNA in TG relative to wt virus [21,
176]. LAT represses productive viral gene expression in
TG of mice during acute infection [178, 179] supporting
the concept that LAT facilitates establishment of latency.
The HSV-1 McKrae strain is frequently shed in tears of
infected rabbits as a result of spontaneous reactivation,
and LAT is crucial for spontaneous reactivation [177, 181–
184]. Furthermore, HSV-1 17syn+ strains with deletions in
LAT coding sequences do not reactivate efficiently using the
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rabbit eye model [185, 186]. Although LAT overlaps the
ICP0 transcript, LAT sequences that promote the latency-
reactivation cycle in rabbits do not overlap ICP0 [132].

LAT is also important for in vivo reactivation using two
different rabbit eye infection models. The McKrae strain of
HSV-1 is frequently shed in the tears of infected rabbits as a
result of spontaneous reactivation [177, 181, 183, 184, 187].
In contrast, spontaneous reactivation is severely impaired
if the LAT gene is deleted. However, these same LAT-
mutants grow with the same efficiency as wild-type virus
in cultured cells and in ocular tissue of infected rabbits.
The first 1.5 Kb of the gene encoding LAT is sufficient
for spontaneous reactivation from latency [177] (Figure 3).
Since this region does not overlap ICP0, antisense repression
of ICP0 expression by LAT does not appear to be required
for spontaneous reactivation in the rabbit model. HSV-1
17syn+ strains that have deletions in the LAT promoter and
5′ region of the gene encoding LAT (approximately 1,200
base pair) also do not reactivate efficiently in a rabbit eye
model [185, 186].

It is not clear whether LAT encodes a protein that
regulates the latency-reactivation cycle. Although certain
studies suggested that LAT does not encode a protein [137],
several studies have concluded that a protein encoded within
LAT sequences is expressed [118, 167, 188–192]. These
proteins were suggested to substitute for ICP0 functions
[191, 192], interfere with binding of ICP4 to DNA [190],
or their functions were not described. These proposed LAT
proteins map downstream of the critical first 1.5 kb of the
primary LAT transcript, a region that appears both sufficient
and necessary for LAT’s antiapoptosis activity and its ability
to support a wild type spontaneous reactivation phenotype
[177, 193]. Within the first 1.5 kb of LAT coding sequences,
8 potential ORFs have been identified in the strain McKrae
[137] (summarized in Figure 3(b)). A recent study has
provided evidence that L2 (Figure 3(b)), which is located
in the first 1.5 kb of LAT coding sequences, appears to be
expressed in TG of latently infected mice [194]. In summary,
the gene encoding LAT does not appear to be absolutely
required for latency in small animal models. However, the
importance of LAT may be underestimated using small
animal models and measuring latency in terms of weeks or
months, not decades. The involvement of a LAT encoded
protein in the latency-reactivation cycle is unclear.

2.5. HSV-1 Encodes Several Genes That Regulate Apoptosis

2.5.1. Genes Expressed during Productive Infection Inhibit
Apoptosis. Many viruses induce apoptosis in cultured cells
[195–198]. Killing of infected cells by apoptosis in vivo
can reduce inflammation, alter immune recognition, reduce
burst size, and thus prevent virus spread. Members of
the Alphaherpesvirinae subfamily induce apoptosis after
infection of cultured cells [199–202]. HSV-1 can also induce
or inhibit apoptosis in a cell type dependent manner after
infection of cultured cells [200, 201, 203–205]. Several
antiapoptotic genes encoded by HSV-1 (ICP27, Us3, Us5, gJ,
gD, and LAT) have been identified [200, 201, 203, 204, 206–
212]. Us3 is a protein kinase that, in the absence of other

HSV-1 proteins, inhibits cleavage of BAD and formation of
the proapoptotic form of BAD. Us3 is the only viral protein
required for preventing caspase 3 activation, which is the
“point of no return” following apoptosis induction. The
presence of several HSV-1 antiapoptotic genes suggests that
they have specific roles following infection of humans.

HSV infection can induce apoptosis by several distinct
mechanisms. For example, HSV induces DNA damage, even
in the absence of productive infection [213–217]. DNA
damage is a potent stimulus for apoptosis [217]. When
expressed from baculovirus expression vectors, Us1.5 and
UL13 can activate caspase 3 [218]. As expected, Us3 can
inhibit the proapoptotic activity of Us1.5 and UL13 because
it can interfere with caspase 3 activation.

2.5.2. LAT Inhibits Apoptosis. LAT interferes with apoptosis
in transiently transfected cells and TG of infected mice
or rabbits [139, 219–221]. LAT expressing plasmids inhibit
caspase 8- and caspase 9-induced apoptosis [222, 223], the
two major apoptotic pathways in mammals [224–226]. LAT
also inhibits caspase 3 activation [227]. The antiapoptosis
functions of LAT correlate with promoting spontaneous
reactivation [219, 222]. In fact, inhibiting apoptosis appears
to be the most important function of LAT because three
different antiapoptosis genes [228–231] restore wt levels of
spontaneous reactivation to a LAT null mutant.

LAT s-RNA1 and s-RNA2 (Figure 3) cooperate to inhibit
cold-shock-induced apoptosis in transiently transfected
mouse neuroblastoma cells [165]. Introduction of ATG→
TTG mutations in ORFs within the first 1.5 kb of LAT
coding sequences impairs the antiapoptotic functions of LAT
[232] suggesting that LAT encodes a functional protein or
alters RNA structure. Two of these ATG→TTG mutations
are within LAT sRNA1 and sRNA2, and introducing these
mutations into both small RNAs inhibits their ability to
inhibit apoptosis [165]. Although this suggests that the LAT
sRNAs mediate the antiapoptotic functions of the first 1.5 kb
of LAT coding sequences, there may be additional functions
within this region that have antiapoptosis functions.

2.6. Model Describing How LAT Regulates the Latency-
Reactivation Cycle. Based on published studies, a working
model has been devised to explain how LAT regulates
the latency-reactivation cycle. During acute infection of
TG (1–4 dpi), extensive viral gene expression occurs [70–
72]. The toxic effects of HSV-1 infection, in particular
ICP0 [233, 234], US1.5, and UL13 [218], make neurons
vulnerable to damage and death. The ability of HSV to
induce DNA damage [213, 215, 216, 235] would also
stimulate the mitochondrial pathway of apoptosis [217]. The
antiapoptotic properties of US3, US5, gD, gJ, ICP27, and
LAT would promote neuronal survival during acute infection
[139, 165, 200, 201, 203, 204, 209, 219–223]. Deletion of
LAT might not have a dramatic effect on apoptosis frequency
during the early stages of acute infection because the other
viral antiapoptotic genes are expressed.

During transition from acute infection to latency (estab-
lishment of latency), viral gene expression is extinguished.
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The ability of the LAT micro-RNAs to inhibit ICP0 and ICP4
proteins expression [136] as well as the ability of LAT sRNA1
and LAT sRNA2 to inhibit productive infection [165] are
likely to promote the establishment of latency. Furthermore,
LAT would be the only viral antiapoptotic gene abundantly
expressed during the establishment of latency. Neurons in
which extensive viral gene expression had occurred during
acute infection (permissive neurons) would be vulnerable to
apoptosis in the absence of LAT expression. Nonpermissive
neurons that harbor viral genomes would have suffered low
levels of viral induced damage and thus would have a higher
probability of survival in the absence of LAT. In mice, subsets
of neurons have been identified in TG and the ability of HSV-
1 to infect these neurons is different [236], supporting the
concept that permissive and nonpermissive neurons exist.

The antiapoptosis functions of LAT would also appear
to be crucial for protecting neurons from apoptotic stimuli
during the maintenance of latency because it is the only
viral gene that is abundantly expressed (Figure 1). In fact,
during latency, LAT does have an effect on the number
of surviving neurons following infection of mice [237].
Furthermore, the ability of LAT micro-RNAs [136] and LAT
sRNA1 or LAT sRNA2 [165] to inhibit viral gene expression
and/or productive infection would promote maintenance of
latency. Since LAT sRNA1 and LAT sRNA2 [165] are located
within the first 1.5 kb of LAT coding sequences, these small
RNAs appear to be more important than the LAT micro-
RNAs. However, the ability of the respective LAT noncoding
RNAs to inhibit viral gene expression or productive infection
is not as important as inhibiting apoptosis because three
different antiapoptosis genes restore wt levels of spontaneous
reactivation to a LAT null mutant [228–231].

The response of the central or peripheral nervous system
to trauma, stress, or immunosuppression plays an important
role during reactivation from latency. Stress leads to elevated
corticosteriod levels, which has rapid effects on neural activ-
ity [238, 239]. Dexamethasone, a synthetic corticosteriod,
induces viral gene expression [240], stimulates an HSV-1
origin of replication (Ori-L) in neuronal cells [50], and
alters splicing patterns in the absence of protein synthesis
[241]. Corticosteroids, or other forms of stress or trauma can
induce neuronal neurodegeneration and/or apoptosis [242–
248]. Since reactivation induces productive gene expression,
all HSV-1 antiapoptotic genes would be expressed and
should prolong neuronal survival, thus enhancing virus
production.

2.7. Cell-Mediated Immune Responses Are Important for

the Latency-Reactivation Cycle

2.7.1. Infiltration of Lymphocytes to TG during Acute Infection.
Several independent studies have demonstrated that T cells,
CD8+ T lymphocytes in particular, are crucial for controlling
HSV infection in sensory ganglia [249, 250]. During acute
infection, HSV antigen expression increases until 3 dpi in TG
but is undetectable at 7 dpi [251]. Coincident with a decline
of HSV antigen in TG there is an increase in Mac-1+ cells,
macrophages, natural killer cells (NK), and certain CD8+

cells. No cells with characteristic lymphoid cell morphology
can be detected in uninfected TG. After 5 dpi, the number
of CD8+ T cells, F4/80+ cells (macrophages), and γδ T cells
increases dramatically. At 3 dpi, TG neurons that are viral
antigen positive can be detected that are surrounded by
nonneural cells expressing TNF-α, IL-6, or IFN-γ [252]. Cells
that express IL-2 or IL-4 are detected later after infection
when viral antigens are difficult to detect. The number of
cells producing IFN-γ and IL-4 increases between 3 and 7 dpi
but the same cells do not appear to produce both factors
[251]. At 7 days after infection, transcripts encoding IL-2, IL-
10, IFN-γ, TNF-α, or RANTES (regulated upon activation,
normal T cell expressed and secreted mRNA) are detected by
RT-PCR [253]. By ELISA, IL-2, IL-6, IL-10, and IFN-γ are
detected at the same time confirming the RT-PCR results.
The same cellular antigens were not detected in TG from
uninfected mice indicating that these changes were induced
by infection.

2.7.2. Persistence of Lymphocytes in the Peripheral Nervous
System during Latency. If true latency of HSV is established,
cytokine expression in TG would not be detected. However,
several studies have concluded that a persistent cell-mediated
immune response occurs in TG during latency, and that T
cells, CD8+ T lymphocytes in particular, inhibit reactivation
from latency [249–251, 254–258].

The obvious explanation for persistence of immune
effecter cells in TG is that low levels of viral proteins
are expressed and an immune response occurs. A careful
examination of TG neurons for viral gene expression in
HSV-1 latently infected mice (37–47 days after infection)
demonstrated that abundant viral transcripts, viral protein,
and viral DNA replication occur in approximately 1 neuron
per 10 TG [259]. Infectious virus is not detected in these
mice confirming that they were latently infected. Neurons
expressing high levels of HSV-1 transcripts are invariably
surrounded by foci of infiltrating white blood cells. The term
“spontaneous molecular reactivation” has been coined to
describe these rare neurons [259].

2.7.3. Interferon Can Inhibit Reactivation from Latency.
Persistence of the immune system in TG during latency is
believed to play a role in the latency-reactivation cycle. CD8+

T cells that produce interferon-γ play an important role in
preventing reactivation from latency in sensory neurons in
mice latently infected with HSV-1 [256, 257]. Two inde-
pendent studies have also concluded that interferon-α and
interferon-γ control recurrent herpetic lesions [260, 261].
In addition to interferon, lymphocyte-mediated cytotoxicity
could inhibit virus spread in TG. Lymphocyte-mediated
cytotoxicity induces two potent apoptotic pathways: the
granule exocytosis and the Fas-Fas ligand pathways [262,
263]. The granule exocytosis pathway is employed predom-
inantly by CD8+, natural killer, and lymphokine-activated
killer cells. A recent study has demonstrated that release of
granzyme B from CD8+ T cells into latently infected neurons
helps to inhibit reactivation from latency by cleaving ICP4
[264]. Since it is well established that granzyme B activates
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caspase 3 and the intrinsic pathway of apoptosis [265], the
ability of LAT to inhibit apoptosis during maintenance of
latency appears to be important.

3. Conclusions

HSV-1 latency is a complicated virus host interaction that
is crucial for virus transmission, survival in nature, and
recurrent disease. Numerous studies have indicated that
sensory neurons are the primary site for latency. Since LAT
is abundantly expressed in latently infected neurons, it is
not surprising to find that LAT is important for the latency-
reactivation cycle in small animal models. It is currently
not clear whether expression of a LAT protein is important.
Given the fact that several LAT small RNAs, including 6
known micro-RNAs, are expressed during latency implies
that these small nonprotein coding RNAs are important for
life-long ltency in humans. The finding that LAT sRNA1
and sRNA2 cooperate to inhibit apoptosis and also can
inhibit productive infection supports a regulatory role for
these small RNAs during the latency-reactivation cycle. It
is also possible that additional transcripts encoded within
LAT coding sequences (AL, AL3, or UOL) play a role in the
latency-reactivation cycle. It will be necessary to design viral
mutants that do not express these respective factors and then
test the ability of these viruses to reactivate from latency in
small animal models of infection.
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Myelin forms an insulating sheath surrounding axons in the central and peripheral nervous systems and is essential for rapid
propagation of neuronal action potentials. Demyelination is an acquired disorder in which normally formed myelin degenerates,
exposing axons to the extracellular environment. The result is dysfunction of normal neuron-to-neuron communication and in
many cases, varying degrees of axonal degeneration. Numerous central nervous system demyelinating disorders exist, including
multiple sclerosis. Although demyelination is the major manifestation of most of the demyelinating diseases, recent studies
have clearly documented concomitant axonal loss to varying degrees resulting in long-term disability. Axonal injury may occur
secondary to myelin damage (outside-in model) or myelin damage may occur secondary to axonal injury (inside-out model). Viral
induced demyelination models, has provided unique imminent into the cellular mechanisms of myelin destruction. They illustrate
mechanisms of viral persistence, including latent infections, virus reactivation and viral-induced tissue damage. These studies have
also provided excellent paradigms to study the interactions between the immune system and the central nervous system (CNS). In
this review we will discuss potential cellular and molecular mechanism of central nervous system axonal loss and demyelination in
a viral induced mouse model of multiple sclerosis.

1. Introduction

Demyelination is the process by which axons lose their
normal insulating myelin. Several central nervous system
demyelinating disorders have been described in humans
including multiple sclerosis, neuromyelitis optica (Devic’s
disease), acute disseminated encephalomyelitis, and osmotic
demyelination (central pontine myelinolysis, extrapontine
myelinolysis).

Multiple sclerosis (MS) is a chronic, progressive, or
relapsing and remitting demyelinating disorder that affects
the central nervous system (CNS) specifically and ranks
as a major cause of nervous system disability in young
adults aged 20 to 45 [1–3]. It has long been hypothesized
that oligodendrocytes (OLGs) and/or the myelin sheath
are the target of immune system-mediated destruction in
MS. Recent studies have demonstrated that axonal damage
[4, 5] also occurs and is likely to be a major component of
long-term disability observed in MS. The etiology of MS
is not very clearly known but the process of demyelination
is believed to involve a Tcell-mediated phenomenon that

may be triggered by one or more viral infections. Clinical
studies show that infectious agents encountered during
adolescence prime the diseases, which appear clinically
later in the adult after a variable period of quiescence
[6, 7]. Despite numerous attempts, a particular responsible
virus has not been identified. Our research has focused
on understanding the mechanisms of demyelination. We
use the mouse hepatitis virus (MHV) model of murine
demyelination in order to dissect the inflammatory and
molecular mechanisms of viral-induced demyelination.

2. Infectious Etiology of Multiple Sclerosis

The most important evidence that MS might be infectious is
based on the fact that the brain and cerebrospinal fluid (CSF)
of more than 90% MS patients contain increased amounts
of IgG, manifest as oligoclonal bands (OGBs) [8]. There
are other but not many CNS disorders in which increased
amounts of IgG and OGBs are found. All those diseases
are inflammatory, and most are infectious. Furthermore,
when the specificity of the increased IgG and OGBs in
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those diseases was studied, the IgG in every condition was
shown to be antibody directed against the agent that caused
disease. For example, the oligoclonal IgG found in subacute
sclerosing panencephalitis (SSPE) brain and CSF is directed
against measles virus [9] not herpes simplex virus or mumps
virus; in cryptococcal meningitis, the IgG is directed against
cryptococcus and not another fungus such as candida [10].
These findings provide a rationale for the notion that the
oligoclonal IgG in MS brain and CSF is antibody directed
against the agent that causes disease.

Moreover, a number of studies have documented viruses
as triggers for MS. The fact that viruses are associated
with multifocal leukoencephalopathy (PML), SSPE, and
postinfectious encephalitis explains the continued interest
in viruses as triggers for MS [11, 12]. Studies in herpes
virus have been quite extensive, especially in human herpes
virus 6 (HHV-6) [13–15] and Epstein-Barr virus (EBV)
[16, 17]. Herpes viruses are of particular interest because of
their neurotropic, ubiquitous nature and their tendency to
produce latent, recurrent infections.

However, there are no studies to date that clearly
demonstrate the underlying pathophysiology, correlating the
trigger of viral infection with induction of the demyelination
process. One key to a better insight into the molecular and
cellular mechanisms of MS lies in the development of a reli-
able animal model. Towards this goal several experimental
animal models have been developed to study the mechanisms
of virus-induced demyelination.

3. Animal Model for Viral- Induced
Demyelinating Diseases

Mouse model studies using Theiler’s murine encepha-
lomyelitis virus (TMEV) [18, 19] infection and neurotropic
strains of Mouse hepatitis virus (MHV) infection have
given useful information on putative MS mechanisms [20–
23]. In virus-induced demyelination, infection is a nec-
essary prerequisite for demyelination, and the cause/effect
relationship makes this model an attractive platform for
exploring the etiology and pathogenesis of demyelinating
diseases. Chronic viral-induced dem-yelination is asso-
ciated with viral persistence [24, 25] and concomitant
enhancement of major histocompatibility complex class
I antigens [26–30]. These features parallel many of the
pathologic findings seen in MS, in contrast to monophasic
viral or postviral human demyelinating diseases such as
acute disseminated encephalomyelitis (ADEM) [31] and
PML [32].

4. TMEV- Induced Demyelination Versus
MHV-Induced Demyelination

Infection of susceptible strains of mice with some strains
of TMEV or MHV causes biphasic disease of the CNS,
consisting of early acute disease and late chronic demyeli-
nating disease that appears 30 to 40 days post infection
(p.i) [33]. As early as 30 days p.i, infected mice develop late
chronic demyelinating disease with extensive demyelinating

lesions of the white matter and cell infiltrates in the spinal
cord, consisting primarily of CD4+ T cells and CD8+ T
cells, some monocots/macrophages, and a few B cells and
plasma cells. In general, viral infection causes damage to
the nervous system by two mechanisms: direct infection of
neural cells and immune-mediated tissue injury (immuno-
pathology).

Virtually all types of immune response have been
proposed to play important roles in the pathogenesis of
TMEV-induced viral clearance and demyelination. It has
been proposed that demyelination is caused by an immune-
mediated mechanism, in which CD4+ Th1 cells mediate
a delayed type of hypersensitivity response with epitope
spreading [34]. TMEV-induced CD8+ T cells have been
suggested to function as autoreactive cytotoxic cells or
regulatory cells [35]. Antibody against TMEV cross-reacts
with galactocerebroside, and passive transfer of anti-TMEV
antibody can augment demyelination in experimental aller-
gic encephalomyelitis (EAE) [36]. Intracerebral inoculation
with a TMEV-infected macrophage cell line induces acute
focal demyelination [37], and depletion of macrophages
ameliorates TMEV-induced demyelination [38].

Evidence from highly neurovirulent JHM strains of
MHV suggests that MHV-induced demyelination is also
primarily immune mediated [39, 40]. Demyelination can be
completely eliminated in JHM-infected, RAG− /−mice that
lack functional T and B cells, and this process can be reversed
upon transfer of splenocytes from immunocompetent mice
[41]. It has also been shown by depletion and transfer studies
in the JHM model that either CD4+ or CD8+ T cells can
induce demyelination.

However, MHV-A59-induced demyelination has been
shown to develop in the absence of B and T cells [42].
Furthermore, depletion of CD4+ or CD8+ T cells after
the acute stage of infection does not reduce demyelination
[43]. Thus, different related strains of MHV may induce
demyelination via unique mechanisms, and it is likely that
in the absence of an intact immune response, some strains
of MHV infection in the CNS are responsible for the onset
of demyelination, possibly through the direct destruction of
OLGs. MHV-induced demyelination can serve as a model for
oligodendroglial tropic, nonimmune-mediated mechanisms
of demyelination that may have important relevance for our
understanding of MS.

5. MHV Pathobiology

MHV is a member of the coronavirus family [44–46]. The
virus infects many vertebrate hosts and induces a variety
of diseases ranging in severity. The outcome and degree
of MHV-induced disease are dependent on several factors,
including the age and strain of the mouse, the strain of MHV,
and the route of virus inoculation. Even very closely related
strains of MHV differ in pathogenic properties. Some strains
of MHV are purely hepatotropic (e.g., MHV-2) [47]; some
are primarily neurotropic (e.g., JHM, MHV-4, an isolate of
JHM) [22, 48]; while others (e.g., MHV-A59 and MHV3)
[21, 49] are both hepatotropic and neurotropic.
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Figure 1: MHV virion and MHV genome: (a) electron micrographs of coronavirus particle. (b, c) Schematics of structural protein
organization in the MHV virion; MHV virion is somewhat pleomorphic, containing an internal helical RNA genome-nucleocapsid
phosphoprotein (N) complex, surrounded by an envelope containing glycoprotein peplomer (S, E, HE, and M) as specified in the text.
(d) Organization of the genes in the MHV genome; structural genes are shown in red letters and nonstructural genes in blue letters.

6. MHV Virions

MHV virions are 60–200 nm in diameter, somewhat pleo-
morphic (Figure 1(a)), containing an internal helical RNA
genome-nucleocapsid phosphoprotein (N) complex, sur-
rounded by an envelope containing Spike glycoprotein (S),
transmembrane glycoprotein (M), envelope protein (E), and
hemagglutinin-esterase protein (HE) (Figures 1(b) and 1(c))
[50]. Structural proteins expressed at the 3′ half of the
MHV genome are believed to be responsible for MHV
pathogenesis. S is a highly glycosylated protein. The outward
radial projection of S gives the virus its family name corona
(like a crown). HE forms smaller spike on virions, but its
function in the virus life cycle is yet not clearly defined. Both
M and E play a role in the assembly of virions [51]. The
virions also have the I protein of unknown function [52].

7. MHV Genome

The MHV genome is a singlestranded, and non-segmented,
polyadenylated RNA, of positive polarity [53]. It is one of the
largest known viral RNA genomes with a length of 31-32 Kb
[46, 54, 55]. The RNA genome contains 7 genes, termed
1 to 7, encoding structural as well as nonstructural genes
(Figure 1(d)). There is a leader RNA sequence at the 5′ end
of the genome that regulates the transcription of MHV-
RNAs. The next two-thirds of the 5′ end of the genome
are covered by Gene 1, which encodes a set of polyproteins

with polymerase and replicase functions. Gene 2 encodes two
proteins including a 30 kD product of ORF2a. Gene 2 also
transcribes a 65 kD hemagglutinin-esterase protein in some
MHV strains. Genes 3, 6, and 7 code for the spike protein
(S), transmembrane glycoprotein (M), and nucleocapsid
protein (N), respectively. Gene 4 encodes a 12–14 kD product
while gene 5 encodes a 13 kD product of a still unidentified
nonstructural protein and a membrane-associated E protein.
It also contains a large open reading frame embedded entirely
in the 5′ half of its N gene. This internal gene (I) encodes a
mostly hydrophobic 23 kD structural protein [52].

8. MHV Entry and Replication

During lytic infection, MHV enters the host cell via attach-
ment of the S protein to specific receptors on the host peri-
cellular surface. Carcinoembryonic antigen is one receptor
implicated in infection of cultured mouse cells [56]. The
receptor interaction triggers fusion of the viral and plasma
membranes, allowing entry of the nucleocapsid into the
cytoplasm, where all virus-specific RNA and proteins are
synthesized. The nascent MHV virions acquire their mem-
brane envelope by implanting themselves into the lumen
of the intermediate compartment between the endoplasmic
reticulum and Golgi complex of the host. Mature virions
are thought to move through the vesicles via the secretory
pathways and exit the cell when the vesicles fuse with the
plasma membrane [57].
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Figure 2: Archetypical histopathology of brain and liver during acute infection with neurotropic strain. MHV-A59: serial coronal sections
from MHV-A59-infected mice at day 5 post infection were stained with H & E or immunostained for CD45 (LCA: leukocyte common
antigen, marker for inflammatory cells) or microglia/macrophage marker CD11b (OX42). (a) H & E staining shows acute meningitis and
inset shows the presence of inflammatory cells positive for LCA. (b) Coronal sections stained for LCA show acute encephalitis in brain section
characterized by the formation of perivascular cuffing in high magnification. Inset shows presence of inflammatory infiltrates throughout
the parenchyma. (c) The majority of LCA-positive inflammatory cells are stained positive for the macrophage/microglia marker CD11b in
MHV-A59-infected brain parenchyma. (d) Liver pathology from the same infected mouse stained with H & E shows lesions throughout the
liver section.

9. MHV Recombination

Viral recombination has been extremely useful for systemat-
ically exploring the possible biological consequences of viral
genomic differences. The recombination technique has been
extensively exploited to study reovirus disease in mice, where
the segmented nature of the viral RNA has enabled resorting
of viruses with RNA segments from different strains with
different biological properties [58]. In sindbis virus and
picornaviruses, a full-length infectious clone of the viral
genome has been exceptionally useful in the study of viral
properties [59, 60].

In MHV, the replicase carries out “discontinuous tran-
scription” in the fusion of body and leader sequences in
subgenomic RNAs and also during recombination events
which occur at high frequency during MHV replication.
High-frequency RNA-RNA genomic recombination events
are archetypal for coronaviruses [61]. These serve as mecha-
nisms of virus evolution and modulation of viral pathogen-
esis, a largely unexplored area of study which offers deep
insight into the genomic control of biological properties.
But for a long time the large genome size was a technical
obstacle to achieving such a goal with coronaviruses. This

problem was circumvented by molecularly cloning defective
interfering-like RNA, leveraging the high RNA recombi-
nation frequencies during mixed infection. This targeted
recombination technique in MHV was developed by Dr.
Paul S. Masters and colleagues and used extensively to
introduce alterations into the 3′ end of the MHV genome
[62–64]. It was able not only to exchange specifically the
structural and non structural genes among the MHV strains
but also to introduce single amino acid substitutions. In
the last few years there have been reports of full-length
infectious clones for many coronaviruses including MHV
and a human coronavirus causing severe acute respiratory
syndrome (SARS) [65–69].

10. MHV Pathogenesis

10.1. Meningoencephalitis, Demyelination, and Axonal Loss.
Upon intracranial (i.c) infection of neurotropic MHVs acute
meningoencephalitis (with or without hepatitis) is the major
pathologic process (Figure 2). Viral titer reaches its peak
at days 3 and 5 post infection (p.i) [47]. Infectious virus
is cleared within the first 10–14 days; however, at this
time mice begin to develop demyelination, either clinical or
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Figure 3: Demyelination and axonal loss in a neurotropic strain of MHV, MHV-A59-infected mouse spinal cord. Serial cross-sections (5 μm
thick) from MHV-A59-infected mouse spinal cord at day 7 p.i. were stained for myelin with LFB or by Bielchowsky silver impregnation. (a)
A large demyelinating plaque observed in MHV-A59-infected mouse spinal cord is shown (arrow indicates demyelinated area). (b) In an
adjacent section, the same demyelinating plaque of MHV-A59-infected spinal cord shows loss of axons (arrow indicates area of axonal loss)
(adapted from the work of [73]).

accompanied by chronic hind limb paralysis [21, 70]. Both
MHV-JHM and MHV-A59 cause inflammatory demyeli-
nation in the brain and spinal cord (Figure 3(a)) whereas
MHV3 only causes vasculitis [49, 71].

It was formerly believed that in primary MHV-induced
demyelination neuronal axons remain relatively preserved.
Recently, it has been observed that adoptive transfer of
spleen cells from immune MHV B6 mice into MHV-infected
RAG− /−mice (that are defective in recombinase activating
gene 1 expression, and thus lack mature B or T cells)
resulted in demyelination with increased axonal damage
[72]. They also showed that axonal damage is, in large
part, immune mediated in MHV-infected mice and occurs
concomitantly with demyelination. Concurrent axonal loss
and demyelination have recently also been observed with S
protein recombinant DM strain-infected mouse spinal cord
as shown in Figure 3 ((a) demyelination; (b) axonal Loss)
[73].

10.2. Role of Immune Cells in Viral Clearance and Demyelina-
tion. MHV clearance requires both CD8+ and CD4+ T cells
[74–76]. CD4+ T cells are necessary for proper CD8+ T cell
activation, survival, and retention in the infected CNS [75].
Clearance of infectious virus is mediated by both cytolytic-
and cytokine-mediated mechanisms. Exact mechanisms of
MHV-induced demyelination are unclear although both
macrophages and T cells modulate pathologic changes [41,
77]. Severe combined immunodeficient (SCID) mice, Rag-1
knockout mice, and UV-irradiated mice infected with MHV-
JHM have few lesions 7–15 days p.i despite viral replication
[40, 41, 76–78]. These data suggest that lymphocytes are
required for demyelination. However, demyelination medi-
ated by γδT cells still occurs in nude mice that lack CD4+
and CD8+ T cells [79]. Interestingly, demyelination occurs
to a similar extent in wild type, B cell-deficient, and Rag-1
knockout mice and in mice lacking antibody receptors or
active complement pathways, when infected with MHV-A59
[42].

10.3. Viral RNA Persistence During Chronic Demyelination.
Viral RNA persistence is essentially the failure of the immune
system to clear viral RNA from infected organs, mainly
the CNS. Viral RNA persistence has been demonstrated
in infections with all of the neurotropic demyelinating
strains of MHV including JHM and MHV-A59 [24, 25,
80]. Viral RNA persistence appears to be an important
factor and perhaps even a prerequisite for MHV-induced
demyelination during chronic immune-mediated demyeli-
nation. MHV strains that do not persist, such as MHV-2
and Penn 97-1 (laboratory recombinant strains of MHV)
[81, 82], also do not demyelinate. However, the persistence-
positive, demyelination-negative phenotypes of Penn 98-1
and Penn 98-2 (S protein recombinant strain of MHV)
[81] indicate that viral persistence per se is insufficient to
induce demyelination. Penn 98-1 and Penn 98-2 (S protein
recombinant strain) [81] may persist in neuronal cells of
gray matter while demyelinating strains, such as MHV
A59, persist in white matter, suggesting that cell-specific
persistence is necessary for demyelination. During chronic
infection, MHV RNA persistence in the white matter has
previously been demonstrated [25]. However, it is not known
which glial cells are mainly responsible for the induction of
demyelination.

10.4. Glial Cell Interaction in the Induction of Demyelination.
A temperature-sensitive demyelinating mutant of JHM is
known to infect mainly nonneuronal cells and specifically to
have a strong affinity for astrocytes as well as to cause white
matter lesions in the mouse [83, 84]. On the other hand,
neurotropic nondemyelinating MHV3 has an in vitro affinity
for neurons, ependymal cells and meningothelial cells but
not for astrocytes or oligodendrocytes. MHV3 can induce
an initial ependymitis, meningitis, and encephalitis in the
absence of white matter lesions [49]. These observations
reinforce the importance of glial cell infection in the onset of
demyelination. Astrocytes and microglia play an important
defensive role in MHV pathogenesis by secreting cytokines
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Figure 4: Index of differential pathogenesis and replication of archetypical neurotropic strain, MHV-A59 and nonneurotropic primarily
hepatotropic strain, MHV-2.

[85–87]. Cytokines are believed to aid in host defense
against MHV by contributing to elimination of the virus
from the CNS. It has been reported that specific cytokines
and chemokines (such as Interferon α, β, and γ), tumor
necrosis factor (TNF-α), IL-2, Il-6, IL-1α, and IL-1β are all
induced during the acute stage of MHV infection in the
CNS [88]. TNF-α, IL-6, and IL-1β are reportedly secreted by
astrocytes of persistently infected spinal cords [89]. The role
of individual CNS cells in the induction of demyelination
remains to be further elaborated.

11. Comparative Characterization of
Natural and Recombinant Demyelinating
(DM) and Nondemyelinating (NDM) Strains
of MHV to Understand the Mechanisms
of Demyelination and Axonal Loss

Natural and genetically constructed recombinant MHV
strains (generated by targeted RNA recombination) with
differential pathological properties were used to under-
stand the mechanisms of demyelination and concomitant
axonal loss. These encompass both demyelinating (DM)
and nondemyelinating (NDM) strains of MHVs, on which
we have performed comparative studies correlating the
phenotypes, genomic sequences, and their pathogencity. As
a first step mice were inoculated mice with plaque-purified
demyelinating strain MHV-A59 [21] and nondemyelinating
strain MHV-2 [90]. MHV-A59, a wild type parental strain
of MHV, infects a variety of cell types, including neurons,

astrocytes, oligodendrocytes, microglia, and ependymal cells
[21, 70, 91, 92] in the central nervous system (CNS) and
causes acute meningitis, encephalitis, hepatitis, and chronic
demyelination. In contrast, MHV-2, a closely related fusion
negative [93] strain to MHV-A59, has limited ability to
invade brain and spinal cord, causing meningitis without
encephalitis or demyelination [47, 82] but causing severe
hepatitis (Figure 4), making it an appropriate experimental
negative control for our understanding of mechanisms of
MHV-A59-induced CNS inflammatory disease processes.

11.1. Inflammation in the Brain. Anti-CD45 (LCA: leukocyte
common antigen) staining confirmed that the increased cells
in the meninges of MHV-A59 (Figure 5(a)) or MHV-2-
infected CNS (Figure 5(b)) consist predominantly of infil-
trating inflammatory cells (Figures 5(c) and 5(d)). MHV-
A59 also induced focal acute encephalitis, characterized by
inflammatory infiltrates in brain parenchyma with perivas-
cular cuffing (Figures 5(e) and 5(g)) whereas, MHV-2-
infected brain inflammatory cells were restricted to the
meninges, choroid plexus, and subependymal region with
minimal, if any, invasion of brain parenchyma (Figures 5(f)
and 5(h)). The majority of infiltrating cells were CD11b+,
a macrophage/microglia marker (Figures 5(i) and 5(j)).
Some CD3-stained infiltrating T cells were also found (data
not shown) although nonspecific background staining of
neurons with available anti-CD3 antibodies made staining
difficult to quantify. Together, data suggests that MHV-
induced CNS inflammation consists of mixed inflammatory
cells, predominantly macrophages/microglia [73, 94].
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Figure 5: Histopathology of brain sections during acute infection with MHV-A59 compared to MHV-2. 5 μm thick serial coronal sections
from MHV-A59- and MHV-2-infected mice at day 5 post inoculation were stained with H & E (a, b) or immunostained for LCA (c–h) or
CD11b (i, j). Histopathology shows acute meningitis characterized by brisk leptomeningeal inflammatory infiltration in the subarachnoid
space of the basal forebrain in both MHV-A59- (a, c) and MHV-2-infected (b, d) mice. Coronal sections stained for LCA show acute
encephalitis in MHV-A59-infected mouse brain characterized by the presence of inflammatory infiltrates throughout the parenchyma (e)
and formation of perivascular cuffing (g) in high magnification whereas in MHV-2 infection infiltrating inflammatory cells were rarely
observed in brain parenchyma (f) and, when present, were restricted to the subependyma (h). The majority of LCA+ inflammatory cells
stained positive for the macrophage/microglia marker CD11b in MHV-A59-infected brain parenchyma (i) and the few positive cells in
MHV-2-infected brain (j) remained restricted to subependyma (arrows). Original magnifications for (a–d) and (h) are 100x, for (g, i, and j)
are 200x, and for (e) and (f) are laser-scanned images. (adapted from the work of [94]).
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Figure 6: Comparative histopathology of MHV-A59- and MHV-2-infected mouse spinal cords. Serial cross-sections (5 μm thick) from
MHV-A59- and MHV-2-infected mouse spinal cord at day 5 post inoculation were stained with H & E (a, b), LCA (c, d), or LFB (e, f).
Several inflammatory lesions (a) with infiltrating LCA+ cells (c) were observed in MHV-A59-infected mouse spinal cord (arrows indicate
lesion area) whereas in MHV-2-infected mouse spinal cord no parenchymal lesions were observed (b), with only rare LCA+ infiltrates
observed near the central canal (d). An adjacent section of MHV-A59-infected spinal cord shows loss of myelin by LFB staining ((e) arrow
indicates demyelinated area) whereas normal myelin was observed in MHV-2-infected mouse spinal cord (f). Original magnification of (a–f)
is 40x. (adapted from the work of [94]).

11.2. Inflammation in the Spinal Cord. Pathology was also
assessed in cross-sections of spinal cord from cervical,
thoracic, and lumbar regions. Similar to brain, H & E and
LCA staining demonstrated that both MHV-A59 and MHV-2
induced meningitis whereas only MHV-A59 induced myelitis
(Figures 6(a) and 6(c)). In MHV-2 infection, inflammatory
cells were rare and restricted near the ependymal cell lining
of the central canal (Figures 6(b) and 6(d)). Similar to the
brain, the majority of inflammatory cells in MHVA59 were
CD11b+ (Figure 6(c)). Luxol fast blue (LFB) staining was
performed to visualize myelin [94]. Demyelinating plaques
developed as early as day 5 post inoculation in MHV-A59-
infected mice (Figure 6(e)), with no demyelination in MHV-
2-infected mice (Figure 6(f)). Day 30-post inoculation tissue
sections from MHV-A59-infected mice showed a similar
pattern of demyelination as on day 5, but the number and

area of plaques were larger, and MHV-2-infected mice did
not exhibit any demyelination. To avoid a high mortality rate
of MHV-2 due to hepatitis, 0.5 LD50 doses (50 PFUs) were
used. However, to ensure that the inability of MHV-2 to cause
encephalitis or demyelination is not dose dependent, mice
were also inoculated with MHV-A59 at 50 PFUs. MHV-A59
produced larger demyelinating lesions given at 2,000 PFUs
than at 50 PFUs, but with both doses, 100% of mice were
affected. Results confirm earlier findings that MHV-A59
induces demyelination whereas MHV-2 is nondemyelinating
at day 30 [47]. Demyelination was not previously assessed
at earlier time points. Demyelination begins as early as
day 5 post inoculation, indicating that MHV-A59-induced
myelin damage begins at the time of acute inflamma-
tion, similar to what is observed in MS and EAE lesions
[95].
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Figure 7: Optic nerve histopathology from MHV-A59-infected and MHV-2-infected mice. Longitudinal sections (5 μm thick) of optic nerve
from MHV-infected mice are shown. Numerous inflammatory cells are evident in an MHV-A59-infected optic nerve with ON 5 days post
inoculation stained by H & E (a) and LCA (b). Optic nerve, 5 days post inoculation, with MHV-2 (d) shows a lack of inflammation, with
no LCA staining (e) detected. Viral antigen staining of optic nerve from an MHV-A59-infected mouse (c) shows low-level axonal staining
whereas no viral antigen is detected in MHV-2-infected (f) mouse optic nerve. Photographs shown at original magnification x20. (adapted
from the work of [94]).

11.3. Optic Nerve Inflammation. The presence of LCA+
inflammation and associated demyelination in brain and
spinal cord led to hypothesize that MHV-A59-infected mice
may develop optic neuritis (ON) similar to experimental ON
in EAE mice. Optic nerves from MHV-A59- and MHV-2-
infected mice were cut into 5 μm longitudinal sections and
stained with H & E and inflammatory cell markers. For
comparison, relapsing EAE was induced in 8-week-old SJL/J
mice by immunization with proteolipid protein peptide as
described previously in [96]. Mice were sacrificed on day
11 post immunization, when incidence of ON peaks and
optic nerves were isolated. Inflammatory cells infiltrating the
optic nerve sheath and parenchyma are shown by H & E and
LCA staining (Figures 7(a) and 7(b)) 5 days post inoculation
with MHV-A59, similar to inflammation seen in EAE ON
[94]. In contrast, optic nerves from MHV-2-infected mice
did not develop ON (Figures 7(d) and 7(e)), with histological
appearance similar to control optic nerves. Both CD11b+
and fewer CD3+ cells were noted in MHV-A59-infected
optic nerves similar to brain. By day 15 post MHV-A59
infection, optic nerve inflammation completely resolved.
Detection of viral antigen in optic nerves was limited to
axons because there are no neuronal cell bodies present. Light
diffuse staining detected in optic nerves from MHV-A59-
infected mice (Figure 7(c)), but not MHV-2-infected mice
(Figure 7(f)), suggests that MHV-A59 viral antigen is likely
present in optic nerve axons. Consistent with the observed

pattern of inflammation, optic nerves from MHV-A59-
infected mice had areas of demyelination detected by LFB
staining 30 days post inoculation whereas no demyelination
occurred in MHV-2-infected mice. The degree of optic nerve
inflammation was scored on a 0 (no inflammation) to 4
(severe inflammation) point scale described previously in
[96–98], with any amount of inflammation (score 1–4)
considered positive for ON. ON was detected as early as 3
days post inoculation with MHV-A59, with peak incidence at
day 5 (Figure 8(a)) and resolution by day 15. At the peak of
ON (day 5), almost 50% (10 of 21) of optic nerves examined
from MHV-A59-infected mice had ON (Figure 8(b)), with
an average relative inflammation score of 1.7± 0.21 whereas,
only one of 21 nerves from MHV-2-infected mice had even
mild inflammation (score 1.0). Incidence of ON in EAE
was 60% (6 of 10) with a 1.83 ± 0.31 average inflammation
score, similar to prior studies [96, 98] and comparable to the
incidence induced by MHV-A59 infection.

11.4. Axonal Loss and Demyelination in the Optic Nerve.
To examine whether MHV-A59-induced ON also leads to
axonal loss, optic nerves were stained by Bielschowsky silver
impregnation, and the area of axonal staining was quantified
as described previously [99]. 30 days post inoculation,
MHV-A59-infected mice had significantly decreased axonal
staining compared to control nerves or nerves from MHV-2-
infected mice (Figure 8(c)).
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Figure 8: Occurrences of ON and axonal loss in MHV-infected and EAE mice. (a) ON, determined by presence of any level of inflammation
in the optic nerve, is detected as early as day 3 post inoculation with MHV-A59. Incidence increases by day 5, persists at day 7, and resolves
by day 15. In contrast, almost no MHV-2-infected mice develop ON over the same time course. Mean ± SEM incidence from 3 experiments
is shown. (b) The peak incidence of MHV-A59-induced ON, detected at day 5 postinoculation, was 48% (10 of 21 nerves) whereas only one
of 21 nerves from MHV-2-infected mice developed ON. 60% (6 of 10) of optic nerves from EAE (experimental autoimmune encephalitis;
autoimmune model for demyelination) mice develop ON at the peak of inflammation on day 11 post immunization. (c) The area of axonal
staining (mean ± SEM) detected by Bielschowsky silver impregnation is significantly lower in optic nerves from MHV-A59-infected mice as
compared to optic nerves from control, uninfected mice or MHV-2-infected mice (∗P ≤ .05). (adapted from the work of [94]).

12. Summary of Comparative Inflammatory
Neuropathology of DM (MHV-A59) and
Nondemyelinating (MHV-2) Strain of MHV:
Insight for Understanding the Mechanisms
of Demyelination and Axonal Loss

Comparative studies demonstrate that MHV-A59, but not
MHV-2, induces demyelination in the CNS during acute
encephalitis, as early as 5 days post inoculation, in addition
to chronic demyelination previously observed at day 30 [47].
Inflammation triggered by MHV infection consists of mixed
inflammatory cells, predominantly macrophages/microglia,

which differs somewhat from immune-mediated models of
MS where infiltrating T cells are significant contributors to
pathology [95, 100]. Importantly, MHV-A59 also induces
ON with similar severity and incidence as seen in the
autoimmune antigen-triggered model EAE. Experimental
ON is an important model being used to characterize
neuronal damage and develop novel therapies for MS [98,
101–103], but studies have shown that different EAE models,
induced by distinct antigens, lead to different mechanisms
of RGC loss [96, 104]. The MHV-A59-induced ON model
will provide a critical adjunct to study the pathophysiology of
ON secondary to viral-mediated inflammation as this is one
mechanism that can cause ON and MS in human patients.
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13. Genomic Sequence Comparison between
DM (MHV-A59) and NDM (MHV-2) Strain
Provides Insight for Putative Genomic
Control of Neuropathogenic Properties

Sequence comparison between MHV-2 (gene bank accession
number: AF201929) and MHV-A59 (gene bank accession
number 9629812) revealed 94%–98% sequence homology of
the replicase genes, 83%–95% sequence homology of genes
2a, 3, 5b, 6, and 7, and a marked difference in the sequence of
genes 2b, 4, and 5a among two strains. Among the structural
proteins the S protein interacts with the host receptor
and mediates viral-cell membrane fusion during viral entry
[105]. The ∼1300 amino acid spike protein in MHV-A59 is
usually posttranslationally cleaved into two domains which
associate with each other to form a functional dimer. In the
S protein from MHV-2 strain, however, this cleavage does
not occur, the reasons for which are not clearly evident. A
look at the pairwise alignment between the S proteins from
MHV-A59 and MHV-2 reveals that around 84% residues are
common in both the chains and an additional 10% residue
is similar. The 6% residues with no identity or similarity,
include a 43-residue insertion in MHV-2. This insertion is
by far the most significant difference in the sequence.

The role of S protein as agent of organ tropism and
pathogenesis was hypothesized from comparative studies
of different naturally occurring MHV strains [91, 106].
Nucleotide sequencing revealed that alterations in virus
virulence were most closely associated with differences in
the S gene. These findings were reinforced using targeted
RNA recombination to exchange specific gene/genes of
interest between different strains of MHV [107–112]. Several
targeted RNA recombination studies have directly demon-
strated that the S gene is a major determinant of virulence of
MHV in mouse brain and liver.

14. Construction of Isogenic Recombinant
Strains of MHV Expressing DM and NDM
Strain S Protein

To determine whether the S gene of MHV also contains
determinants of demyelination and whether demyelination
is linked to encephalitis and chronic stage viral persistence,
targeted RNA recombination was used to create new MHV
strains, Penn 98-1 and Penn 98-2, by replacing the S gene
of the encephalitic and DS (MHV-A59) with the S gene of a
closely related, nonencephalitic NDS (MHV-2) [81]. Molec-
ularly cloned vector pMH54 [111, 113], which contains the
entire 3’ end of the genome from MHV-A59, was used
for construction of the recombinant viruses. Comparative
pathological studies between recombinant DS (wtR13) and
the NDS Penn 98-1 and Penn 98-2 demonstrated that Penn
98-1 and Penn 98-2 exhibit similar inflammatory infiltration
(encephalitis) (Figures 9(a) and 9(b)) in the CNS during the
acute stage. While wtR13 can induce demyelination at day
30 p.i. (Figure 9(c)), Penn 98-1 and Penn 98-2 are unable to
induce demyelination (Figure 9(d)). Penn 98-1 and Penn 98-
2 also exhibited chronic stage persistence in the spinal cord

[81]. For convenience and clarity, in subsequent sections
these recombinant strains were labeled in different names
though they are the same but presented in different names,
Penn 98-1 and Penn 98-2 are referred to as RSMHV2 (viruses
expressing the MHV-2 spike in the MHV-A59 background)
and wtR13 as RSA59 (viruses expressing the MHV-A59 spike
in the MHV-A59 background).

As alteration of the MHV S protein influences patho-
genesis, it is important to understand how alteration of
the S protein alters the virus-host interaction. Previously
this type of study was carried out using specific antibodies
that detect viral antigen in tissues. Targeted recombination
was used to select MHV isolates with stable and efficient
expression of the gene encoding EGFP to facilitate the in
vivo detection of virus in the mouse CNS as well as to
trace the viral entry and spread in tissue culture [114].
The EGFP gene was inserted into the MHV genome in
place of the nonessential gene 4, as interruption of the
ORF 4 did not decrease neurovirulence in JHM [115]. The
viruses replicated with similar kinetics as wild-type virus
both in tissue culture and in the mouse CNS. They caused
similar encephalitis and demyelination in animals as the
wild-type virus or their recombinant strains; however, they
were somewhat attenuated in virulence. Isogenic EGFP-
expressing viruses differ only in the S gene and express
either the S gene of the highly neurovirulent. Previously
used names for RSJHMEGFP and RSA59EGFP are S4REGFP and
SA59REGFP, respectively. JHM spike-mediated neurovirulence
was associated with extensive viral spread in the brain
[114]. The difference in virulence and patterns of spread of
viral antigen between the two isogenic recombinant strains
reflected the differences between parental viruses expressing
each of these S genes [81, 107]. These EGFP-expressing
viruses are powerful tools that can be used to follow viral
spread over time without terminating infection by the fixa-
tion necessary for immunofluorescence. In order to further
compare the differential pathogenesis and the CNS cell
tropism between DM and NDM strain of MHV, an EGFP-
expressing NDS of MHV RSMHV2EGFP, which contains the
MHV-2 (NDS) S gene in the MHV-A59 background, was
constructed [114]. A cartoon representation of construction
of EGFP-tagged strains of MHV has been shown in Figure 10.
Detailed molecular studies show the EGFP gene is inserted
and expressed at high levels that can be readily detected by
microscopy [114].

15. EGFP Expressing DM and NDM Strain
of MHV: A Tool to Study the Mechanisms
of MHV-Induced Neuroinflammation

Frozen sagittal brain sections were obtained from
RSA59EGFP- and RSMHV2EGFP-infected mice, postfixed,
and observed by fluorescent microscopy. One of such
representative EGFP expressing sagittal brain sections has
been shown in Figure 11. EGFP fluorescence was observed
in similar regions of the brain in mice infected with
both the viruses; however, the number of infected cells
differed between strains. Despite the similarity in regional
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Figure 9: Comparative CNS pathology of mice infected with isogenic recombinant strains differs in the S gene. Schematic diagram of
isogenic recombinant strains RSA59 (S gene denoted in green color) and RSMHV2 (S gene demoted in pink color). Encephalitis (a, b).
Haematoxylin- and eosin stained brain sections from the basal fore brain of mice infected with either RSA59 (a) or RSMHV2 (b) at day
5 post infection. Arrows indicate regions of inflammation. Demyelination (c, d): spinal cord sections of mice infected with RSA59 (c) or
RSMHV2 (d) at day 30 post infection were stained with Luxol fast blue. The arrows indicate a region of demyelination in (c) and normal
myelinated areas of white matter in (d).

localization, the distribution of RSMHV2EGFP (NDM) strain
is more localized in the brain parenchyma compared to
RSA59EGFP (DM) strain.

15.1. Colocalization of EGFP Positive Cells with Viral Antigen.
To confirm that EGFP positive cells were also positive for
viral antigen, frozen sections were labeled with antinucleo-
capsid antiserum as primary antibody and Texas red goat
antimouse IgG as secondary antibody. EGFP fluorescent
was colocalized with viral antigen in both RSA59EGFP-
RSMHV2EGFP and-infected brain cortical sections (data not
shown). There is a high degree of colocalization of EGFP and
viral antigen in the majority of sections analyzed. Complete

colocalization demonstrated that EGFP fluorescence can
be used to detect viral antigen without performing any
immunostaining.

15.2. Comparative Neuropathology of EGFP Expressing DM
and MDM Strains. Pathology was also assessed in five to
seven cross-sections of spinal cord from cervical, thoracic,
and lumbar regions at day 7 (peak inflammation) and day
30 (peak demyelination) p.i. Demyelinating plaques were
detected by LFB stains for myelin at day 7 p.i. in DM-infected
mice (Figure 12(a)) and were quantified on a 0–3 scale [94]
in four quadrants from two spinal cord levels for each mouse
[116]. Day 30 p.i.-tissue sections from DM-infected mice
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Figure 10: Schematic representation of targeted recombination to construct EGFP-expressing MHVs. The replacement of ORFs 4a and
4b with the EGFP gene was carried out by using recombinant technology, as described previously in [114]. (a) a schematic of the fMHV
genome; it encodes the ectodomain of the feline infectious peritonitis spike in the background of the A59 genome. (b) shows the synthetic
RNA transcribed from the vector pMH54EGFP (MHV-A59 S gene) or pMHV-2EGFP (MHV-2 S gene) [81, 114]. The curved line between
the genome and the pMH54 RNA indicates the region in which the crossover must have occurred. The restriction sites relevant to the
introduction of the EGFP gene are shown. The enlargement of the gene 4 region shows the modifications in which most of ORFs 4a and 4b
are replaced by the enhanced green fluorescent protein (EGFP) gene. The IGS (intergenic sequence) is the site of initiation of transcription
of mRNA 4. (c) and (d) show the resulting EGFP-expressing viruses: (c) RSA59EGFPexpressing the MHV-A59 S gene and (d) RSMHV2EGFP

expressing the MHV-2 S gene. (adapted from the work of [114]).
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Figure 11: Detection of viral antigen spread by EGFP fluorescence. Mice ware sacrificed at day 5 p.i. Brain was removed and processed for
frozen sections. A portion of sagittal brain sections was cut from the middle of the brain of infected mice. Frozen sections were processed for
detection of viral antigen distribution by EGFP fluorescence. Bright EGFP fluorescence was spread throughout the brain section as showed
by montage assembled from 10 serial images (a). Higher magnification image (b) from the same brain section shows the cellular distribution
of EGFP fluorescence. (adapted from the wprk of [114]).
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Figure 12: CNS pathology of EGFP expressing MHVs. (a, b) Demyelination: luxol fast blue-stained spinal cord sections of mice infected
with RSA59EGFP (a) or RSMHV2EGFP (b), at day 30 post infection. Thin arrows indicate a region of demyelination, and the arrowheads
indicate normal myelinated area of white matter. (c, d) Encephalitis: microglial nodules: Hematoxylin- and Eosin-stained sections from the
basal forebrain of mice infected with EGFP tagged MHVs at day 7 post infection. Arrows indicate the microglial nodules (microglia with
elongated nuclei) and lymphocytes in the vicinity of neurons in mice infected with RSA59EGFP (c) and RSMHV2EGFP (d). (e, f) Meningitis.
Hematoxylin- and eosin-stained sections from the basal forebrain of mice infected with EGFP tagged MHVs at day 7 post infection:
RSA59EGFP and RSMHV2EGFP. In all cases, there is a brisk leptomeningeal lymphocytic inflammatory infiltrate. An original magnification
for (a, b) is 20x and (c–f) is 200x. (adapted from the work of [116]).

showed a similar pattern of demyelination as on day 7, but
the number and area of plaques ware larger [73]. NDM-
infected mice did not exhibit any demyelination either at day
7 (Figure 12(b)) or at day 30 p.i. (data not shown) [73].

Though comparative histopathological studies demon-
strated that RSA59EGFP could induce demyelination
(Figure 12(a)) whereas RSMHV2EGFP cannot induce
demyelination (Figure 12(b)), both RSA59EGFP and
RSMHV2EGFP viruses produced meningoencephalitis (Fig-
ures 12(c)–12(f)). Brain pathology consisted of encephalitis,
characterized by parenchymal lymphocytic infiltrates and
microglial nodules with focal neuronophagia (Figures
12(c) and 12(d)). Brain sections from RSA59EGFP showed
comparatively more parenchymal inflammation compared
to RSMHV2EGFP. Associated lymphocytic meningitis was
also present in both the strains (Figures 12(e) and 12(f)).

15.3. Significant Axonal Loss Occurs Concurrently with
Demyelination Following RSA59EGFP Infection. Though
MHV-induced demyelination is characteristically described
as sparing axons within areas of demyelination, axonal
loss with demyelination in the optic nerve of MHV-A59-
(parental DM) infected mice has been recently observed
[94]. This led to hypothesize that DM MHV may induce
axonal loss in the spinal cord. To examine this, serial sections
of spinal cords from RSA59EGFP- (DM) and RSMHV2EGFP-
(NDM)-infected mice were stained parallaly by LFB and
Bielchowsky silver impregnation. DM-infected spinal cord
sections at both day 7 and day 30 p.i. showed a significant
decrease of axonal staining in demyelinating plaque (Figures
13(a) and 13(b)). No demyelination and no axonal loss ware
evident in the NDM-infected mouse spinal cords either at
day 7 (Figures 13(e) and 13(f)) or at day 30 p.i.
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Figure 13: Demyelination and axonal loss in DM- and NDM-infected mouse spinal cord. Serial cross-sections (5 μm thick) from DM- and
NDM-infected mouse spinal cord at day 7 p.i. were stained for myelin with LFB (a, e) or by Bielchowsky silver impregnation (b, f) or toluidine
blue to delineate preservation of myelin, axons, and axon-myelin coherence following DM and NDM infection. (a) A large demyelinating
plaque observed in DM-infected mouse spinal cord is shown (arrow indicates demyelinated area). (b) In an adjacent section, the same
demyelinating plaque of DM-infected spinal cord showed loss of axons (arrow indicates area of axonal loss). (e) Normal myelin was observed
in NDM-infected mouse spinal cord. (f) No axonal loss was observed in the NDM-infected mouse spinal cord. Spinal cord sections (1 μm
thick) of mice sacrificed 30 days p.i. with DM and NDM were stained with toluidine blue (c, d, g, and h). Large demyelinated plaques were
observed in DM-infected mouse spinal cord (C.D) . Myelinated spinal cord white matter region is marked (M), demyelinated region of spinal
cord white matter (d), gray matter (g), macrophages (Mφ). In NDM-infected mouse spinal cord, myelin remains relatively preserved with
rare examples of early axonal degeneration characterized by loss of the central axon and collapse of the myelin sheath (arrows) (g, h). Original
magnification for (a, b, e, and f) is 40x. Original magnification for (c, g) is 100x and fot (d, h) is 1000x. (adapted from the work of [73]).

To further evaluate the loss and/or preservation of myelin
in DM- and NDM-induced inflammatory plaques, semithin
spinal cord sections cut at 1-micron intervals from five
infected mice at day 30 p.i. were stained with toluidine blue.
Control mock-infected mouse spinal cord was used to eval-
uate for background fixation and/or postfixation artifacts.
DM-infected spinal cords showed significant myelin loss
within plaques (Figure 13(c)). Moreover, high magnification
images showed infiltrating macrophages filled with myelin
debris (Figure 13(d)). In contrast, in NDM strain RSMHV2-
infected spinal cord sections, myelin is almost completely
preserved, with only rare examples of early axonal degener-
ation, characterized by loss of the central axon and collapse
of the myelin sheath (Figures 13(g) and 13(h)). The presence
of this focal axonal degeneration was not detectable in prior
studies of paraffin-embedded tissues by silver impregnation.

15.4. High-Resolution Electron Micrographic Analysis
Confirms Axonal Loss Concurrent with Demyelination
in RSA59EGFP-Infected Mouse Spinal Cord. To further
characterize axonal pathology at the ultrastructural level,
representative foci of demyelination and axonal injury were
selected from toluidine blue-stained sections, and 600 Å
ultrathin sections from Poly-Bed-embedded blocks were
processed for TEM. High-resolution TEM images show a

combination of axonal degeneration and demyelination.
There are extensive axonal loss and many residual empty
vacuoles corresponding to totally degenerated fibers. In
addition, there are numerous hypomyelinated fibers and
naked axons without any myelin sheath, indicative of a
demyelinating process (Figures 14(b)–14(d)). These naked
axons are fully intact with surrounding axolemmas and
axoplasm with preserved microtubules and intermediate
filaments (Figure 14(e)). In contrast, NDM-infected mouse
spinal cords demonstrate no appreciable axonal loss and
no features of demyelination. Specifically, there are no
hypomyelinated fibers, no naked axons, no macrophages,
and no evidence of macrophage-mediated myelin stripping.
Instead, there are only rare examples of early axonal
degeneration characterized by loss of the central axon and
collapse of the myelin sheath (Figure 14(f)) as previously
seen in toluidine blue-stained sections. Normal myelinated
region is denoted in Figure 14(a).

15.5. Macrophage-Mediated Myelin Stripping in DM-Infected
Spinal Cord Section. One mechanism of demyelination is
revealed as macrophage-mediated myelin stripping. This
is demonstrated in Figure 15 in which a macrophage is
observed surrounding a myelinated axon. The myelin is
unraveling, yet the axon is completely intact. At the inner
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Figure 14: Electron micrographic analysis of demyelination and axonal loss in DM- and NDM-infected mouse spinal cord. Representative
foci of demyelination and axonal injury were selected from the toluidine blue-stained sections shown in Figure 3 and processed for electron
microscopy. (a) Normal morphology of myelinated axons was exhibited from a non plaque region adjacent to a demyelinated plaque
of DM-infected mouse spinal cord. (b–d) Demyelinating plaque in DM-infected mouse spinal cord showed extensive loss of myelin,
hypomyelination (arrows), complete axonal degeneration with only residual empty vacuoles (arrowheads), naked axons with no myelin
sheath at all (∗), and macrophages (Mφ). (e) A high-magnification image (120,000x) of a naked axon surrounded only by a single lipid
bilayer shows preservation of cytoskeleton elements (microtubules and intermediate filaments). (f) In contrast, NDM-infected mouse spinal
cords show only rare examples of early axonal degeneration. � Marks an oligodendrocyte nucleus. Such early axonal degeneration was not
observed in mock-infected mice. Original magnifications: (a) 3000x, (b) 5000x, (c) 6000x, (d) 3000x, (e) 120,000x, and (f) 6000x. (Adapted
from the work of [73]).
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Figure 15: Macrophage-mediated myelin stripping in DM-induced demyelinating plaque. (a) A macrophage (upper portion of the figure)
is observed surrounding an intact axon (lower portion of the figure) with uncompacted myelin. Myelin figures are observed within the
cytoplasm of this macrophage indicative of prior engulfment of myelin. (b) Higher magnification demonstrates close apposition of the
macrophage cell membrane and an outer layer of uncompacted myelin. The axoplasm and axolemma are intact and the adjacent myelin
shows vesiculation indicative of myelin degeneration. Original magnification for (a) is 15,000x and for (b) is 40,000x. (adapted from the
work of [73]).
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border of the myelin sheath, multiple vacuoles are present
as the entire myelin sheath is lifting off the axon. The
macrophage cell membrane is in intimate contact with
the outer portion of the myelin sheath as the macrophage
strips away and engulfs the myelin sheath. Multiple vacuoles
with myelin fragments are seen within the cytoplasm of the
macrophage.

15.6. Spinal Cord Inflammatory Plaques Contain Predom-
inantly Macrophages. To characterize inflammatory cells
within spinal cord plaques, serial sections from DM- and
NDM-infected mice were stained with anti-CD45 (LCA),
anti-CD11b, or anti-CD3. LCA staining confirmed the
presence of infiltrating inflammatory cells (Figures 16(c)
and 16(d)). Interestingly, the distribution of LCA+ cells was
significantly different after infection by the two viral strains.
At day 7 p.i., the majority of infected cells in RSA59EGFP-
infected spinal cord were localized to white matter with
only occasional infiltration of gray matter (Figures 16(a)
and 16(c)) whereas in RSMHV2EGFP-infected spinal cord,
LCA+ cells were mainly restricted to gray matter (Figures
16(b) and 16(d)). CD11b staining demonstrated that the
majority of LCA+ cells in the spinal cord were CD11b+

(Figures 16(e) and 16(f)). At day 30 p.i., LCA+ cells were still
present in abundance in demyelinating plaques produced
following DM infection (Figures 16(g) and 16(i)), but in
NDM-infected mice, no demyelinating plaques were present
and very few LCA+ cells were retained in the gray matter
(Figures 16(h) and 16(j)). Immunohistochemical data
demonstrate that in DM- and NDM-strain-infected spinal
cord there is an increase of LCA+/CD11b+ cells; however,
the distribution of these inflammatory cells is significantly
different between the two strains.

15.7. DM and NDM Strains Differ in Neuronal Intracel-
lular Distribution of Viral Antigen. To determine whether
differential localization of viral antigen is responsible for
the observed distribution of inflammatory cells, cross-
sections from spinal cord of DM- and NDM-infected mice
were examined. Since the DM and NDM viruses used in
these studies express EGFP, viral distribution was assessed
directly by fluorescence microscopy. On day 7 p.i., the
DM fluorescence was mainly restricted to white matter
(Figures 17(a) and 17(b)) with limited involvement of
gray matter whereas NDM fluorescence was restricted to
gray matter (Figures 17(c) and 17(d)). High-magnification
fluorescence images in brain from day 7 p.i. demonstrate
numerous neurons and their axons following DM infection
(Figure 17(e)) whereas far fewer fluorescent neurons and
axons are observed following NDM infection (Figure 17(f)).
The ability of DM and NDM to replicate and spread in vitro
was compared using primary hippocampal neuronal cultures
and described in very recent studies . Immunostaining of
MAP2b [117] and GFAP [118] demonstrated that cultures
consisted primarily of neurons. At 12 hours intervals,
from 0 to 72 hours p.i., cultures were monitored for viral
antigen spread by fluorescence microscopy. At 24 hours p.i.
several infected foci were observed in DM-infected cultures

(Figure 17(g)) whereas, in NDM-infected cultures, very few
discrete cells were positive for EGFP (data not shown). At
72 hours p.i., the average number of EGFP positive cells
was significantly increased following infection with DM
(Figure 17(h)). In contrast, NDM-infected cultures had viral
infection restricted only to the initially infected neurons,
with little or no spread to adjacent cells, consistent with in
vivo studies (Figure 17(i)) [73].

To confirm the differential distribution of viral antigen
in gray and white matter in very recent studies [116]
cross-sections from several regions of all spinal cords
were stained with viral antinucleocapsid antiserum. At day
5 post-infection viral antigens were mainly observed in
the gray matter of the spinal cord in RSA59EGFP- and
RSMHV2EGFP- infected mice some viral antigen was also
detected in the white matter. At day 7, most of the viral
antigen in RSA59EGFP was found in white matter whereas
RSMHV2EGFP viral antigen remained mainly restricted to
gray matter with occasional distribution to white matter. In
RSMHV2EGFP- infected mice, viral antigen was occasionally
observed in the white matter, and in some spinal cord sec-
tions of RSMHV2EGFP viral antigen was detected at the gray-
white matter junction as shown in very recent studies [116].

15.8. DM and NDM Strains Exhibit Different Cellular
Tropism. The severity of tissue destruction in MHV
infection is mediated by direct viral infection and immune-
mediated destruction. The relative contributions of these
two components differ depending on a number of virus and
host factors including viral tropism, rate of viral spread,
and specificity of the immune response. During acute
infection, neurotropic and demyelinating strains (DM)
of MHV infect a number of cell types in the CNS such
as neurons, astrocytes, oligodendrocytes, and microglia
[21, 70, 91, 118, 119]. Recently by using the S gene
recombinant virus (S4 R, containing S gene from a highly
neurovirulent MHV-4 on the background of MHV-A59) it
has been demonstrated that S gene-mediated neurovirulence
of MHV is associated with extensive viral spread in the
brain in both neurons and astrocytes [108]. Thus far it was
not known whether NDM of MHV infects the same cell
types as DS. The phenomenon of demyelination may be due
to primary infection of a single cell type, or alternatively,
infection of diverse CNS cell types leading to the final
destruction of OLGs/myelin sheath and the axon.

To compare the cellular tropism of DM and NDM MHV
double-label immunofluorescence on sagittal brain sections
was performed [116]. EGFP fluorescence was used as a viral
antigen marker, MAP2b as a neuron-specific marker, and
GFAP as an astrocyte-specific marker. Sections were system-
atically scanned in a blinded fashion. Representative pictures
of dual color fluorescence of viral antigen and MAP2b are
shown in Figure 18. Visual microscopic observations show
that RSJHMEGFP infects and spreads more in neurons in
comparison to the other two strains. In RSJHMEGFP- infected
mice only a very small number of viral antigen positive cells
were also positive for the astrocytic marker GFAP, whereas
in RSA59EGFP-infected mice, EGFP positive cells partially
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Figure 16: Distribution of inflammatory cells in the gray matter versus white matter in DM- and NDM-infected mouse spinal cord during
acute infection. Serial cross sections (5 μm thick) from DM- and NDM-infected mouse spinal cords at day 7 p.i. were stained with H & E
(a, b), LCA (c, d), or CD11b (e, f). Several inflammatory lesions (a) with infiltrating LCA+ cells (c) were observed in RSA59EGFP-infected
mouse spinal cord (arrows indicate lesion areas in white matter). The majority of the LCA+ inflammatory cells in the inflammatory plaques
were positive for the microglia/macrophage marker CD11b (e). CD11b+ cells in DM-infected mice are predominantly in the white matter.
In NDM-infected mice no discrete inflammatory lesions were observed (b); however LCA+ cells were observed (d) scattered throughout the
gray matter. These cells were also strongly immunoreactive for CD11b (f). Most of the LCA/CD11b immunoreactive cells were restricted to
gray matter with very little invasion of white matter. Serial cross sections (5 μm thick) from DM- or NDM-infected mouse spinal cords at
day 30 p.i. were stained with LFB (g, h) or LCA (i, j). Large demyelinating lesions (g) with infiltrating LCA+ cells (i) were observed in DM-
infected mouse spinal cord white matter (arrows indicate lesion area) whereas normal myelin (h) was observed in NDM-infected mouse
spinal cord with only rare scattered LCA+ cells in the gray matter (j). Original magnification for (a–j) is 40x. (adapted from the work of
[73]).



Interdisciplinary Perspectives on Infectious Diseases 19

(g)

(h)

(i)

(a) (b)

(c) (d)

(e) (f)

Figure 17: DM and NDM differ in their ability to translocate from gray matter to white matter during acute infection. DM- and NDM-
infected mice were sacrificed at day 7 p.i.; brain and spinal cord tissues were harvested and processed for frozen sections. Cryostat sections
were post fixed with 95% ice-cold ethanol for 20 minutes and observed by fluorescent microscopy for viral antigen (EGFP fluorescence).
(a) In DM-infected spinal cord, viral antigen positive EGFP-expressing cells are present in both gray and white matters. (b) Area of EGFP
positive cells from (a) is marked in a corresponding LFB-stained section. (c) In NDM-infected mice, EGFP positive cells with viral antigen
are predominantly restricted to the gray matter. (d) Area of EGFP positive cells from (c) is marked in corresponding LFB-stained section.
(e) Axonal distribution of the EGFP fluorescent viral antigen is evident in DM-infected brain. (f) NDM-infected neurons in the brain show
considerably reduced axonal transport of viral antigen. (g–i) to further confirm the ability of DM and NDM to infect neurons and spread
from neuron to neuron, 4-day-old primary hippocampal neuronal cultures were infected with DM and NDM at MOI of 2. Representative
fields containing an equivalent density of cells are shown in each image. (g) At 24 hours p.i. DM infect a small percentage of the neurons
in culture. (h) By 72 hours p.i. DM-infected neurons were observed to spread from one neuron to the next, as nearly all cells in the culture
contained viral antigen despite initial infection of only a small percentage of cells. (i) NDM-infected neurons, on the other hand, demonstrate
limited axonal transport efficiency at 72 hours p.i., with only a small number of cells containing a bright concentrated signal that is retained
after primary infection. (adapted from the work of [73]).
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Figure 18: Identification of EGFP MHV-infected neurons in the brain at day 5 post infection. Mice were infected intracranially with
RSJHMEGFP, RSA59EGFP, and RSMHV2EGFP. Infected mice were sacrificed at day 5 post infection, and the brains were processed, sectioned
and then labeled with anti-MAP2b as primary antiboelies and with Texas red goat anti-mouse IgG as secondary antibodies. EGFP
fluorescence (green) was used to detect viral antigen-positive cells in the basal forebrain. Red fluorescence shows the corresponding labeling
of MAP2b in neurons. Merged images show colocalization of MAP2b and EGFP positive cells. Arrows identify cells double positive for viral
antigen and MAP2b. Bar = 250 microns. (Adapted from the work of [116]).

overlapped with GFAP staining (Figure 19). In addition,
in RSA59EGFP- infected mice EGFP positive cells were not
only astrocytes but also other cell types. In contrast, in
RSMHV2EGFP-infected mice EGFP completely colocalized
with GFAP (Figure 19).

Localization studies showed that MHV strains differ in
their neurovirulence and ability to demyelinate and also
differ in their ability to infect particular CNS cell types.
RSJHMEGFP infects neurons with greater efficiency, and
infection may spread more rapidly than in RSA59EGFP,
while RSMHV2EGFP infects neurons with limited efficiency.
This is consistent with previous findings that the degree of
neurovirulence is not only dependent on neuronal tropism
but also on the number of infected neurons and spread
of the infection through neurites [108]. Evidence from
closely related strains of neurotropic viruses including HIV,

TMEV, and reovirus supports the hypothesis that CNS cell
tropism and spread in CNS cells play a major role in the
distribution and type of CNS lesions [120, 121]. Studies with
LCMV and HIV also suggest that virus strains that exhibit
rapid spread are associated with increased immune-mediated
pathology [122, 123]. Recently, it has been demonstrated
that MHV spread to the spinal cord white matter occurs
very rapidly, and protection from demyelination can be
achieved by inhibiting this viral spread during the acute
phase of infection by recruiting high numbers of MHV-
specific CD8+ T cells [124]. Nondemyelinating strain is less
able to infect neurons and spread through neurons; on the
other hand, demyelinating strains are highly neuron tropic
and spread rapidly through neurites. In contrast, it has
been observed that a temperature-sensitive demyelinating
mutant of JHM infects mainly nonneuronal cells, having
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Figure 19: Colocalization of EGFP positive cells with astrocyte marker at day 5 post-infection. Mice were infected intracranially with
RSJHMEGFP, RSA59EGFP and RSMHV2EGFP. Infected mice were sacrificed at day 5 post-infection; brains were processed, sectioned and then
immune labeled with anti GFAP (astrocytic marker) antiserum, then stained with Texas red goat anti-mouse IgG as secondary antibodies.
EGFP fluorescence was used to detect viral antigen positive cells; red fluorescence was used to detect GFAP in astrocytes. Merged images
show colocalization of GFAP and EGFP positive cells. Arrows identify cells double positive for viral antigen and GFAP. Bar = 250 microns.
(Adapted from Das [116]).

a strong tropism specifically for astrocytes and causes
white matter lesions. Similarly, it has been demonstrated
that a monoclonal antibody selected JHM variant, a S
protein mutant, infects the glial cells predominantly in
the CNS, causing subacute demyelination. Interestingly, the
neurotropic and nondemyelinating MHV3 strain, which
has an in vitro tropism for neurons, ependymal cells,
and meningeal cells but not for astrocytes and oligoden-
drocytes, can induce initial ependymitis, meningitis, and
encephalitis in the absence of white matter lesions. Our in
vivo data demonstrate that the highly neurovirulent strain
RSJHMEGFP has very little tropism for astrocytes. RSA59EGFP

and RSMHV2EGFP infect astrocytes with similar efficiency. As
demyelinating and nondemyelinating strains produce similar
infections in astrocytes, it appears that astrocytic infection
during the acute stage alone may not determine the onset
of demyelination. Our observations suggest that astrocyte
tropism may be a relevant factor in persistent infection but
direct astrocytic infection alone may not be sufficient to
induce demyelination. This study highlights the important
role of neural cell tropism of viral antigen in MHV-induced
demyelination in the CNS.

16. Neural Cell-Specific Viral RNA
Persistence in Induction of
Demyelination and Axonal Loss

The development of chronic demyelination involves replica-
tion and spread of viral antigen in the spinal cord during the
acute stage of infection and the persistence of viral RNA in
white matter. This is substantiated by current observations
on viral spread of NDM MHV in the spinal cord, where
viral antigen during the acute phase of infection is mainly
restricted to gray matter. In contrast, viral antigen from
demyelinating strains spreads from gray to white matter
during the acute stage of infection [73, 116]. Specifically, after
intracranial infection and replication, viral antigens from
the demyelinating strains RSJHMEGFP and RSA59EGFP are
mostly seen in spinal cord gray matter at day 5 post infection
and then in the white matter at day 7 post infection. This
finding establishes that demyelinating and nondemyelinating
strains differ in their viral antigen distribution in gray matter
and white matter during acute infection. Viral persistence
observed previously in RSMHV2-infected mouse spinal
cord during the chronic phase of infection may be due
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to the presence of viral RNA in gray matter. Viral RNA
for demyelinating strains is known to persist mainly in the
white matter. Due to lack of viral RNA persistence in the
white matter, essential for the induction of demyelination
during chronic infection, RSMHV2 is unable to induce
demyelination. It is possible that cell-specific viral RNA
persistence is necessary for demyelination. These combined
observations reinforce the importance of glial cell infection
in the onset ofdemyelination.

17. Putative Mechanistic Aspect of
DM Strain-Induced Demyelination
and Axonal Loss

Based on experimental evidences it can also be argued
that the spread of viral antigen from neuron to neuron
and from neuron to glial cells plays a critical role in the
induction of chronic stage demyelination. Both DM and
NDM strains infect neurons; however, these strains differ in
their capacity to translocate to white matter as determined
by fluorescence of EGFP tagged viral particles. The current
experiments indicate that axonal transport of viral particles
is an important mechanism mediating not only the extent
of axonal damage but also the subsequent induction of
demyelination in the spinal cord. DM strain shows white
matter involvement early (by day 7 p.i.) and at later time
points that gray matter involvement is essentially absent in
the spinal cord, with only minimal involvement in the brain.
This observation further supports earlier findings that DM
and NDM strains differ in their viral antigen distribution
during acute infection in the spinal cord [116]. Evaluation
of axonal loss and demyelination in the spinal cord, where
there is clear separation of gray matter and large tracts of
white matter, demonstrated that DM MHV infection begins
in the neuronal cell body and propagates centripetally to the
axon [73] which subsequently induces axonal degeneration
and demyelination. NDM strains were unable to propagate
from gray to white matter and as a result and were unable to
induce demyelination.

The migration and activation of numerous CD11b+
macrophages/microglia to the white matter following viral
spread of DM MHV [73] suggests that recruitment of
these cells mediates demyelination. During DM strain
chronic infection at day 30 p.i., macrophages/microglia
were still present within areas of demyelination whereas
macrophages/microglia and viral antigen were cleared from
the gray matter following NDM strain infection.

One plausible explanation is that MHV spreads intra-
axonally in an anterograde manner within gray matter and
when it reaches the white matter, viral particles are able
to infect oligodendrocytes via direct cell-cell contact. A
less likely possibility is that infection proceeds indirectly
from neurons to oligodendrocytes by intermediary cells such
astrocytes, microglia, or endothelial cells. Regardless of the
mechanism of viral spread, ultimately, macrophages and
microglia are recruited to the areas of infection. In this
way, MHV infection triggers axonal loss and macrophage-
mediated demyelination. However, we have also observed in

NDM strain infection, that axonal degeneration and myelin
disruption can occur in the absence of macrophages. There-
fore, MHV infection can both directly and indirectly cause
axonal loss and demyelination. It may be that the failure
of NDM strain to trigger macrophage-mediated damage is
entirely a function of transport failure to the white matter.

Although there are no experimental data to demonstrate
this, it can be suggested, based on our current neural cell
tropism studies, that neuroinvasion by MHV may require
entry into the nerve endings, transport to the cell body,
replication in the cell body, axonal transport to the synapse,
and transneuronal viral spread. Similar mechanisms of
axonal transport of virus particles have been observed for the
alpha herpesviruses, Herpes simplex virus and pseudorabies
virus [125, 126]. Furthermore, Theiler’s murine encephalitis
virus (TMEV), a nonenveloped virus that, like MHV, causes
chronic demyelination in mice, is able to traffic from the
axon into the surrounding myelin in the absence of cell
lysis [127]. Thus, by a mechanism involving transneuronal
spread, MHV may gain access to synaptically linked neuronal
circuits and glial cells. It is not clear, however, which type (s)
of glial cells must be infected in order to promote the devel-
opment of MHV-induced chronic demyelinating disease.

Available studies focus mainly on neurons and astrocytes,
as they represent the majority of infected cells during the
acute stage of MHV infection, but oligodendrocytes cannot
be disregarded. It has been previously demonstrated that
MHV can infect oligodendrocytes [128], but the direct
cytolytic effect of MHV on oligodendrocytes is unclear
[129, 130]. Direct viral infection of oligodendrocytes may
contribute to MHV-induced demyelination, as observed in
another human demyelinating disease, progressive multifo-
cal leukoencephalopathy (PML), which is caused by JC virus
infection of oligodendrocytes [131, 132].

18. Putative Molecular Mechanisms of
Demyelination and Axonal Loss

The current studies further demonstrate that the molecular
mechanisms underlying axonal damage are mediated by the S
glycoprotein. The recombinant DM and NDM viruses used
are isogenic on a background of the DM MHV-A59 strain
and differ only by the virus-host attachment S glycoprotein.
In vivo, the S protein host receptor is carcinoembryonic
antigen (CEA), which functions as an intercellular adhesion
molecule [56, 133, 134]. However, there is evidence that
other viral entry host factors may also be permissive for
viral infection [135]. Evidently, the difference in the S
proteins between the DM and NDM strains does not
impair host-receptor interactions or viral entry since both
strains effectively cause encephalitis following transcranial
inoculation. The S protein does, however, appear to play a
critical role in axonal transport, with a lack of viral antigen
spread and subsequent inflammation extending into spinal
cord white matter following infection with the NDM strain
in contrast to extensive white matter involvement secondary
to DM strain infection being observed. As mentioned earlier,
MHV S is synthesized as a 180kDa glycosylated precursor
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that is posttranslationally cleaved into two 90kDa subunits,
S1 and S2 [136], with a receptor-binding domain in the S1
subunit [137] that is responsible for the initial attachment of
MHV to cell surface receptors. This binding event triggers a
conformational change in S that allows S2 to initiate fusion of
the virus and host membranes [138–140]. A candidate fusion
peptide domain has been identified within S2 [141]; however,
the actual fusion peptide for the MHV S has not been
definitively identified. MHV-A59 and MHV-2 S proteins
have 82% amino acid sequence identity and 94% similarity,
with the S2 domain relatively more conserved and S1 more
variable [93]. They also differ in their cleavage signal site
whereby MHV-A59 S is cleaved posttranslationally into S1
and S2 subunits, but MHV-2 S protein is not cleaved and
unable to cause fusion in vivo and in vitro. Thus, variable
regions of the S1 domain or differences in the cleavage signal
site between DM and NDM strains are candidate domains
that may potentially explain the differential axonal transport
and demyelination observed in our studies and need to be
evaluated further in future studies.

Genes other than the S sometimes referred to as “back-
ground genes” also influence pathogenesis. In addition to
structural proteins and replicase, all MHVs encode small
unique proteins with unknown functions (ORF2a, 4, and
5a) [142]. The proteins encoded in these three ORFs
appear to be nonessential for replication. It is instructive
to note that, apart from the molecular role of the S gene
in MHV pathogenesis, several additional genes have also
been implicated in the disease etiology. Asides from their
structural roles, N and M proteins are believed to function in
host interactions. In porcine coronavirus, TGEV, mutations
in the M protein ectodomain that impair N-glycosylation
decrease the interferogenic activity and antibodies directed
to the TGEV M ectodomain block IFN-γ induction [143].
For MHV, the glycosylation state of M protein may effect
the ability to induce IFNγ and also to replicate in the liver
[144]. In measles infection, a defective M transmembrane
protein has been related to the difference in the ability of
the virus to persist in the CNS and cause subacute sclerosing
panencephalitis (SSPE) [145]. The N protein has been impli-
cated in MHV-induced hepatitis [146, 147]. In addition,
the replicase and other non structural proteins could affect
tropism and pathogenesis by influencing the rate of viral
replication perhaps by interactions with cell type specific
factors or with elements of the immune response [148].

19. Conclusion

Current available studies demonstrate that the mechanisms
of white matter injury in this model of CNS demyeli-
nating disease are due to a combination of both axonal
injury/loss and myelin damage. In DM infection, there is
concomitant axonal loss and demyelination, and at least
some demyelination is due to macrophage-mediated myelin
stripping. One can hypothesize that axonal degeneration
follows in this immune-mediated pathogenesis. Partial
axonal loss also appears to occur secondary to direct
viral-induced cytopathic effects, a non-immune-mediated
mechanism. Following NDM infection, although relatively

rare, myelinated fibers in the spinal cord white matter
exhibit early axonal degeneration in the absence of any
associated inflammation. Therefore, MHV infection exhibits
diverse mechanisms of axonal loss and demyelination that
are both immune and nonimmune mediated. While the
underlying mechanisms leading to the development of MS
in patients are not known, numerous studies have provided
evidence to suggest that a viral infection may trigger this
autoimmune demyelinating disease. The critical role of the
S glycoprotein in viral transport and subsequent axonal
and myelin damage demonstrated in the current studies
suggests that targeted disruption of the S glycoprotein-
host interaction has the potential to prevent the onset or
progression of demyelination. Future experiments need to
be geared toward identifying how the S proteins interact
with the axonal transport system. Clues may be provided
by other human viral neurologic infections, including those
caused by such diverse viruses as Herpes Simplex and Rabies,
as they take advantage of the axonal transport system in
order to maximize spread and neurovirulence. Experimental
mouse model provides an excellent means by which the
particular host-virus interactions responsible for successful
axonal transport can be dissected and clarified.
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Human T-cell leukemia virus type 1 (HTLV-1) is a replication-competent human retrovirus associated with two distinct types
of disease only in a minority of infected individuals: the malignancy known as adult T-cell leukemia (ATL) and a chronic
inflammatory central nervous system disease HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). Although
the factors that cause these different manifestations of HTLV-1 infection are not fully understood, accumulating evidence suggests
that complex virus-host interactions play an important role in determining the risk of HAM/TSP. This review focuses on the role of
the immune response in controlling or limiting viral persistence in HAM/TSP patients and the reason why some HTLV-1-infected
people develop HAM/TSP whereas the majority remains asymptomatic carriers of the virus.

1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) infection is
of particular interest to the field of immunology as well
as microbiology because HTLV-1 is never eliminated from
the host in spite of vigorous cellular and humoral immune
responses against the virus but causes no disease in vast
majority of infected subjects (asymptomatic carriers:ACs).
Although only approximately 2%-3% develop adult T cell
leukemia (ATL) [1, 2] and another 0.25%–3.8% develop
chronic inflammatory diseases involving the central ner-
vous system (HTLV-1-associated myelopathy/tropical spastic
paraparesis: HAM/TSP) [3, 4], evaluation of the individual
risk for developing diseases in each ACs would certainly be
of considerable importance especially in HTLV-1 endemic
area such as southern Japan, the Caribbean, Central and
South America, the Middle East, Melanesia, and equatorial
regions of Africa [5]. However, many fundamental questions
are remained to be solved. First, how does HTLV-1 persist in
the individual host in spite of strong host immune response?
Second, why do some HTLV-1-infected people develop
consequent diseases such as ATL or HAM/TSP, whereas the

majority remains asymptomatic carriers of the virus? Third,
how is the inflammatory lesion in HAM/TSP initiated and
maintained, and why is the inflammation specifically in
thoracic spinal cord? This review summarizes the past and
recent works for HAM/TSP attempting to resolve each of
these questions.

2. Clinical and Pathological
Features of HAM/TSP

HTLV-1 is classified as a complex retrovirus in the genus
Deltaretrovirus of the subfamily Orthoretrovirinae and infects
10–20 million people worldwide [6–8]. HTLV-1 can be
transmitted through sexual contact [9], injection drug use
[8], and breastfeeding from mother to child [10, 11].
Although HTLV-1 infection is associated with a range of
nonmalignant chronic inflammatory diseases in the eyes, the
lungs, or the skeletal muscles [7], HAM/TSP is the bestrecog-
nized with chronic progressive myelopathy characterized by
spastic paraparesis, sphincter dysfunction, and mild sensory
disturbance in the lower extremities [12]. To date, more
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than 3,000 cases of HAM/TSP patients have been reported
in HTLV-1 endemic areas. Sporadic cases have also been
described in nonendemic areas such as the United States
and Europe, mainly in immigrants from an HTLV-1 endemic
area. Among ACs, the lifetime risk of developing HAM/TSP,
which is different among different ethnic groups, ranges
between 0.25% and 4%. It has been reported that the annual
incidence of HAM/TSP is higher among Jamaican subjects
than among Japanese subjects (20 versus 3 cases/100,000
population), with a two to three times higher risk for women
in both populations [13–16].

Pathological analysis of HAM/TSP autopsy materials
indicates that the disease affects the spinal cord, predomi-
nantly at the thoracic level [17–19]. Loss of myelin and axons
in the lateral, anterior, and posterior columns is associated
with perivascular and parenchymal lymphocytic infiltration
with the presence of foamy macrophages, proliferation of
astrocytes, and fibrillary gliosis. The presence of atypical
lymphocytes (so-called “flower cells”) in peripheral blood
and cerebrospinal fluid (CSF), a moderate pleocytosis,
and raised protein content in CSF are typically found in
HAM/TSP patients. Oligoclonal bands, raised concentra-
tions of inflammatory markers such as neopterin, tumor
necrosis factor (TNF)-α, interleukin (IL)-6 and interferon
(IFN)-γ, and an increased intrathecal antibody synthesis
specific for HTLV-1 antigens have also been described
[20]. Clinical progression of HAM/TSP is associated with
increased proviral load in individual patients, and the ratio of
proviral loads in CSF cells/in peripheral blood mononuclear
cells (PBMCs) is significantly associated with clinically pro-
gressive disease [21]. The major histocompatibility complex
(MHC) class I tetramer analysis of lymphocytes isolated
from the CSF of HAM/TSP patients showed even higher fre-
quencies of HTLV-1 Tax11-19-specific, HLA-A∗02-restricted
CD8+ lymphocytes compared to those of PBMCs [22].
Therefore, an increased proliferation or migration of HTLV-
1-infected and/or HTLV-1-specific lymphocytes to the cen-
tral nervous system (CNS) might be closely associated with
HAM/TSP pathogenesis [23].

3. Risk Factors for HAM/TSP

3.1. Host Genetics. Previous population association study of
202 cases of HAM/TSP and 243 ACs in Kagoshima, HTLV-
1 endemic southern Japan, revealed that one of the major
risk factors is the HTLV-1 proviral load. The median proviral
load was more than ten times higher in HAM/TSP patients
than in ACs, and a high proviral load was also associated
with an increased risk of progression to disease [24]. Higher
proviral load in HAM/TSP patients than in ACs was observed
in other endemic area, such as the Caribbean [25], South
America [26], and the Middle East [27]. It was suggested
that genetic factors such as human leukocyte antigen (HLA)
are related to the high proviral load in HAM/TSP patients
and genetic relatives. In southern Japan, possession of the
HLA-class I genes HLA-A∗02 and Cw∗08 was associated
with a statistically significant reduction in both HTLV-1
proviral load and the risk of HAM/TSP, whereas possession
of HLA-class I HLA-B∗5401 and class II HLA-DRB1∗0101

predisposes to HAM/TSP in the same population [28, 29].
Since the function of class I HLA proteins is to present
antigenic peptides to cytotoxic T lymphocytes (CTL), these
results imply that individuals with HLA-A∗02 or HLA-
Cw∗08 mount a particularly efficient CTL response against
HTLV-1, which may be an important determinant of HTLV-
1 proviral load and the risk of HAM/TSP. Further analysis to
look at nonHLA host genetic factors revealed that nonHLA
gene polymorphism also affects the risk for developing
HAM/TSP. For example, the TNF-α promoter −863 A
allele [30], and the longer CA repeat alleles of matrix
metalloproteinase (MMP)-9 promoter [31] predisposed to
HAM/TSP, whereas IL-10 -592 A [32], Stromal derived factor
(SDF)-1 +801A [30] and IL-15 +191 C alleles [30] conferred
protection against HAM/TSP. The polymorphisms of MMP-
9 and IL-10 promoter each linked to the HTLV-1-encoded
transactivator Tax-mediated transcriptional activity of each
gene [31, 32].

3.2. HTLV-1 Genotype. Although most studies of HTLV-1
genotype have reported no association between variants of
HTLV-1 and the risk of HAM/TSP, Furukawa et al. reported
the association between HTLV-1 tax gene variation and the
risk of HAM/TSP [33]. The tax subgroup A that belongs
to cosmopolitan subtype A was more frequently observed
in HAM/TSP patients and this effect was independent of
protective allele HLA-A∗02. HLA-A∗02 appeared to give
protection against only one of the two prevalent sequence
variants of HTLV-1, tax subgroup B that belongs to cos-
mopolitan subtype B but not against tax subgroup A in
Japanese population [33]. Interestingly, HLA-A∗02 appears
not to give protection against infection with cosmopolitan
subtype A in a population in Iran [27]. These findings
suggest that both host genetic factors and HTLV-1 subgroup
play a part in determining the risk of HAM/TSP.

4. The Immune Response to HTLV-1

4.1. The Humoral Immune Response. In HTLV-1 infection,
anti-HTLV-1 antibody that often includes IgM is detected
in all infected individuals, either ACs or patients with
HAM/TSP [34]. It has been reported that HAM/TSP patients
generally had higher anti-HTLV-1 antibody titer than ACs
with the similar HTLV-1 proviral load [34–36]. These data
suggest that there was persistent expression of HTLV-1
proteins in vivo and the existence of an augmented humoral
immune response to HTLV-1 in HAM/TSP patients. Interest-
ingly, although antibody responses to the immunodominant
epitopes of the HTLV-1 Envelope (Env) proteins were similar
in all of three clinical groups (HAM/TSP, ATL, and ACs),
reactivity to four Tax immunodominant epitopes was highest
in HAM/TSP (71%–93%) than ATL patients (4%–31%) or
ACs (27%–37%) [37]. In 2002, Levin et al. reported that
antibodies that recognize HTLV-1 Tax protein can cross-
react with a heterogenous nuclear riboprotein (hnRNP)-A1,
suggesting intriguing evidence for antigen mimicry in HTLV-
1 infection [38]. However, since the host protein hnRNP-A1
is not confined to the central nervous system but is widely
expressed [39] and is not normally accessible to antibody
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attack, it is unlikely that anti-Tax antibody explains the
onset or initial tissue damage of HAM/TSP. Rather, anti-Tax
antibody might be associated with subsequent inflammation
following initial tissue damage and disruption of blood brain
barrier, which is probably caused by the antiviral immune
responses to HTLV-1 and induces the release of autoantigens.

4.2. The Natural Killer (NK) Cell Response. Previous reports
indicated that patients with HAM/TSP had both a lower
frequency and a lower activity of NK cells (especially the
CD3+CD16+ subset) than ACs, although the results were
not normalized with respect to the proviral load [40]. Since
an important mechanism of induction of NK cell-mediated
killing is recognition by the NK cell of a complex of the
nonpolymorphic MHC molecule HLA-E bound to a peptide
derived from the signal sequence of some other MHC
class I molecules, the synthetic tetramers of HLA-E with
the HLA-G signal sequence peptide were used to identify
NK cells in HAM/TSP patients [41]. The results clearly
showed a lower frequency of HLA-E tetramer-binding cells
in HAM/TSP patients than ACs, and as in the earlier studies
[40], this reduction in frequency was particularly notable in
the CD3+ cells whereas there was no significant difference
in the frequency of HLA-E tetramer-binding CD3− cells
between patients with HAM/TSP and ACs [41]. Recent data
also suggest that the frequency of invariant NKT cells in
the peripheral blood of HAM/TSP patients is significantly
decreased when compared with healthy subjects and/or ACs
[42, 43]. These findings indicated that the activity of the NK
or NKT cell response was associated with the presence or
absence of HAM/TSP. Interestingly, previous uncontrolled
preliminary trial of viable Lactobacillus casei strain Shirota
containing fermented milk for HAM/TSP patients resulted in
significant increase of NK cell activity with improvements in
clinical symptoms [44]. Thus, circulating NK and NKT cells
might also play an important role in the disease progression
and the pathogenesis of HAM/TSP.

4.3. The Regulatory T Cells (Tregs). It has been reported that
HTLV-1 preferentially and persistently infects CD4+CD25+

lymphocytes in vivo [45], which contains the majority of
the Foxp3+ Tregs [46]. In HAM/TSP patients, the percentage
of Foxp3+ Tregs in CD4+CD25+ cells is lower than that in
ACs and uninfected healthy controls [45, 47] whereas the
percentage of Foxp3+ cells in the CD4+ population tended
to be higher in the HAM/TSP patients than in the ACs [48–
50]. As CD25 is induced by HTLV-1 Tax oncoprotein [51],
it is most likely that the proportion of Foxp3+ cells falls
in the CD4+CD25+ population, which contain both Tregs
and activated nonTregs, in HTLV-1-infected individuals
especially HAM/TSP patients. Interestingly, the frequency
of HTLV-1 negative Foxp3+CD4+ cells positively correlated
with the HTLV-1 proviral load [23, 49] and the CTL activity
negatively correlated with the frequency of HTLV-1 negative
Foxp3+CD4+ cells [49]. These data suggest that an increase
in HTLV-1 negative FoxP3+CD4+ Tregs is one of the chief
determinants of the efficiency of T cell mediated immune
control of HTLV-1. If such Tregs reduce CTL activity, which

in turn increases the HTLV-1 proviral load, this activity
increases the risk for developing HAM/TSP.

4.4. The CD4+ Helper T Cell Response. It is well known that
antiviral CD4+ T cell responses are of central importance
in driving B-cell and CD8+ T-cell responses in vivo. The
HTLV-1 antigen most commonly recognized by CD4+ T
cells is the Env protein [52, 53], in contrast with the
immunodominance of Tax in the CD8+ T cell response [54–
56]. At a similar proviral load, patients with HAM/TSP had
significantly increased frequency of virus-specific CD4+ T-
cells compared to that of ACs [53, 57]. The antiviral T
helper (Th)1 phenotype is also dominant among HTLV-
1-specific CD4+ T cells in both ACs and patients with
HAM/TSP [58], and there is a higher frequency of IFN-γ,
TNF-α, and IL-2 production by CD4+ T cells in patients
with HAM/TSP compared to ACs of a similar proviral
load [58, 59]. A role for CD4+ T cells in initiating and
causing HAM/TSP is also consistent with the immunogenetic
observations that the possession of HLA-DRB1∗0101, which
restricts immunodominant epitope of HTLV-1 Env gp21,
was associated with susceptibility to HAM/TSP in inde-
pendent HTLV-1-infected populations in southern Japan
[28, 29] and northeastern Iran [27]. Accordingly, a synthetic
tetramer of DRB1∗0101 and the immunodominant HTLV-1
Env380–394 peptide was used to analyze Env-specific CD4+

T cells directly ex vivo [57]. The results showed that the
frequency of tetramer+CD4+ T cells was significantly higher
in HAM/TSP patients than in ACs with similar proviral load.
Moreover, direct ex vivo analysis of tetramer+CD4+ T cells
from two unrelated DRB1∗0101 positive HAM/TSP patients
indicated that certain T cell receptor (TCR) Vβs were utilized
and antigen-specific amino acid motifs were identified in
complementarity determining region (CDR) 3 from both
patients. These data suggest that the observed increase in
virus-specific CD4+ T cells in HAM/TSP patients, which
may contribute to CD4+ T cell-mediated antiviral immune
responses and to an increased risk of HAM/TSP, was not
simply due to the rapidly growing HTLV-1-infected CD4+

T cells but was the result of in vivo selection by specific
MHC-peptide complexes, as observed in freshly isolated
HLA-A∗0201/Tax11-19 tetramer+ CD8+ T cells [60] and
muscle infiltrating cells from HAM/TSP patients and HTLV-
1-infected polymyositis patients [61].

4.5. The Cytotoxic T Lymphocyte (CTL) Response. Previous
reports indicated that the HTLV-1-specific CD8+ CTL is
typically abundant, chronically activated, and mainly tar-
geted to the viral transactivator protein Tax [62]. Also, as
already mentioned, the median proviral load in PBMCs of
HAM/TSP patients was more than ten times higher than that
in ACs, and a high proviral load was also associated with an
increased risk of progression to disease [24]. Furthermore,
HLA-A∗02 and HLA-Cw∗08 genes were independently and
significantly associated with a lower proviral load and a lower
risk of HAM/TSP [28, 29], and CD8+ T cells efficiently kill
autologous Tax-expressing lymphocytes in fresh PBMCs in
HTLV-1-infected individuals [63]. These data have raised the
hypothesis that the class I-restricted CD8+ CTL response
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Figure 1: Hypothesis for the pathogenesis of Human T-cell leukemia virus type 1- (HTLV-1-)associated myelopathy/tropical spastic paraparesis
(HAM/TSP). In patients with HAM/TSP, genetically determined less efficient CTL response against HTLV-1 may cause higher proviral
load and antigen expression, leading in turn to activation and expansion of antigen-specific T cell responses, subsequent induction
of large amounts of proinflammatory cytokines and chemokines, and progression of HAM/TSP development. It is also possible that
the immunoglobulin G specific to HTLV-1-Tax, which cross-reacts with heterogeneous nuclear ribonuclear protein-A1 (hnRNP-A1), is
associated with subsequent inflammation following initial tissue damage.

plays a critical part in limiting HTLV-1 replication in vivo
and that genetically determined differences in the efficiency
of the CTL response to HTLV-1 account for the risk for
developing HAM/TSP. However, since the frequency of
HTLV-1-specific CD8+ T cells was significantly elevated in
HAM/TSP patients than in ACs [64, 65] and these cells have
the potential to produce proinflammatory cytokines [66],
there is a debate on the role of HTLV-1-specific-CD8+ T cells,
that is, whether these cells contribute to the inflammatory
and demyelinating processes of HAM/TSP or whether the
dominant effect of such cells in vivo is protective against
disease, although these two mechanisms are not mutually
exclusive. Recently, Sabouri et al. reported that a frequency
of CD8+ T cells that were negative for costimulatory
molecules such as CD27, CD28, CD80, CD86, and CD152
was significantly higher in patients with HAM/TSP than
in age-matched uninfected controls, but there was no such
difference between ACs and uninfected controls [67]. They
also found a significantly lower frequency of perforin+ cells
and granzyme B+ cells in the CD8+ T cells in HTLV-

1-infected subjects than in uninfected controls, although
there was no significant difference between patients with
HAM/TSP and ACs. Furthermore, the lytic capacity of
HTLV-1-specific CTL between HAM/TSP and ACs estimated
by CD107a mobilization assay showed the significantly lower
CD107a staining in HTLV-1-specific CTL in HAM/TSP than
ACs. These findings suggest that patients with HAM/TSP
have a high frequency of HTLV-1-specific CD8+ T cells with
poor lytic capacity, whereas ACs has a lower frequency of cells
with high lytic capacity.

4.6. Dendritic Cells (DCs). Dendritic cells are antigen-
presenting cells which play a critical role in the regulation
of the adaptive immune response. In HTLV-1 infection,
it has been shown that the DCs from HAM/TSP patients
were infected with HTLV-1 [68], and the development of
HAM/TSP is associated with rapid maturation of DCs [69].
One of the hallmarks of HTLV-1 infection is the in vitro
proliferation of PBMCs when cultured in the absence of
exogenous antigen or mitogen, referred to as spontaneous
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lymphocyte proliferation (SLP), and in HAM/TSP patients,
the levels of SLP reflect the severity of the disease [70, 71].
Interestingly, depletion of DCs from the HAM/TSP patient’s
PBMCs abolishes SPL while supplementing DCs, but not
B cells nor macrophages restore proliferation [68]. DC
dependent mechanism of SLP was further supported by data
showing that antibodies to MHC class II, CD86, and CD58
can block SPL [72]. Recently, Jones et al. had demonstrated
that human-derived both myeloid and plasmacytoid DCs are
susceptible to infection with cell-free HTLV-1, and HTLV-
1-infected DCs can rapidly transfer virus to autologous
primary CD4+ T cells [73]. Furthermore, in contrast to the
previous report that CD4+CD25+ T cells are responsible for
the stimulation of Tax-specific CD8+ T cells [74], it was
recently demonstrated that, compared to the CD4+CD25+

T cells, the DCs are the major cell type responsible for the
generation and maintenance of the Tax-specific CD8+ T cells
both in vitro and in vivo [75]. These findings suggest that
the interaction of DCs with HTLV-1 is also crucial for the
pathogenesis of HAM/TSP.

4.7. The Other Reservoirs of HTLV-1. Previous studies have
indicated that only a small proportion of the monocyte-
macrophage lineage cells are infected with HTLV-1 in periph-
eral blood [76] and that there has been no direct evidence
indicating that HTLV-1-infected cells of the monocyte-
macrophage lineage cells are present in the CNS [77].
However, monocyte-macrophage lineage cells may also play
important roles in the pathogenesis of HAM/TSP, since it
has been shown that the activation of macrophage and
microglial cells within the CNS closely correlated with the
proviral load within the CNS of HAM/TSP patients [78].
Meanwhile, it was also shown that a vast majority of bone
marrow cells from HAM/TSP patients are positive for HTLV-
1 proviral DNA but negative for viral RNA expression
[79], whereas no HTLV-1 proviral DNA positive CD34+

hematopoietic progenitor cells were detected in ATL patients
[80]. These results suggest that HTLV-1-infected cells within
the bone marrow may be a reservoir of HTLV-1 in HAM/TSP
patients and play an important role in the etiology of
neuroinflammation observed in HAM/TSP [77].

5. Conclusions

As shown in Figure 1, accumulating evidence suggests that
the virus-host immunologic interactions play a pivotal
role in HAM/TSP pathogenesis. Genetically determined less
efficient CTL response against HTLV-1 may cause higher
proviral load and antigen expression in infected individuals,
which lead to activation and expansion of antigen-specific
T cell responses, subsequent induction of large amounts of
proinflammatory cytokines and chemokines, and progres-
sion of HAM/TSP development.
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Catechol-O-methyltransferease (COMT) metabolizes prefrontal cortex dopamine (DA), a neurotransmitter involved in executive
behavior; the Val158Met genotype has been linked to executive dysfunction, which might increase sexual risk behaviors favoring
HIV transmission. Main and interaction effects of COMT genotype and executive functioning on sexual risk behavior were
examined. 192 sexually active nonmonogamous men completed a sexual behavior questionnaire, executive functioning tests, and
were genotyped using blood-derived DNA. Main effects for executive dysfunction but not COMT on number of sexual partners
were observed. A COMT x executive dysfunction interaction was found for number of sexual partners and insertive anal sex,
significant for carriers of the Met/Met and to a lesser extent Val/Met genotypes but not Val/Val carriers. In the context of HIV
and methamphetamine dependence, dopaminergic overactivity in prefrontal cortex conferred by the Met/Met genotype appears
to result in a liability for executive dysfunction and potentially associated risky sexual behavior.

1. Introduction

HIV infection is a global pandemic and the population
is growing due to successful treatment with highly active
antiretroviral therapy (HAART) [1]. Although rates of HIV
have been reduced in the United States among most groups
as a result of successful public health efforts (e.g., condom
accessibility, education programs, media campaigns), sexual
risk behavior and subsequent acquisition and/or spread of
HIV and other sexually transmitted infections are still of
concern among men who have sex with men as well as
drug using populations [1]. Thus, it is evident that, despite
research and efforts to understand and curb sexual risk
behavior within these vulnerable populations, additional
work employing novel approaches are needed.

Sexual risk behaviors can be viewed as a composite of
numerous behaviors that collectively make-up a complex

behavioral phenotype. As with most complex phenotypes,
sexual risk behavior is heterogeneous and several factors
contribute to the variance that can be observed from one
individual to another. To date, a majority of work examining
risk factors for sexual risk behavior phenotypes have primar-
ily focused on psychosocial factors (reviewed in [2]) and/or
other complex/heterogeneous behavioral phenotypes such
as substance use behaviors [3, 4] as indicators for current
or future sexual risk behavior. Ultimately these indicators,
upon sufficient replication, become candidates for public
health interventions that aim to prevent and reduce sexual
risk behaviors. However, the trouble with many of these
candidates is that they are too proximal to sexual risk behav-
iors and often cooccur, making it difficult to disentangle
temporal precedence and ultimately limit prevention efforts.
One relatively novel approach is to examine intermediate
phenotypes or endophenotypes [5] such as neurocognitive
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factors as well as biological (i.e., genetic) factors. These
factors are more distal to the onset of sexual risk behavior
and thus are potentially more advantageous candidates for
identifying vulnerable individuals and informing prevention
efforts for sexual risk behavior.

Studies in literature examining neurocognitive and bio-
logical factors as indicators for sexual risk behaviors are
limited. In fact, only two studies to date have examined
neurocognitive factors [6, 7] and none to our knowledge
have examined biological factors as potential indicators.
Although this paucity of research is surprising given
previous work linking both neurocognitive [8–10] and
genetic [11–13] indicators to other health related behaviors,
research has established the dopminergic system as a com-
mon link between neurocognitive functioning and sexual
behavior.

The dopminergic system has been shown to be involved
in sexual arousal, motivation and the subsequent rewarding
effect of sexual behavior (for detailed review see [14]).
Furthermore, DA in the human brain, specifically in the
prefrontal cortex (PFC), has been shown to be necessary
for proper cognitive functioning to occur and high or low
levels of DA in this brain region are known to contribute to
individual cognitive differences in humans [15, 16]. The PFC
is of particular importance when examining risk behavior in
that executive functions such as decision-making, planning,
self-monitoring as well as behavior initiation, organization,
and inhibition are largely dependent on PFC integrity
[17]. Impairment in executive functioning may result in
difficulties in assessing relationships between a person’s
current behavior and future outcomes; thereby resulting
in choices and/or responses on the premise of immediate
rewards (e.g., pleasure, social acceptance) versus long-
term consequences (e.g., viral infections) and an ultimate
potential increase in the likelihood for participation in sexual
risk behaviors (e.g., unprotected sex, multiple partners)
[7, 18]. Thus, mechanisms responsible for maintaining a
dopamine balance within the brain and in particular the PFC
would appear to be good biological candidates for further
exploration of an association between executive dysfunction
and sexual risk behavior.

One such candidate is catechol-O-methyltransferease
(COMT) which is a mammalian enzyme involved in the
metabolic degradation of released dopamine, particularly
in the PFC [19]. Of particular interest to this study is a
common polymorphism involving a Val to Met substitution
at codon 158. The Val allele of the COMT Val158Met
polymorphism is 40% more enzymatically active than the
Met allele [20]. Thus, carriers of the Met allele metabolize
dopamine at a less efficient rate, resulting in higher levels
of dopamine in the synapse and ultimately an escalation
in dopamine receptor activation. This differentiation of
dopamine receptor activity dependent on COMT genotype
has led to several investigations into the relationship between
COMT and executive dysfunction in which the Val allele
has been putatively linked to poor performance on executive
functioning tasks [21]. However, to our knowledge no work
has examined the relationship between COMT and sexual
risk behavior; albeit studies of similar behaviors such as

novelty seeking [22–24], reward dependence [22], as well
as affective arousal and regulation [25] have demonstrated
significant relationships.

Given the aforementioned paucity of research in the
current literature addressing the contribution of genetic
and neurocognitive factors on sexual risk behavior, the
primary aim of this study was to examine the main effects
of executive functioning as well as the main effects of the
COMT Val158Met polymorphism on sexual risk behavior
among a ethnically diverse population of men with and
without METH dependence and/or HIV infection. Within
this aim, we hypothesized that the highly active COMT
Val/Val genotype and its putatively associated deficits in exec-
utive functioning would be independently associated with
sexual risk behaviors. In addition, as a result of previously
mentioned research that has demonstrated an association
between COMT genotype and executive functioning we also
explored the potential interaction effects of COMT and
executive dysfunction on sexual risk behavior.

2. Methods

2.1. Participants. Participants were volunteers evaluated at
the HIV Neurobehavioral Research Center (HNRC) at
the University of California in San Diego as part of a
cohort study focused on central nervous system effects
of HIV and methamphetamine. The current study com-
prised 192 sexually active non-monogamous men with
and without methamphetamine dependence (METH+/−)
and/or HIV infection (HIV+/−). Men were classified as non-
monogamous if they stated they had “no current partner”
at time of assessment. Monogamous men were excluded
because unsafe sexual behavior within a monogamous rela-
tionship is less risky than in non-monogamous relationships
[26].

All participants underwent a comprehensive characteri-
zation procedure that included collection of demographic,
neuromedical, psychiatric as well as neuropsychiatric infor-
mation. HIV serological status was determined by enzyme
linked immunosorbent assays (ELISA) plus a confirma-
tory test. Lifetime METH dependence was determined by
the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders Version IV (SCID-
IV). However, participants were not actively using other
substances, with the exception of cannabis and alcohol.
Potential participants were excluded if they met lifetime
dependence criteria for other drugs, unless the dependence
was judged to be remote (more than 5 years ago) and episodic
in nature by a doctoral level clinician. Alcohol dependence
within the last year was also an exclusion criterion. All
participants were seronegative for hepatitis C infection.

Additional information for each participant was collected
as it relates to current depressed mood as well as lifetime
diagnosis of Major Depression Disorder (MDD) and/or
Bipolar Disorder I or II. Current depressed mood was
assessed utilizing the Beck Depression Inventory-I (BDI-I)
[27] and MDD and Bipolar Disorder were ascertained using
the SCID-IV. Information was also collected to determine
lifetime dependence on sedatives, cannabis, opioids, cocaine,
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hallucinogens, and alcohol, using the SCID-IV. For METH+
participants, additional information was collected regarding
age at first use, years of use, and days since last use of METH;
whereas for HIV+ participants, HIV RNA plasma copies
was ascertained as part of a larger neuromedical evaluation.
All participants gave written consent prior to enrollment
and all procedures were approved by the Human Research
Protection Program of the University of California, San
Diego and San Diego State University.

2.2. Executive Functioning. Executive functioning was deter-
mined as part of a larger comprehensive battery of tests
covering seven ability domains (Learning, Memory, Atten-
tion/Working Memory, Verbal Fluency, Processing Speed,
Abstraction/Problem Solving, and Motor Speed). The exec-
utive functioning domain deficit score, of particular focus
in this study, was made up of (1) perseverative responses
on the Wisconsin Card Sorting Test [28]; (2) errors on the
Halstead Category Test [29], which measures abstraction
and cognitive flexibility; and (3) time to complete the Trail
Making Test part B (Trails B) [30], reflecting ability to
switch and maintain attention between ongoing sequences.
Raw scores for each of these component tests were con-
verted to demographically-adjusted T-scores (M = 50,
SD= 10), including adjustments for age, education, gender,
and ethnicity as available for each test. The demographically-
adjusted T-scores for each test were then converted into
deficit scores, which reflect degree of impairment by setting
performances within the normal range at zero with a range
from 0 (T-score > 39; no impairment) to 5 (T-score <
20; severe impairment). Finally, the individual deficit scores
were averaged to derive the domain deficit score, which
reflects the severity of executive functioning deficit. Previous
work has demonstrated that deficit scores achieve good
diagnostic agreement with classifications made by blind
clinical ratings [31, 32]. All neurocognitive testing and
scoring was performed by trained psychometrists blinded to
participants’ genotypes.

2.3. Sexual Risk Behavior. Sexual risk behavior was assessed
through an HNRC-developed self-report measure covering
the preceding year. Information was gathered with regard
to age at first intercourse as well as number of different
sex partners. Age at time of first intercourse was coded in
years for both male and female partners. However, when two
different ages were given for first intercourse, the younger of
the two ages was used. In addition, participants were asked
to indicate the percentage of time that they used a condom as
well as engaged in oral, vaginal, anal (receptive & insertive)
and/or intoxicated sex. Responses were recorded on a 6-
item, Likert-type scale with a value of 0= 0%, 1= 1%–5%,
2= 6%–25%, 3= 26%–50%, 4= 51%–75% and 5= 76%–
100%.

2.4. DNA Extraction and Genotyping. DNA was extracted
from peripheral blood mononuclear cells stored (three to five
years) at −70◦C using the QIAamp DNA Mini kit (Qiagen,
Valencia, CA; Catalog #51185). The COMT Val158Met

polymorphism (rs4680) was assayed along with eight other
SNPs as part of a concurrent genetic association project
at the HNRC. A multiplex PCR technique designed using
Sequenom SpectroDESIGNER software (version 3.0.0.3) was
employed by inputting a sequence containing 100 bp of
flanking sequence on either side of the COMT Val158Met
polymorphism. The SNP was then grouped into multiplexes
so that the extended product would not overlap in mass
with any other oligonucleotide present in the reaction mix,
and where no primer-primer, primer-product, or non-
specific interactions would occur. The PCR was carried
out in 384-well reaction plates in a volume of 5 μl using
10 ng genomic or whole-genome amplified (WGA) DNA. All
subsequent steps, up until the reaction, were spotted onto
the SpectroCHIP and carried out in the same reaction plate.
After PCR, any unincorporated dNTPs from the PCR were
removed from the reaction by digestion with Shrimp alkaline
phosphatase. dNTPs were removed so that they could not
play any role in the extension of the oligonucleotide at the
SNP site. The extension reaction was then carried out in the
presence of the extension oligonucleotide and a termination
mix containing mass-modified dideoxynucleotides which
extended the oligonucleotide over the SNP site with one
base. Before spotting onto the SpectroCHIP, the reaction
was cleaned by incubation with a cation-exchange resin
which removed any salts present. The extension product
was then spotted onto a 384-well spectroCHIP before
being flown in the MALDI-TOF mass spectrometer. Data
were collected, in real time, using SpectroTYPER Ana-
lyzer 3.3.0.15, SpectraAQUIRE 3.3.1.1 and SpectroCALLER
3.3.0.14 (Sequenom) algorithms. All genotyping was per-
formed by an accredited commercial laboratory (Harvard
Medical School-Partners Healthcare Center for Genetics and
Genomics, Cambridge, MA CLIA no. 22D1005307).

2.5. Statistical Analysis. All statistical tests and procedures
were conducted using SPSS 10.0 (SPSS, 2000). Univariate
comparisons across the three COMT genotypes (i.e., Val/Val,
Val/Met, Met/Met) were performed using one-way analysis
of variance (ANOVA) for continuous and chi-squared tests
for categorical variables. In cases, where data violated
normality assumptions medians were calculated and non-
parametric tests (i.e., Kruskal-Wallis) performed. To examine
the main and explore the interaction effects of executive
functioning and COMT on sexual risk behaviors, hierarchi-
cal multiple linear regressions in accord with Barron and
Kenny’s approach [33] were conducted for each of the seven
sexual risk behaviors (see Section 2.3) under study. Prior
to running each analysis, the executive functioning variable
was centered and the COMT genotype contrast coded to
reduce problems resulting from multicollinearity (Kraemer
and Blasey, 2004). In addition, interaction terms were created
by multiplying COMT genotype by the centered executive
functioning variable. Next, multiple linear regressions were
used to examine potential confounders based on univariate
genotype comparisons described above. These confounders
included: ethnicity, METH status, HIV status and age at first
intercourse. We also included BDI scores based on inclusion
of this measure in recent work testing a similar hypothesis
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[7]. Results showed that METH status, HIV status, and age at
first intercourse accounted for a significant unique variance
for all sexual behaviors under investigation (R2 range:
0.06–0.39, Ps < .02). Thus to control for these potential
confounding effects, the residuals derived from each of
the sexual behavior models were used as the dependent
variables for all subsequent regression models. The centered
executive functioning variable and COMT genotype as well
as the new interaction term were then entered as indepen-
dent variables into seven individual hierarchical multiple
regression models using the residuals described above as
the dependent variable. For models in which a significant
interaction was observed, a final round of regressions were
conducted stratified by COMT genotype to determine the
nature of the interaction between executive functioning and
COMT on the particular sexual risk behavior. Due to the
exploratory nature of the interaction analysiswe selected a
relaxed alpha threshold alpha < .10 to reduce Type II errors,
albeit the traditional alpha threshold of .05 was used for all
other analyses.

3. Results

3.1. Participant Characteristics. Characteristics of the full
sample by each of the three COMT genotypes are summa-
rized in Table 1. All three genotype groups were comparable
in age, education, sexual behavior, executive functioning,
as well as psychiatric and substance dependence histories.
However, Val/Val carriers were significantly more likely to
identify as African-American (χ2 = 17.67, P= .001), report
an earlier age of first intercourse (F(2,189) = 3.51, P= .032),
and be seropositive for HIV (χ2 = 6.57, P = .038). Whereas,
Met-carriers (i.e., Met/Met or Val/Met) were significantly
more likely to identify as Caucasian (χ2 = 14.32, P = .001).
Additionally, among METH+ participants Val/Val carriers
reported significantly greater total years of METH use
(F(2,87) = 3.12, P = .050) compared to their Met-carrying
counterparts.

3.2. Main Effects of Executive Functioning and COMT.
Table 2 provides standardized multiple linear regression
coefficient estimates for main and interaction effects of
executive functioning and COMT genotype for each of
the seven sexual risk behaviors adjusting for METH status,
HIV status, and age at first intercourse. A significant
main effect for the executive functioning domain deficit
score was observed for number of partners (β = 0.21,
P = .005). Additionally, results from the individual executive
functioning tests showed a significant main effect for T-
scores on the Wisconsin Card Sort and Halstead Category
tests in adjusted models of oral sex (β = 0.20, P = .009)
and condom use (β = −0.16, P = .030), respectively. Main
effects were not observed for COMT genotype in any of the
regression models.

3.3. Interaction Effects of Executive Functioning and COMT.
Applying an exploratory cut-off of P < .10, significant
interactions between the executive functioning domain

deficit score and COMT were observed for number of sexual
partners (β = 0.50, P = .038), insertive anal sex (β = 0.50,
P = .046), and receptive anal sex (β = 0.50, P = .081)
(Table 2). Subsequent stratified analysis by COMT genotype,
revealed that among carriers of the Met/Met (β = 0.52,
P = .001) and to a lesser extent Val/Met (β = 0.20, P = .048)
genotype, increases in the executive functioning domain
deficit score was significantly associated with increases in the
number of sexual partners in the past 12 months. Stratified
analysis for insertive and receptive anal sex revealed similar
results. Among Met/Met and Val/Met carriers, an increase
in executive deficit scores were associated with an increased
frequency of insertive (Met/Met: β = 0.18; Val/Met: β =
0.11) and receptive (Met/Met: β = 0.13; Val/Met: β =
0.11) anal sex in the past 12 months, albeit not statistically
significant.

Results of regression analyses to examine interactions
between each of the three individual executive functioning
tests and COMT genotype are also shown in Table 2. For
the Wisconsin Card Sort Test no interactions were observed.
However, for Trails B, significant interactions with COMT
were observed for insertive (β = −0.99, P = .015) and
receptive (β = −0.75, P = .066) anal sex, as well as oral
sex (β = −0.68, P = .096). Stratified regression analysis
showed that among carriers of the Met/Met genotype, poor
performance on Trails B (i.e., low T-scores) was significantly
associated with an increased frequency of insertive (β =
−0.38, P = .028) but not receptive (β = −0.22, P =
.225) anal sex. Interestingly, among carriers of the Val/Val
genotype, T-scores on Trails B had a significant positive
association with oral sex (β = 0.35, P = .013). Finally, for
the Halstead Category Test, a single interaction with COMT
was observed for condom use (β = −1.13, P = .006). Among
carriers of the Met/Met (β = −0.49, P = .004) and to
a lesser extent Val/Met (β = −0.19, P = .064) genotype,
Halstead Category Test T-scores were negatively associated
with condom use.

4. Discussion

To our knowledge this study is the first to examine main
effects as well as explore the interaction effects of COMT
genotype and executive functioning on sexual risk behavior.
Our main findings suggest significant executive dysfunction
main effects for number of sexual partners as well as
frequency of oral sex and condom use. In addition, results
of our exploratory interaction analyses provide evidence
that COMT genotype and executive dysfunction interact in
models of number of sexual partners, condom use, insertive
and receptive anal sex, as well as oral sex. Stratified analyses
further suggest that the strength of these associations is
dependent on the number of Met alleles the individual was
carrying, with the exception of oral sex in which Val/Val was
the informative genotype.

Our significant executive dysfunction main effects for
sexual risk behaviors are discordant with the only other
study, to our knowledge, that has examined the association
between executive dysfunction and sexual risk behavior [7].
In that study, no association was found between executive
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Table 1: Characteristics of full sample by COMT genotype.

COMT genotype

Full sample Val/Val Val/Met Met/Met

(n = 192) (n = 54) (n = 103) (n = 35)

Age (years) M (sd) 37 (9) 35 (9) 38 (9) 39 (11)

Education (years) M (sd) 13 (2) 13 (2) 13 (2) 14 (2)

WRAT4 M (sd) 100 (12) 99 (11) 100 (12) 104 (11)

Ethnicity (row %)

Caucasian 71 52 78 83 v/v < v/m, m/m∗∗

African-American 15 32 7 11 v/v > v/m, m/m∗∗

Hispanic 14 17 16 6

Executive Functioning Battery

Wisconsin card sort test T (sd) 45 (14) 47 (16) 44 (13) 46 (13)

Trials part B T (sd) 49 (11) 51 (12) 47 (10) 52 (11)

Halstead category Test T (sd) 46 (10) 47 (10) 44 (10) 47 (9)

Domain deficit score M (sd) .55 (.69) .56 (.68) .62 (.74) .35 (.47)

Executive impairment (%) 45 46 50 31

Sexual Characteristics/Behavior

Age at first intercourse M (sd) 15 (4) 14 (4) 16 (4) 17 (4) v/v < m/m∗

Sexual preference (% heterosexual) 33 35 31 38

Number partners in past 12 mo Median (IQR) 3 (1,10) 4 (1, 11) 3 (1, 10) 2 (1, 5)

Condom use (>0% in past 12 mo) 72 74 71 70

Insertive anal (>0% in past 12 mo) 62 60 67 52

Receptive anal (>0% in past 12 mo) 58 60 62 46

Oral sex (>0% in past 12 mo) 93 94 93 94

Intoxicated sex (>0% in past 12 mo) 64 63 66 61

Vaginal sex (>0% in past 12 mo) 37 35 35 44

DSM-IV Psychiatric Disorder (% lifetime)

Major depression 36 36 35 40

Bipolar I or II 4 8 3 3

Beck depression inventory M (sd) 12 (9) 11 (8) 13 (10) 10 (9)

DSM-IV Substance Dependence (% lifetime)

Sedative 0 0 0 0

Cannabis 9 9 11 6

Opioid 0 0 0 0

Cocaine 7 7 5 14

Hallucinogen 0 0 0 0

Alcohol 17 15 20 14

Methamphetamine Parameters

Methamphetamine dependent (%) 47 37 52 49

Age at first METH use, yrs M (sd) 24 (9) 23 (9) 25 (8) 27 (10)

Total METH use, yrs M (sd) 11 (6) 13 (7) 11 (6) 8 (4) v/v > m/m∗

Last use of METH, days Median (IQR) 91 (36, 274) 122 (45, 731) 91 (32, 236) 91 (30, 244)

HIV Parameters

HIV seropositive (%) 56 70 51 49 v/v > v/m, m/m∗

HIV RNA, plasma (log copies/mL) M (sd) 2.1 (1.9) 2.4 (1.7) 2.0 (2.0) 1.7 (1.9)
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Table 2: Multivariate linear regression coefficients for main, interaction, and stratified effects of executive functioning and COMT in seven
sexual risk behavior models.

Standardized Beta(a)

Main Effect Interaction Straitfied(b)

EF measure EF COMT EF × COMT Val/Val Val/Met Met/Met

Sexual Risk Behavior Model (n = 192) (n = 192) (n= 192) (n= 54) (n= 103) (n= 35)

Domain Deficit Score

(1) Partners (# past 12 mo) 0.21∗∗ 0.10 0.50∗∗ 0.03 0.20∗∗ 0.52∗∗∗

(2) Condom use (% past 12 mo) 0.03 0.13 0.24 — — —

(3) Insertive anal (% past 12 mo) 0.06 0.07 0.50∗∗ −0.18 0.11 0.18

(4) Receptive anal (% past 12 mo) 0.05 0.05 0.44∗ −0.17 0.11 0.13

(5) Oral sex (% past 12 mo) −0.10 0.07 0.40 — — —

(6) Intoxicated sex (% past 12 mo) 0.07 −0.06 0.08 — — —

(7) Vaginal sex (% past 12 mo) −0.03 −0.04 −0.28 — — —

Wisconsin Card Sort Test (T-score)

(1) Partners (# past 12 mo) −0.09 0.08 −0.18 — — —

(2) Condom use (% past 12 mo) −0.10 0.12 −0.25 — — —

(3) Insertive anal (% past 12 mo) 0.01 0.07 −0.31 — — —

(4) Receptive anal (% past 12 mo) −0.02 0.04 −0.38 — — —

(5) Oral sex (% past 12 mo) 0.20∗∗ 0.09 0.13 — — —

(6) Intoxicated sex (% past 12 mo) −0.04 −0.07 0.32 — — —

(7) Vaginal sex (% past 12 mo) 0.04 −0.04 −0.04 — — —

Trails B (T-score)

(1) Partners (# past 12 mo) −0.01 0.08 −0.54 — — —

(2) Condom use (% past 12 mo) −0.07 0.11 0.03 — — —

(3) Insertive anal (% past 12 mo) −0.06 0.06 −0.99∗∗ 0.18 −0.03 –0.38∗∗

(4) Receptive anal (% past 12 mo) −0.04 0.03 −0.75∗ 0.17 −0.06 −0.22

(5) Oral sex (% past 12 mo) 0.10 0.06 −0.68∗ 0.35∗∗ 0.01 0.01

(6) Intoxicated sex (% past 12 mo) −0.11 −0.07 0.13 — — —

(7) Vaginal sex (% past 12 mo) 0.07 −0.04 0.37 — — —

Halstead Category Test (T-score)

(1) Partners (# past 12 mo) −0.11 0.08 −0.16 — — —

(2) Condom use (% past 12 mo) −0.16∗∗ 0.11 −1.13∗∗ 0.08 –0.19∗ –0.49∗∗∗

(3) Insertive anal (% past 12 mo) 0.01 0.05 −0.22 — — —

(4) Receptive anal (% past 12 mo) −0.01 0.03 −0.59 — — —

(5) Oral sex (% past 12 mo) 0.06 0.06 −0.50 — — —

(6) Intoxicated sex (% past 12 mo) −0.04 −0.06 −0.44 — — —

(7) Vaginal sex (% past 12 mo) −0.05 −0.04 0.25 — — —
(a)all regression models adjusted for METH status, HIV status, age at first intercourse.
(b)stratified analysis of EF effects by genotype was conducted if a significant (P < .10) interaction was observed.
EF: executive functioning; COMT: catechol-O-methyltransferease (0 = Val/Val; 1 = Val/Met; 2 =Met/Met)
∗P < .10; ∗∗P < .05, ∗∗∗P < .005.

dysfunction and sexual risk behavior among an African-
American sample of men and women poly-substance abusers
with and without HIV infection. However, three major
methodological differences may explain our discordant
findings. First, Gonzalez et al. [7] estimated sexual risk
behavior in the past 6 months compared to our window of
12 months and also utilized a composite score rather than
individual sexual risk behaviors as their dependent variable.

Second, executive dysfunction was assessed using the Iowa
Gambling Task, delayed non-matching to sample paradigm,
and Stroop task-reaction time version which, respectively,
measure decision-making, working memory, and response
inhibition. Although these tests are well justified, other
components of executive functioning such as perseveration,
cognitive sequencing, and concept formation which were
assessed in the current study, were not examined. Third
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Figure 1: A theoretical model illustrating the interaction effect
of a single genotype (i.e., COMT Val158Met polymorphism) and
endophenotype (i.e., executive functioning domain deficit) on a
behavioral phenotype (i.e., number of sexual partners). Among
carriers of the COMT Met/Met and to a lesser extent the Val/Met
genotype the association between executive functioning deficit and
number of sexual partners is significantly stronger than among
carriers of the Val/Val genotype. ∗P < .05; ∗∗P < .01.

and finally, regression models were adjusted for sensation
seeking, a factor shown in previous research to be associated
with sexual risk behavior [34–37]; however, in the current
study sensation seeking data was not available and was not
adjusted for. Thus, future work examining the association
between executive dysfunction and sexual risk behaviors are
warranted; particularly research utilizing larger samples with
diverse measures of executive functioning and models adjust-
ing for sensation seeking and other personality covariates.

Novel to the current study, we demonstrated several
genotype (i.e., COMT) by endophenotype (i.e., executive
dysfunction) interactions for sexual risk behaviors. A relaxed
significance criterion (P < .10) produced significant interac-
tions for number of sexual partners, condom use, insertive
and receptive anal sex, as well as oral sex. These interactions
collectively advocate for further investigation of genotype-
endophenotype interactions for sexual risk behavior. How-
ever, due to the exploratory nature of these interactions
our discussion will be confined to interactions observed for
number of sexual partners, frequency of insertive anal sex
and condom use, as interactions observed in these models
met the traditional significance criterion (P < .05).

We observed both a main and interaction effect for
number of sexual partners, albeit only within the model
including the composite executive functioning deficit score.
In this model we found that among carriers of the Met allele
(i.e., Met/Met or Val/Met), a positive association between
executive functioning deficit and number of sexual partners
was present. Thus, among Met allele carriers those with
greater deficit scores reported greater number of sexual
partners; whereas among Val/Val carriers this association
was not significant. Similar to results for number of sexual

partners, stratified analysis showed that among carriers of
the Met/Met but not Val/Met or Val/Val genotype an positive
association between executive dysfunction and frequency of
insertive anal sex was present, although only statistically
significant for models including the Trails B test. Thus,
individuals with lower T-scores (i.e., greater impairment)
on Trails B reported greater frequency of insertive anal sex
only if they were carriers of the Met/Met genotype. Finally,
the strongest interaction observed was between COMT
and the Halstead Category Test for frequency of condom
use. Contrary to the expected association, results suggest a
negative association among carriers of the Met/Met genotype
in which lower T-scores (i.e., greater impairment) on the
Category Test was associated with an increased frequency
of condom use. This unexpected finding may be a result
of several factors. First, the psychometric properties of the
questionnaire used to measure sexual risk behaviors in our
study have not been reported and thus measurement error
may be influencing our reported associations. Although
there is no agreed upon “gold-standard” for measuring
sexual risk behavior, recommendations from a review of 56
sexual risk behavior measures in the literature have been
developed [38] and future studies should be encouraged to
adopt these measurement strategies to improve accuracy of
sexual risk behavior characterization. Second, recall deficits
may result in sexual risk behavior reporting errors. This is
particularly a concern when measuring sexual risk behavior
retrospectively over large spans of time (i.e., 12 months)
as was done in the current study. Post-hoc analysis within
our sample showed no significant difference in recall deficit
by COMT genotype, albeit there did appear to be a trend
(F(2,189) = 2.89; P = .058) in which carriers of the Val/Val
genotype had greater deficits than that of Val/Met and
Met/Met genotypes (data not shown). Thus, it is possible
that recall deficits within the Val/Val group biased our
findings toward those in the Met/Met group and should be
interpreted with caution. Finally and most speculative, harm
reduction campaigns have long aimed to increase condom
use within both HIV-infected and METH using populations
and our finding may be an artifact of their success.

Collectively, these findings provide a preliminary model
of differential susceptibility to sexual risk behavior via
executive dysfunction, dependent on COMT genotype, par-
ticularly the Met/Met genotype (Figure 1). Although the role
of the Met/Met genotype is contrary to our hypothesis,
our findings, when placed in the context of previous
research are informative. Recent research has linked the
COMT Met/Met genotype to novelty seeking behavior in
healthy [39] and methamphetamine using [24] populations.
In addition, work by Gonzalez et al. [7] on executive
functioning and sexual risk behavior demonstrated that
sensation seeking was independently associated with sexual
risk, particularly among HIV-seropositive individuals. Thus,
it appears that individuals with the Met/Met genotype
may have a lower tolerance for monotony and may seek
and participate in higher risk behaviors such as METH
use or unprotected sex. Furthermore, work by our group
and others [40] have suggested that possession of the Met
allele enhances executive functioning in healthy controls;
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however, this neuroprotective effect is significantly reduced
among individuals exposed to methamphetamine. Thus, it
is probable that in our sample, of which approximately half
were methamphetamine dependent, the putative protective
effect of the Met/Met genotype is diminished and propensity
to sexual risk behavior enhanced.

It is apparent that the associations between COMT,
executive dysfunction, and sexual risk behavior are highly
complex and context dependent. The current study provides
preliminary evidence of these complex relationships and
advocates for larger investigations that improve upon and
consider several of the limitations that have been presented.
Future work should also attempt to address independent
and interaction effects of other putative polymorphisms
particularly those involved in dopamine synthesis (e.g.,
Tyrosine Hydroxylase), metabolism (e.g., Monoamine Oxi-
dase A), and reception (e.g., Dopamine Receptors D1-4).
In addition, future transdisciplinary work that combines
genetic and neurocognitive factors with psychosocial (e.g.,
trauma, stress) factors will provide valuable insights and
elucidate a clearer picture of sexual risk behavior. Com-
pletion of such work in combination with the current as
well as others previous work will further our understanding
of the genotypic and endophenotypic factors involved in
the phenotypic expression of sexual risk behaviors and
potentially assist with risk identification, prevention, and
treatment efforts in the future.
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Borna disease (BD), caused by the neurotropic RNA virus, Borna Disease virus, is an affliction ranging from asymptomatic to
fatal meningoencephalitis across naturally and experimentally infected warmblooded (mammalian and bird) species. More than
100 years after the first clinical descriptions of Borna disease in horses and studies beginning in the 1980’s linking Borna disease
virus to human neuropsychiatric diseases, experimentally infected rodents have been used as models for examining behavioral,
neuropharmacological, and neurochemical responses to viral challenge at different stages of life. These studies have contributed to
understanding the role of CNS viral injury in vulnerability to behavioral, developmental, epileptic, and neurodegenerative diseases
and aided evaluation of the proposed and still controversial links to human disease.

1. Introduction

Why do we need animal models for neurotropic viral studies?
Some day, human functional neuroimaging may provide
consistent reliable experimentation in our species, or genetic
biomarkers may have predictive validity for disease course
or vulnerability. However, until detailed neuroanatomical,
molecular and cellular changes needed to understand CNS
viral pathogenesis become accessible by these methods,
animal models will be needed to evaluate agent-specific and
general principles of neurovirology.

In 1985, when Borna disease virus (BDV) was proposed
as an etiologic agent of bipolar affective disorder based on
detection of BDV antibodies in serum of 1.6% (16/979) of
psychiatric patients [1], work on BDV infection of small
laboratory animals was well underway. By 1988, when
the virus had been implicated in affective disorders and
schizophrenia [2], experimental work was expanding and
becoming increasingly reliant on in vivo animal studies.
Small laboratory animals could be readily infected and
demonstrate signs of disease in a short, predictable time
frame. Rats and mice offered specific advantages, because
rodent nervous systems had been extensively mapped. In
time, the use of select animal models would elucidate many
neurobiological substrates of viral injury and disrupted

behavior, and aid in testing the hypothesis that BDV may be a
cause of human neuropsychiatric diseases. The experimental
history of use of behaving animals as subjects in Borna
disease virus research is the subject of this review.

2. History of Borna Disease Virus

Borna disease (BD) was a sporadic, epidemic encephalitis of
horses and sheep in 18th and 19th century Central Europe,
described as hitzige Kopfkrankheit “heated head disease” of
cavalry horses in 1885 in the town of Borna in Saxony,
Germany [3–5]. In horses, a variety of syndromes were rec-
ognized, including excitability and hyperactivity, movement
and posture disorders [4, 6, 7]. Although typically fatal, there
was sufficient variability in expression and progression of BD
to imply that host, age, virus strain, and mode of infection
may influence disease. Whether clinical features vary with
host attributes or immune status would be followed up by
veterinary pathologists and virologists.

Work in experimental BDV infection, begun in rats in the
1960’s [8] accelerated in the 1970’s and 1980’s with more rats,
as well as mice, rabbits, tree shrews, and rhesus monkeys.
Borna disease had distinct characteristics across species [6].
For example, rats showed hyperactive movements, behavior
disorders, and poor maze learning [9–12] while most strains
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of mice were asymptomatic [13]. Rhesus monkeys showed
hyperactivity, aggression, disinhibited behaviors then apathy
[14], and tree shrews, a lower primate, displayed abnormal
sexual and social behaviors [15]. For study of BDV, small lab-
oratory animals were becoming an experimentally accessible,
less expensive, and reproducible alternative to post mortem
study of large domestic farm animals.

Early experimental animal work used Strain V, Giessen
strain He/80 (Hessen/80) or field strains: wild-type virus
from brain suspensions from horses that had recently died.
Strain V originated from a naturally infected horse in 1929.
Strain V was first prepared as wild-type virus in horse brain
homogenate, then developed as a rabbit-adapted BD virus
[3] and later rat- or mouse-adapted by serial brain passage
in newborn rats or mice [11]. He/80, another horse-derived
BDV isolate, was prepared first in rabbits by intracerebral
inoculation and cultures of fetal rabbit brain, and then rat-
or mouse-adapted by serial brain passage in newborns of the
intended experimental species [10].

Not long after reports of an expanding natural host
range [5] and demonstration of a broad experimental host
range for BDV, came reports of the virus’ association with
human neuropsychiatric diseases. From the 1985 proposal
that Borna disease virus was an etiologic agent of manic-
depressive disorders [1], a large number of reports linking
Borna disease virus to human affective disorders, schizophre-
nia, CNS inflammatory and degenerative diseases followed.
The associations and controversies regarding human diseases
are discussed in several comprehensive reviews [16, 17]. The
early associations with human disease drove the development
and further expansion of BD animal model systems and
testing paradigms. Animal models could be used to address
very specific questions, whether Borna disease virus is a cause
or cofactor in human neuropsychiatric disease, for example,
based on development of serologic, detection and transmis-
sion criteria, or recognition of biomarkers of disease.

In addition, the animal models could be used to advance
more abstract lines of investigation: whether neurotropic
viruses would elucidate aspects of nervous system function
and plasticity. Because BDV was associated with psychiatric
diseases of man in the late 1980’s, diseases with no underlying
histopathology by standard microscopy techniques of the
time, investigators began to consider whether infection by
a non-lytic, slow-growing, neurotropic virus itself could
render CNS pharmacologic and neurochemical changes. The
background and experimental paradigms for ascertaining
the validity of virus-induced neurotransmitter effects were
already in place, due to widening knowledge of the func-
tional anatomy, neuropharmacology and neurochemistry of
prefrontal, motor, reward, and limbic circuits rendered by
animal models developed during the 1980’s and 1990’s [18].
Animal models for addiction and psychiatry were some of the
most robust in neurobiology. The recording of movement,
behavior or cognitive disorders in experimentally infected
rodents [9–12, 19, 20] and primates [14, 15], led to the study
of these syndromes in the context of specific circuit, neu-
rotransmitter or pharmacologic paradigms. In other words,
a neural (neurotransmitter) systems approach to solving a
problem in viral pathogenesis, such as how BDV causes

movement and behavior disorders in affected species, devel-
oped. The approach would rely heavily on behavioral testing.

3. Adolescent-Infected Rats

In experimentally-infected adolescent rats, BDV caused a
multiphasic syndrome characterized by hyperactivity, dysk-
inesias, stereotypies, excitability, stimulus sensitivity, self-
mutilation, followed by dystonia, ataxia, paresis, seizures and
premature senescence [9, 19]. Interestingly, the early stage of
disease resembled psychostimulant sensitization or overdose
in rats. Looking like a syndrome of apparent dopamine
(DA) excess or sensitivity, Borna disease of rats could be
probed with specific pharmacologic agents to establish the
neuropharmacological basis for the behaviors. Behavioral
supersensitivity to the dopaminergic psychostimulants d-
amphetamine [19] and cocaine [21] was shown using pho-
tocell cages for automated activity recordings and behavior
rating scales developed for the study of amphetamine dose-
response curves in rats.

Demonstration of psychostimulant sensitivity was fol-
lowed by study of pre- and postsynaptic effects of infection
in dopaminergic extrapyramidal motor and reward circuits.
In the nigrostriatal system, partial DA deafferentation and
compensatory hyperactivity in surviving striatal nerve termi-
nals [19] along with tyrosine hydroxylase (TH) hyperphos-
phorylation and TH metabolic hyperactivity in nigrostriatal
projections [22] were bases for locomotor hyperacitivity
and stimulant sensitivity. Reduced dopamine D2 and D3
receptors but preserved D1 receptor numbers in striatum
(caudate putamen and nucleus accumbens) [19, 23] underlay
the BD rat’s motor dyskinesias and later stage dystonia.
Reduced D2 striatal receptors and the reduced indirect
striatal pathway throughput that results, is the primary
pathology also of Huntington’s disease, the choreic syndrome
of man. Hyperactivity and fearless, disinhibited behaviors
were associated with metabolic changes in the prefrontal
DA circuits [24], while cognitive decline was linked to fore-
brain cholinergic loss [25, 26], a pathology of Alzheimer’s
disease.

The neuropharmacologic and neurochemical changes
supported the possibility of a link between BDV and human
neuropsychiatric syndromes with dopaminergic substrates,
such as schizophrenia, extrapyramidal (movement) disor-
ders, addictions, or cholinergic substrates, such as dementia.
Further evidence of neuropharmacologic consequences of
infection was provided by successfully treating BD rat
abnormal behaviors with the atypical neuroleptic clozapine,
or the D1 receptor antagonist SCH23390 [19], which reduces
self-mutilation behaviors in Lesch-Nyhan patients.

Since the dopamine system is not mature in adoles-
cent rats, the changes in transmitter levels, synthetic and
catabolic enzymes, and receptor numbers described could
reflect direct, indirect viral effects, and some of the plastic
consequences of early life viral insult. However, the most
extensive evaluation of neurodevelopmental consequences of
early life viral exposure has been with neonatally infected
rats. Lewis rats intracerebrally infected at birth were the first
virus-induced Autism-Spectrum Disorders models.
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4. Neonatal-Infected Rats

Borna disease of neonatally infected rats is a global neu-
rodevelopmental disorder with psychomotor abnormalities,
developmental delay, and learning difficulties measured by
behavioral tests of reflexes, stance, balance, posture, gait,
socialization, learning and play [27–29]. In neonatally-
infected animals, the development of neuropathology
roughly parallels the timecourse of microglial proliferation
and expression of MHC (major histocompatibility complex)
class I and class II, ICAM (intercellular adhesion molecule),
CD4 and CD8 molecules [30]. Inflammatory, survival, and
proapoptotic signals drive remodelling of the brain from
early life. Highly plastic systems, such as the monoamines
(dopamine, norepinephrine and serotinin) show changes
that include reduced serotonin transmission [31–33], an
important link to both autism and depression. The anatomic
systems that register early life reflexes and programs, such
as cerebellum and hippocampus, are permanently changed
[28, 32, 34–39]. In fact, in rats, early life infection by BDV
without an associated cellular inflammatory response in
brain, produces many of the same neuroanatomical, neu-
rochemial, neuroimmune and behavior changes recognized
in children with Autism Spectrum Disorders. Significant
parallel changes or sequelae include a dysplastic cerebellum,
dissolution of the hippocampal dentate gyrus, early life
deficits in hippocampal serotonin, and abnormalities in
domains of social (play) behavior, emotion (chronic anxi-
ety), and cognition (poor performance on spatial learning
and memory) [40].

Whether neonatally infected BD rats specifically model
viral effects in utero or effects on infant or child development
depends on the experimental question and which regions,
anatomic features, or behaviors are studied. For example,
the birth of the majority of granule cells of dentate gyrus of
hippocampus that takes place during first postnatal month
in rats, occurs prenatally in man [41]. In this respect,
the gross structure of the hippocampus of a newborn rat
approximately matches a third trimester human. Therefore,
disordered macroscopic development of hippocampus, as
complex function of microglia activation [30, 42], neu-
rotrophin and cytokine signaling [28, 43–45], metabolic and
oxidative stress ([36, 37, 39], also described in adult infected
animals, [46, 47]) has direct relevance to in utero virus
exposure in man.

Alternatively, other outcome measures have relevance
for post-natal or early life consequences of CNS viral
exposure or injury. For example, synapse density in the
molecular layer of hippocampus reaches adult levels at 21
postnatal days in rat and 7–10 postnatal months in man
[41]. Structural causes of disability acquired in infancy
would be related to reductions in synaptic growth-associated
protein GAP-43, synaptophysin [48], connexin36 [49], and
binding of BDV p24 phosphoprotein to neurite growth
promoter, amphoterin/HMG-1 [50] found in neonatally
infected rats. On the other hand, hippocampal-dependent
learning and memory is established 15–16 postnatal days
in rat, 4–5 postnatal years in man [41, 51], such that
tests of learning can model consequences of viral exposure

across a broad span of childhood. Acquisition of spatial and
aversive learning, shown to be poor as neonatally infected
BD rats mature [12], was associated with increased NPY
(neuropeptide Y) expression in hippocampus [52]. Since
NPY overexpressed in hippocampus of transgenic rats is
associated with spatial learning deficits [53], the results from
the BD rats are consistent with NPY upregulation being a
viral induced neurochemical cause of compromised learning.
The results reflect changes in a cognitive neurotransmitter
system that is highly plastic throughout life, contribut-
ing to our understanding of neuropeptides in childhood
learning.

5. Mice

Mice have bridged the gaps between pathogen to behavior
and genes to behavior in several important ways. Transgenic
technology has enabled studies of the role of individual
Borna proteins in disease and molecular genetic mouse
models have established mechanisms of host susceptibility
and disease outcome.

A transgenic mouse model based on astroglial expression
of the BDV phosphoprotein, had reduced BDNF (brain
derived neurotrophic factor) levels, serotonin receptor tran-
scripts and synaptic density, and behavioral abnormalities
similar to those of neonatal rat infection [54]. Transgenic
mice expressing the BDV nucleoprotein in neurons or astro-
cytes have decreased susceptibility to homotypic infection
and disease [55].

Immune determinants of Borna disease have been inves-
tigated using genetic and molecular genetic mouse models
[56]. Mice, similar to rats, could be infected with BDV by
intracerebral inoculation once natural BDV isolates were
mouse-adapted by serial passages in rat brain [57]. Most
laboratory strains of mice develop persistent infection but
remain well [57]. MRL strain mice are an exception, devel-
oping meningoencephalitic Borna disease and hyperactive,
disinhibited behaviors after adolescent infection [13]. As in
rats, severe clinical disease of mice is mediated by MHC
class I restricted cytotoxic T cells [58]. Wild type MRL mice
infected as neonates develop symptomatic disease mediated
by antiviral CD8+ T cells, in contrast to β2 microglobulin-
knock out MRL mice lacking CD8+ T cells that remain
well [58]. In another β2 microglobulin-deficient strain,
C57BL/10J, also lacking CD8+ T cells, BDV-mice develop
persistent non-cytolytic infection with most neurons of
hippocampus containing viral antigen. Only mice having
high transcript levels of interferon-gamma (IFN-γ) inducible
protein IP-10, a CXC chemokine and chemoattractant for
CXCR3+ T cells, showed poor performance on the water
maze test of spatial memory and hippocampal function [59,
60]. CNS infection without hippocampal neuronal loss or
maldevelopment distinguished neonatal mice from neonatal
rat infections, and established a role of IFN-γ on behavior
and learning when the hippocampus is apparently intact or
without structural damage by infection.

Further studies have found differences across species in
susceptibility of BDV to the antiviral action of IFN-γ. Rat
IFN-γ is less efficient at blocking or reducing infection in
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rat cell lines than is human IFN-γ at limiting or clearing
virus from cells of human and nonhuman primate lineage
[61].

6. Rats or Mice?

A switch to mice has never been complete. In many practical
respects, rats are superior to mice, such as subjects of com-
plex behavior or electroencephalographic studies. Biological
strategies for gene silencing, such as small interfering RNA
technology, may return some laboratories to the use of
rats.

Meanwhile, BD rats can still make contributions to
understanding gene × environment vulnerability questions
if the human genetics of a disease are known. For example,
epilepsy vulnerability has been associated with a dynorphin
promoter region polymorphism, or low dynorphin expres-
sion genotype, in man [62]. In animals, the dynorphin
system in the hippocampus is known to regulate excitability
[63]. The hypothesis that reduced dynorphin expression in
the dentate gyrus of hippocampus due to periadolescent
virus exposure leads to epileptic responses was successfully
tested with adolescent-infected BD rats. Epileptic effects were
associated with an absence of dynorphin from the dentate
gyrus granule cell layer, thus reproducing a neurochemical
marker of epilepsy, namely low dynorphin tone [64].

7. Conclusion

Well-chosen animal models can be powerful tools for reveal-
ing how CNS viral infection results in disrupted behavior.
The methods of behavioral research (use of photocell cages,
video tracking, operant measures, EEG and telemetry, devel-
opmental ethnograms in home cages and test situations)
were not the usual procedures and experimental vocabulary
of virus researchers. However, research in BDV has helped to
change that. Work on BDV in many labs over 2-3 decades
has illustrated the choices of subject and test procedures
that yielded important insights into pathogenesis. Work on
adolescent-infected rats has shown how infection can cause
long-term changes in emotional behavior and cognitive
capacity. Work on neonatal rats has shown how infections
during brain development can cause long-term changes
in behavior and cognitive capacity. Studies on mice have
shown infections during brain development can cause long-
term changes in these parameters in genetically vulnerable
individuals. All together, the studies have shown BDV causes
pharmacologic and lesion effects in experimentally infected
species with disease outcome related to genetic background
and/or developmental maturity of nervous system at the
time of viral exposure. The same drugs that treat psy-
chiatric diseases of man treat or suppress the abnormal
behaviors of infected rodents. A next step may be to make
greater use of models based on genetic variants relevant for
neuropsychiatric disorders to study outcomes of infection.
It is anticipated that work on BD in animal models will
continue to elucidate aspects of nervous system function and
disease.
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Converging lines of clinical and epidemiological evidence suggest that viral infections in early developmental stages may be a
causal factor in neuropsychiatric disorders such as schizophrenia, bipolar disorder, and autism-spectrum disorders. This etiological
link, however, remains controversial in view of the lack of consistent and reproducible associations between viruses and mental
illness. Animal models of virus-induced neurobehavioral disturbances afford powerful tools to test etiological hypotheses and
explore pathophysiological mechanisms. Prenatal or neonatal inoculations of neurotropic agents (such as herpes-, influenza-, and
retroviruses) in rodents result in a broad spectrum of long-term alterations reminiscent of psychiatric abnormalities. Nevertheless,
the complexity of these sequelae often poses methodological and interpretational challenges and thwarts their characterization.
The recent conceptual advancements in psychiatric nosology and behavioral science may help determine new heuristic criteria
to enhance the translational value of these models. A particularly critical issue is the identification of intermediate phenotypes,
defined as quantifiable factors representing single neurochemical, neuropsychological, or neuroanatomical aspects of a diagnostic
category. In this paper, we examine how the employment of these novel concepts may lead to new methodological refinements in
the study of virus-induced neurobehavioral sequelae through animal models.

1. The Role of Viruses in Psychiatric Disorders

The implication of viruses in the pathogenesis of neuropsy-
chiatric disorders has been posited since the foundations
of modern psychiatry. Few years after the outbreak of
the 1918 flu pandemic, the nosographic analogies between
postinfluenza encephalitic manifestations and psychotic
traits prompted Menninger [1] to conjecture an infective
etiology for some subtypes of schizophrenia. Although
this hypothesis sank into relative obsolescence during the
following decades, the identification of lentiviruses rekindled
enthusiasm for the viral theory of mental disorders and
laid the foundations of psychovirology as a novel discipline
[2]. Over the last 25 years, numerous studies have shown
that viral infections of the central nervous system are
potentially conducive to profound behavioral and cognitive
perturbations. Typical outcomes of viral encephalitis, for
instance, encompass impairments in sensory reactivity and

information processing, emotional lability, and sleep distur-
bances. Notably, the severity of some postencephalitic mani-
festations is often correlated to the degree of morphological
and functional damage induced by both the viral infection
and/or the ensuing immune response [3]. A detailed analysis
of these phenomena is beyond the scope of this paper and
can be found elsewhere [4, 5].

Neuropsychiatric sequelae of overt infectious processes,
while accounting for few documented cases of mental illness,
offer a compelling theoretical platform to postulate the
role of viruses in the pathophysiology of schizophrenia
and other neurodevelopmental syndromes. According to
the prevalent theories, the pathogenesis of these disorders
may be initiated or contributed by early exposure to low-
virulence, neurotropic viruses. The resulting infection, albeit
subclinical, may interfere with key neurogenetic processes
and lead to insidious, potentially ingravescent functional
impairments. Specifically, this neuropathic process has been
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shown to reflect the combination of the insults mediated by
the cytopathic and mutagenic effects of the virus [6], as well
as the immune response [7–10]. Furthermore, the chronic
enactment of compensatory, neuroprotective responses may
also contribute to the pathogenesis of these disorders. For
example, certain clusters of psychotic manifestations may
result from the outcome of the hippocampal dysregulation by
virus-mediated and endogenous anticonvulsant mechanisms
[11]. The confluence of these processes with neurodevel-
opmental mechanisms and other factors of vulnerability
(both genetic and environmental) may result in severe
neurochemical imbalances, brain architectural irregularities,
and mental derangement.

The implication of viruses in mental disorders is sup-
ported by several lines of epidemiological evidence. Prenatal
or perinatal viral infections are risk factors for schizophrenia
and autism-spectrum disorders [12, 13]. Numerous epi-
demiological surveys have also documented a birth excess of
schizophrenia and bipolar patients in winter and spring [14–
17] or seasonal correlations between incidence of autism-
spectrum disorders and viral outbreaks [18–22].

The viral hypothesis of mental disorders is also corrobo-
rated by clinical evidence. Several investigations have shown
the presence of viral antigens and antibodies in plasma or
post-mortem samples of mental patients [23–25]. In partic-
ular, these studies have revealed that schizophrenia may be
associated with several families of viruses, including herpes
viruses [26–30], orthomyxoviruses [31–35], and retroviruses
[36, 37]. It is worth noting that most of these agents have also
been associated with autism-spectrum disorders [38, 39],
bipolar disorder [40–42], and other psychiatric conditions
[43].

However, there remain numerous inconsistencies across
different clinical studies concerning the role of viruses in
psychiatric disorders. The lack of reproducible associations
may be contingent on different parameters related to the
virus (rarity, reproductive cycle, virulence, latency), host
(age at the time of infection, genetic vulnerability, immune
responsiveness) and infective process (modality of trans-
mission, duration and severity of the infection, patterns
of viral replication and distribution within the host, viral
interaction with other infective agents and environmental
factors). Other discrepancies may reflect methodological
limitations in the design and execution of the studies,
including imprecise diagnostic assessments, poor sensitivity
and specificity of survey criteria, insufficient number of
subjects, low statistical power, and lack of adequate controls.

2. Animal Models of Virus-Induced
Neurobehavioral Sequelae

2.1. Choice of Animal. Animal models provide a powerful
tool to explore the biological substrates of virus-induced
neuropsychiatric sequelae in a controlled experimental set-
ting. The best target to address specific pathophysiological
hypotheses is afforded by mammalian species, and in
particular nonhuman primates, in view of their relatively
high degree of anatomical and phylogenetic continuity

with humans. Ethical considerations, however, dictate that
experimentation on monkeys should be strictly limited to
exceptional circumstances, where no viable alternatives are
available, such as the research on simian immunodeficiency
virus as a neuroAIDS model. Rodents offer an attractive
compromise for research on viral neurobehavioral disorders,
by virtue of their advantageous characteristics, including
small size, short reproductive cycle, and cost-effectiveness.
The inherent differences between humans and rodent
species in the key factors of pathogenesis of virus-induced
sequelae—such as neurodevelopmental mechanisms and
immune reactivity—are an important limiting factor in the
application of these models. These shortcomings notwith-
standing, rodent models have a high level of validity, which
is warranted by common physiological, neurobiological, and
ethological characteristics. Indeed, investigations on mice
(Mus musculus) and rats (Rattus norvegicus) have become
the richest source of knowledge on the neural substrates
and molecular underpinnings of post-infectious behavioral
dysregulations. These models have been instrumental to the
acquisition of a large body of information on virus-induced
neurobehavioral alterations.

A thorough overview of the body of evidence on the
specific virus-induced neurobehavioral alterations is covered
in the excellent reviews by Tomonaga [5] and Weed and
Gold [44]. In the following sections, we will focus on the
key conceptual issues and advances in rodent models of
virus-induced neurobehavioral disorders and indicate new
potential experimental directions to reduce confounding
factors in the analysis of these abnormalities.

2.2. Validity. Rodent models of virus-induced neurobe-
havioral alterations are a striking example of homologous
models, aimed at reproducing the etiology, pathophysiology
and symptomatic presentation of psychiatric disorders. In
substantial agreement with the classical criteria of validity
for animal models [45], the degree of isomorphism between
virus-induced sequelae and the corresponding psychiatric
should be assessed at the following four levels:

(i) etiological validity, based on the epidemiological
and/or clinical relevance of the pathogen agents to the
targeted disorder;

(ii) face validity, describing the analogies between the
virus-induced behavioral manifestations of the ani-
mal model and the signs and symptoms of the
targeted psychiatric disorder;

(iii) predictive validity, signifying the responsiveness of
the model to clinically efficacious treatments (such as
antipsychotic agents for schizophrenia etc.);

(iv) construct validity, representing the pathophysiologi-
cal congruence between animal and human neurobi-
ological alterations.

A prominent case of fulfillment of the above standards is
illustrated by the outcomes of prenatal and/or early postnatal
exposure to influenza virus as a model of schizophrenia:

(i) the etiological validity of the model is strongly
supported by the aforementioned epidemiological
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association between influenza and psychotic disor-
ders;

(ii) the face validity of the model is ensured by the
resemblance between the symptoms of schizophrenia
and the array of behavioral changes observed in the
animals, including alterations in exploratory activity,
social behavior, emotional reactivity, gating, sleep
patterns, working, and spatial memory [46–51];

(iii) the predictive validity of the model is based on its
responsiveness to atypical antipsychotic agents [50];

(iv) the construct validity of the model is warranted by
the implication of some of the key areas in the
pathophysiology of schizophrenia, such as neocor-
tex and hippocampus [52, 53], as well as by the
demonstration of alterations in line with those shown
in these disorders, such as alterations of pyramidal
neurons, glia, and myelination processes [52–59].

Another example is represented by rodents subjected
to early HSV inoculation, which exhibit an array of
schizophrenia-related deficits, including preattentional and
cognitive impairments [60–63] and alterations of the sero-
tonergic system and hippocampus [64, 65].

Although the adoption of stringent validity criteria
ensures high sensitivity and specificity of preclinical findings,
caution should be exercised in their utilization. In partic-
ular, over-reliance on the use of reference compounds as
gold standards for predictive validity—such as conventional
antipsychotic agents for models of virus-induced psychotic
disorders—has been shown to impoverish the translational
potential of numerous models [66, 67]. Furthermore, the
etiological validity of these models is inherently tempered
by the impossibility to reproduce specific virus-host inter-
actions. In view of these considerations, several lines of
research have recently focused on the identification of
relevant behavioral manifestations and pathophysiological
alterations induced by neurotropic viruses, irrespective of
their proven implication of human pathology. This con-
cept is clearly exemplified by experimentation on borna-
disease virus (BDV), a single-stranded RNA virus whose
association with in behavioral disorders is well-established
in animals, yet still highly controversial in humans [68, 69].
BDV infection triggers a broad spectrum of abnormali-
ties in animals, which encompass emotional impairments,
aggressiveness, stereotyped behavior, and cognitive deficits
[70, 71]. These alterations are supported by neurochemical
changes in dopamine and neurotrophin signaling [71–76].
These and other studies of viral effects on neurotransmitter,
neurohormonal, neurotrophic systems, and inflammatory
mediators have represented a useful template to study the
mechanisms of virus- and immune-mediated behavioral
disorders, generalizable to other viral and pathogen agents.

2.3. Intermediate Phenotypes and Endophenotypes. A critical
complication posed by models of psychiatric disorders is
based on the absence of biomarkers and other quantitative
indices in the current criteria of classification outlined in
the Diagnostic and Statistical Manual of Mental Disorders

(DMS) IV TR. This absence results in a mismatch between
the diagnostic and the pathophysiological perspectives.
Nosologic categories such as schizophrenia, for example,
are merely based on limited symptomatic and diagnostic
criteria and may be broad rubrics encompassing a number
of heterogeneous disorders with overlapping semeiological
features. Conversely, conditions with similar etiology and
pathophysiology may be set apart by artificial diagnostic
criteria. In this perspective, viral sequelae may only represent
specific subsets of mental disorders.

The acknowledgement of this scenario has fostered a
lively academic debate on the reorganization of translational
principles in psychiatry and reiterated the necessity of
incorporating pathophysiological criteria in the classification
of mental disorders [67]. This discussion has led to the
implementation of quantitative, pathophysiological, and
dimensional criteria in the new conceptual guidelines for the
next edition of the DSM (DSM-V) [77–79].

An important corollary of this theoretical reorganiza-
tion of translational science has been the development of
the concept of intermediate phenotypes. These quantifiable
factors represent neuroanatomical, biochemical, neurophys-
iological, neuropsychological, or cognitive traits, reflecting a
simpler architecture than the whole array of abnormalities
featured in a diagnostic category [80]. An important variant
of this notion is that of endophenotype, defined as a heritable
intermediate phenotype which, albeit not inherently patho-
logical, is an element of vulnerability to mental disorders
[81, 82]. The validation of a biological characteristic as an
endophenotype is dictated by a set of criteria that reflect and
emphasize its genetic nature, including cosegregation in non-
affected relatives of the probands [83, 84].

A typical example of a well-established neuropsycho-
logical endophenotype is the prepulse inhibition (PPI) of
the startle reflex. PPI is the reduction in startle response
elicited by a strong sensory stimulus that occurs when the
latter is preceded by a weaker signal [85]. This parameter is
considered a highly dependable index for the measurement
of gating function, and its deficits are typically observed in
schizophrenia, bipolar disorder, autism, and other disorders
[86]. Notably, PPI deficits are not only featured by mental
patients, but also by their nonaffected relatives [87, 88].

Although the manifestations of endophenotypes may
become apparent only in correspondence of specific envi-
ronmental contingencies, they are always active and inde-
pendent from the symptomatic fluctuations of the associated
disorder. Furthermore, endophenotypes are generally not
pathognomonic of specific mental disorders, but they are
often featured in different diagnostic categories, probably
signifying common pathophysiological mechanisms between
disorders.

Endophenotypes have recently garnered increasing pop-
ularity in psychiatry, as they offer a suitable operational
appendix to the body of knowledge derived from the charac-
terization of human genome and generation of multiple lines
of transgenic rodents. Furthermore, this strategy may be vital
for the progress in our understanding of neurodevelopmen-
tal disorders [89–93]. The dissection of complex behavioral
syndromes into more elementary “building blocks”—such as



4 Interdisciplinary Perspectives on Infectious Diseases

quantifiable responses related to specific neuropsychological
traits—is more amenable to effective translational strategies
and may lead to a profitable exchange of information
between human and animal studies and the identification
of common indices in mental patients and animal models
[67, 94, 95].

Analogous considerations can be applied to the case of
virus-derived neurobehavioral abnormalities. In particular,
the identification of intermediate phenotypes in virus-
based animal models is critical to simplify the mapping
of their abnormalities, elucidate pathophysiological links,
and enhance the translational value of these experimental
preparations. In parallel with the criteria postulated for the
definition of endophenotypes in behavioral genetics, virus-
dependent intermediate phenotypes could be theorized as
outcomes of viral (or immune) action on specific neuro-
biological substrates. These neurochemical, morphological,
or psychological traits should reflect specific factors of
vulnerability to a neurodevelopmental disorder, but not
overt pathological manifestations. Accordingly, they should
also be observed in mental patients as well as in non-
affected individuals with an overlapping history of early viral
infection (or at least analogous antibody panels, signifying
similar antigenic history).

The identification of these targets in humans, however, is
extremely arduous, in view of the high variability of natural
conditions affecting the infectious process and its outcomes.
Thus, high-quality characterization of animal models is
indispensable to delineate future strategies on clinical targets.
To this end, the design of behavioral studies should place
particular emphasis on quantitative, dimensional, and time-
specific relations between face and construct validity. For
instance, experiments on viral sequelae should take into
account the behavioral and cognitive properties associated
with the brain areas of viral tropism. Furthermore, the
analysis of virus-induced disorders should be performed
across different time points, to capture the progressive
changes induced by the ongoing virus-mediated insult
(through neurotoxic proteins and oxidative stress), immune
responses (through cytokine release, microglial activation,
etc.), neurodevelopmental processes, and neural compen-
satory mechanisms. For example, this conceptual framework
has been employed to study the time-related effects of
maternal influenza on cortical, hippocampal, and cerebellar
morphogenesis [53, 96].

2.4. Experimental Design and Analysis: Tackling Problems of
Inconsistency and Reproducibility. The experimental design
related to the phenotyping of virus-induced sequelae is
based on an extremely complex algorithm, which reflects a
top-down progression from generic, multimodal paradigms
towards increasingly specific tasks for the measurement of
subtle traits. This approach is instrumental for the decon-
structing strategy used for the identification of intermediate
phenotypes.

As previously mentioned, the evolving state of the
disorder dictates the need for a meticulous temporal doc-
umentation of the course of viral pathogenesis, which
should be accomplished through periodic examinations

of the infected rodents during their major developmental
milestones. A general protocol for the assessment of neurobe-
havioral sequelae of experimental infections is outlined in
Table 1. The phenotypic assessment should typically include
auxological (size, body weight, etc.), physiological (heart
rate, breathing frequency, body temperature, and food and
water intake), and neurological parameters (posture, gait,
motor coordination, reflex integrity, sensory perception, and
pain sensitivity) [97]. Impairments in these functions may
call for specific adjustments of the experimental design and
testing procedure. For example, acoustic alterations may
require paradigms relying on alternative sensory modalities,
such as visual or tactile. Similarly, deficits in locomotor
and cardiorespiratory functions may justify the selection of
smaller arenas for behavioral testing and shorter experimen-
tal duration (to avoid fatigue). Finally, observations should
include a brief ethological analysis of nesting, grooming,
exploratory, and social behaviors, and so forth. This pre-
liminary monitoring can be critical to refine hypotheses on
potential behavioral impairments to test in the experimental
phase.

The identification of intermediate behavioral phenotypes
induced by early viral infection should be performed with a
battery of subsequent tests. The operational procedure starts
with the recognition of behavioral differences between virus-
infected rodents and their controls in highly standardized
paradigms, such as the open field. Alterations of the
performance in this apparatus can inform on numerous
components of behavioral and cognitive repertoire, such as
locomotion, exploration, spontaneous activity, anxiety-like
responses, behavioral rigidity, and memory (upon repeated
exposure to the apparatus) [98]. The spectrum of open-
field behaviors directs the selection of new paradigms to
further qualify the nature of the observed variations. Sub-
sequent adjustments towards progressively narrower targets
reshape the architecture of the decisional flowchart and
allow the detection of specific intermediate phenotypes.
Testing conditions should always be optimized in view
of the specific aspects of the experimentation, to capture
potential variations with the highest sensitivity. In this
context, environmental variations (such as light and noise
level) in the experimental setting, as well as the employment
of pharmacological agents can be extremely valuable to
reveal hidden non-apparent traits and elucidate underlying
neurobiological mechanisms.

As no single assay can completely model a psychiatric
phenotype, conclusions based on a limited set of paradigms
can prove detrimental to the analysis and lead to false positive
(or negative) results. Instead, characterization of phenotypes
should be based on a multimodal approach with com-
plementary paradigms that can capture different facets of
behavioral domains. More generally, experimental strategies
aimed at the identification of virus-induced intermediate
phenotypes should always be multifactorial and employ
several complementary measures (including non-behavioral
indices, such as neurochemical, electrophysiological, and
physiological parameters). The documentation of coherent
indications from multiple variables ensures the translational
quality and the construct validity of the findings.
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Table 1: Experimental protocol for phenotyping of neurobehavioral sequelae of experimental infections in rodents.

Preliminary physical assessment:

Auxological parameters (body size, weight, growth rate, dentition, and sexual development)

Physiological parameters (heart rate, breathing frequency, rectal temperature, food and water daily intake, and menstrual cycle)

Presence of pathological features (non-experimental infections, fur loss, ringtail, chromodacryorrhea, adynamic ileus, neoplasms, etc.)

Neurological assessment:

Sensory acuity and discrimination (vision, hearing, olfaction, taste, vibrissae activity and somatosensation, and pain sensitivity)

Motor assessment (posture, orienting, prehension, gait, motor coordination, reflex integrity, Arousal and sleep patterns)

Ethological assessment of spontaneous behavior:

Home-cage behavior (locomotion, nesting, etc.)

Exploratory activity (novelty responsiveness and foraging behavior)

Social behavior (playing behavior, aggressive and defensive responses, mating, maternal behavior)

Grooming behavior (syntactical and nonchain)

Age-specific behaviors (suckling and huddling in pups, food reaching and social play in adolescent rodents, etc.)

Presence of abnormal behaviors (stereotyped behaviors and maladaptive reactivity to stimuli, etc.)

Standardized behavioral assays:

Multimodal assays (open field, object exploration, etc.)

Domain-specific assays

One of the most vexing and insidious aspects of
behavioral research on virus-induced sequelae is the low
reproducibility of findings across different laboratories and
settings. This problem is generally ascribed to a large
contingent of numerous unpredictable and irreducible envi-
ronmental variables that cannot be fully accounted for
in behavioral testing. Low reproducibility undermines the
progress of behavioral neuroscience and the improvement
of translational strategies, calling for urgent strategies to
counter this problem.

One of the key strategies to maximize reproducibility in
behavioral research is the standardization of experimental
procedures. Nevertheless, this approach has been recently
challenged [99], in light of the discrepant findings yielded by
behavioral experiments performed with identical protocols
in different laboratories. These authors have suggested an
alternative approach to reduce intergroup variance, consist-
ing in the heterogenization of experimental conditions.

Despite the persuasiveness of some of the arguments
used to justify this strategy, standardization of certain
conditions remains an essential requisite for some factors,
such as gender and age. Furthermore, it is worth noting
that intermediate phenotypes are defined as factors of
vulnerability that are unraveled only in association with
select genetic or environmental conditions; thus, insufficient
standardization of conditions such as strain, husbandry, and
testing conditions may temper the ability of a given paradigm
to characterize and identify novel targets. This possibility
is particularly concerning in reference to the analysis of
virus-derived intermediate phenotypes. In fact, alterations
induced by viral perturbation of a neural pathway may not
result in full pathological processes, but may only confer
a liability to a disorder. As this condition may be revealed
only in presence of specific genetic or environmental factors,
experimental heterogenization may impoverish the heuristic
value of animal testing. These premises justify the need for

stringent standardization throughout all the experimental
phases of the study. In particular, extreme care should be
exercised in the standardization of the following aspects:

(i) inoculation protocol: this standardization is critical
to minimize apparent and predictable factors of
variability, such as the characteristics of the host
(strain, gender, age, etc.), the virus (strain, virulence,
tropism), and the infection procedure (infectious
dosage, regimen and route of administration). This
latter concept is particularly important, as experi-
mental infections are generally performed in utero or
during critical stages of early postnatal neurodevel-
opment, which are characterized by the occurrence of
numerous time-sensitive morphogenetic processes;

(ii) environmental conditions of husbandry and experi-
mental testing: this prescription is essential to control
(and preferably minimize) potential sources of stress.
Indeed, non-viral stress interferes with the patho-
physiological trajectory of virus-induced behavioral
sequelae and is a major confounder in behavioral
analysis. Stress-induced secretion of glucocorticoids
leads to inhibition of cell immunity and reactivation
of latent viruses [100–102]. Stress can also modulate
immune functions through other hormones (includ-
ing corticotrophin-releasing hormone, growth hor-
mone, and prolactin) and neurotransmitters, such
as catecholamines [103] and serotonin [104]. This
aspect can become extremely critical with models of
virus-induced sequelae that have been shown to alter
monoamine signaling, such as influenza virus and
BDV [59, 71, 74, 105, 106].

The reliability and translational impact of the findings
can also be enhanced with a thorough statistical approach,
which should not only be restricted to comparisons between
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cases and controls based on ANOVA or its nonparamet-
ric counterparts. Temporal analysis of behavior can be
fundamental to illustrate the progression of virus-induced
alterations. Alternatively, correlational approaches can be
employed to link particular behavioral outcomes to specific
variations in antibody panel, neurotransmitter levels, mor-
phology, electrophysiological alterations, drug sensitivity, or
other changes in molecular substrates.

Data analysis can also be improved by the elimination
of statistical artifacts, such as floor or ceiling effects, which
can be overcome by the incorporation of alternative methods
of analysis. Another typical example of artifact is offered
by the “litter effect”, defined as the tendency for littermates
to exhibit similar responses to the same early insult. This
potential pitfall can generate spurious statistical effects and
should always be avoided by limiting the number of tested
animals within each litter or by adjusting the statistical
analysis of the behavioral data to account for kinship within
the same treatment group.

Finally, a higher degree of replicability may be ensured
by the adoption of different criteria for the rejection of null
hypotheses. Indeed, the establishment of a P level of .05 as
a threshold for “statistical significance” has been extensively
criticized [107, 108] and is accepted only on account of
historical reasons [109]. However, the researcher should take
into account that the employment of extremely stringent
statistical conventions may lead to substantial drawbacks,
such as the reduction of the positive predictive value and the
heuristic validity of experimental procedures.

In conclusion, the design of any experiment aimed at
behavioral phenotyping of virus-induced neurobehavioral
sequelae should always take into account a number of key
issues:

(i) definition of meaningful endpoints, based on in-
termediate phenotypes revealed by cross-species
paradigms (testable in both humans and animals);

(ii) environmental standardization and elimination of
exogenous stressors;

(iii) analysis at different time points, to capture the
progression of viral pathogenesis;

(iv) correlational analysis between behavioral indices and
other paradigms, to strengthen the construct validity
of the animal model.

3. Concluding Remarks and Future Directions

Research on virus-induced neurobehavioral sequelae is
advancing as new methodological developments in trans-
lational strategies and behavioral sciences set a promising
scenario for future advancements. The field of phenotypic
characterization is at a critical juncture and has recently
witnessed the introduction of wide-range approaches, such
as those afforded by transcriptomics, proteomics, metabo-
nomics, and epigenetics. These techniques can provide a rich
source of candidate traits for the identification of interme-
diate phenotypes [110, 111]. Furthermore, these approaches
can identify patterns of a specific “viral signature”, which may
help facilitate the diagnosis and the link with a viral etiology

without requiring the analysis of viral material in numerous
clinical specimens [112–114].

The establishment of a neurophenomic approach to
psychiatric diagnosis and classification with extensive pro-
filing of affective and cognitive traits through batteries of
psychometric scales [115, 116] is bound to stimulate the
development of parallel guidelines and establish a sound
foundation for improvements in experimental design on
animal models, with a particular emphasis on construct
validity criteria. This perspective should strengthen our
understanding of the neural mechanisms underlying the
role of viruses in psychiatric disorders and accelerate the
identification of therapeutic targets.
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Chlamydophila pneumoniae is an intracellular pathogen responsible for a number of different acute and chronic infections. The
recent deepening of knowledge on the biology and the use of increasingly more sensitive and specific molecular techniques has
allowed demonstration of C. pneumoniae in a large number of persons suffering from different diseases including cardiovascular
(atherosclerosis and stroke) and central nervous system (CNS) disorders. Despite this, many important issues remain unanswered
with regard to the role that C. pneumoniae may play in initiating atheroma or in the progression of the disease. A growing body of
evidence concerns the involvement of this pathogen in chronic neurological disorders and particularly in Alzheimer’s disease
(AD) and Multiple Sclerosis (MS). Monocytes may traffic C. pneumoniae across the blood-brain-barrier, shed the organism
in the CNS and induce neuroinflammation. The demonstration of C. pneumoniae by histopathological, molecular and culture
techniques in the late-onset AD dementia has suggested a relationship between CNS infection with C. pneumoniae and the AD
neuropathogenesis. In particular subsets of MS patients, C. pneumoniae could induce a chronic persistent brain infection acting
as a cofactor in the development of the disease. The role of Chlamydia in the pathogenesis of mental or neurobehavioral disorders
including schizophrenia and autism is uncertain and fragmentary and will require further confirmation.

1. Introduction and Background

Chlamydiae were taxonomically categorised into their own
order Chlamydiales, with one family, Chlamydiaceae, and
a single genus, Chlamydia which included four species: C.
trachomatis, C. pneumoniae, C. Psittaci, and C. pecorum.
Two of the species, C. trachomatis and C. pneumoniae, are
common pathogens in humans, but the routes of trans-
mission, susceptible populations, and clinical presentations
differ markedly. The other species occur mainly in animals
although C. psittaci may be also implicated in human
respiratory diseases. In 1999, a new taxonomic classification
was proposed, renaming Chlamydia pneumoniae as Chlamy-
dophila pneumoniae [1]. However, the proposal to change the

taxonomic nomenclature for the Chlamyadiaceae family has
not been universally accepted and both names are currently
in use by different authors.

C. pneumoniae, a common cause of human respiratory
disease, was first isolated from the conjunctiva of a child
in Taiwan in 1965 but it was not until the early 1980s
that it was scientifically identified as a distinct Chlamydia
species and was established as a major respiratory pathogen
in 1983 when it was isolated from the throat of a college
student at the University of Washington. Most likely, C.
pneumoniae is primarily transmitted from human to human
by the respiratory tract without any animal reservoir [2,
3] and infection spreads slowly. The incubation period is
several weeks, which is longer than that for many other
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respiratory pathogens [4]. The time span of infection
spread in families is shorter, however, ranging from 5 to
18 days [5]. As other Chlamydia species, C. pneumoniae
has a unique biphasic life cycle with two forms that are
functionally and morphologically distinct that undergo an
orderly alternation: the elementary body (EB), infectious and
metabolically inactive responsible for attaching to the target
host cell and promoting its entry and the reticulate body
(RB), an abortive non-infectious and metabolically active
intracellular form which replicates by binary fission and
reorganizes into EBs then released by cell lysis. In general,
it is likely that this aberrant developmental step leads to the
persistence of viable but non cultivable Chlamydiae within
infected cells over long periods. In cell culture conditions, the
duration of the developmental cycle is between 2 and 3 days,
depending on the strain, when bacteria have differentiated
back to EBs and are released in the extracellular medium. In
natural infections, the situation is more complicated, and the
normal development of Chlamydia is easily disturbed. Living
separated from the host cell cytoplasm within its Chlamydial
inclusion (a nonlysosomal vacuole), C. pneumoniae is able
to create an intracellular niche from where it promotes
host cell survival or death, modulates regulatory host cell
signalling pathways, and bypasses the host cell’s defence
mechanisms. Thus, C. pneumoniae can induce a persistent
infection due to the inability of the host to completely
eliminate the pathogen [6–8]. The failure by the guest
to eradicate the disease involves the establishment of a
state of chronic infection in which C. pneumoniae after
internalization into mononuclear cells, enters into a state
of quiescence with intermittent periods of replication and
characterized by antigenic variation, production of Heat
Shock Proteins (HsPs) and proinflammatory cytokines capa-
ble of evading host defences and trigger tissue damage [8].
Chronic infection and clinical persistence are closely related.
In chronic infections a different pathway is taken. Under
pressure from host defences the metabolic processes of the
organism are diminished. C. pneumoniae in this state is called
the Cryptic Body (CB). This chronic unresolved infection,
which can last for several decades, can also initiate the malign
process of autoimmunity. To a large extent, the form of
the disease may depend on the host’s genetic inheritance.
This is why many of the chronic disease forms caused
by infections with C. pneumoniae tend to have inherited
characteristics. It is thought that the host immunity together
with individual traditional risk factors, serological markers of
C. pneumoniae infection and genetic susceptibility, may play
an important role in controlling Chlamydial infections. A
chronic C. pneumoniae infection increases the expression of
its own 60 kDa heat shock proteins (HsP60), especially when
they are persistently elevated. The host immune response
to microbial HsP60 may gradually lead or, contribute to
autoimmunity to human HsP60 and, consequently, to the
development of some chronic diseases such as asthma
[9] atherosclerosis or clinical manifestations of Coronary
Hearth Disease (CHD) [4, 9–14]. Definitive pathogenesis
and virulence investigations for the Chlamydiae have been
hampered because methods for gene transfer have not
yet been developed for these microorganisms. Despite this

critical experimental limitation, a great deal of information
has been generated on intracellular Chlamydial growth and
development, and the effects of chlamydial infection on host-
cell physiology [15]. Like most intracellular pathogens, C.
pneumoniae interferes with the normal apoptotic signalling
pathways of these cells, perhaps contributing to long-term
persistence and chronic inflammation in central nervous sys-
tem (CNS) system. However, it is not clear how this happens:
under some circumstances these microorganisms induce
apoptosis and/or necrosis, but under other circumstances
they inhibit apoptosis [15, 16]. The circumstances that
dictate whether the Chlamydiae inhibit or activate host-cell
death reflect several important pathogenic considerations,
including whether an acute or chronic infection is in progress
and whether intracellular chlamydial growth is programmed
to go through a productive infectious cycle or is stalled under
non-productive growth conditions [16]. The intracellular
growth cycle of the Chlamydiae is complex and several
growth options are possible, depending on the host-cell type,
the particular environmental conditions in the host cell and
the nature of the tissue that is being affected. It is possible
that apoptotic activity is controlled to some extent by the
intracellular growth status of the Chlamydiae, which can be
influenced by any or all of these considerations [16].

Data on the distribution of seroprevalence reveal that
the prevalence of C. pneumoniae infection increases with
age. Antibodies against C. pneumoniae begin to appear at
school age but are rare in children under the age of 5, except
in developing and tropical countries. Antibody prevalence
increases rapidly at ages 5 to 14, reaches 50% at the age
of 20, and continues to increase slowly to 70% to 80% at
ages 60 to 70 [4]. This seems to suggest that most people
are infected and re-infected for life. C. pneumoniae accounts
for 6%–20% of community acquired pneumonia (CAP) in
adults [3, 4], but participates in co-infection involving other
bacterial agents in approximately 30% of adult cases of CAP
[4]. Some studies have suggested a possible association of
C. pneumoniae infection and acute exacerbations of asthma
and chronic obstructive pulmonary diseases (COPD). In
recent years, however, in addition to respiratory diseases,
an increasing number of publications have been reported
of detection of C. pneumoniae in chronic extra-respiratory
diseases. In fact, the recent deepening of knowledge on
the biology of Chlamydia and the use of increasingly more
sensitive and specific molecular techniques, have allowed
to demonstrate the presence of C. pneumoniae DNA in a
large number of persons suffering from different diseases
other than cardiovascular (atherosclerosis and stroke), such
as osteoarthritis and CNS disorders. In this setting, the
ability of C. pneumoniae to infect various human cells such
as epithelial, endothelial, and smooth muscle cells as well
as macrophages, monocytes, and lymphocytes, suggests a
systemic dissemination following exposure to a respiratory
infection. Certainly, the presence of C. pneumoniae DNA
in peripheral blood mononuclear cells (PBMCs) strongly
suggests that such dissemination can occur in a number
of different tissues [17]. C. pneumoniae infection has been
shown to promote the transmigration of monocytes through
human brain endothelial cells, suggesting a mechanism by
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which the organism may enter the CNS. This may account for
the delivery of the organism to the CNS and result in chronic
injury [18].

This review addresses the potential and the underlying
mechanisms by which C. pneumoniae infections can play
a role in different neurological diseases, examining the
epidemiological and methodological findings among studies
which will be highlighted. Suggestions for future studies
and potential standardization of tools and protocols are
proposed.

2. C. pneumonia Infection, Atherosclerosis,
and Cerebrovascular Diseases

2.1. C. pneumoniae and Atherosclerosis. If large is the
amount of data that support the role of C. pneumoniae
in the atherosclerosis, equally important is the weight that
C. pneumoniae has recently taken in the cerebrovascular
diseases. The mechanism of atherosclerotic disease and
thrombosis is not completely known. The first report
of an association between C. pneumoniae infection and
atherosclerosis was by Saikku et al. [2]. Individuals with
immunoglobulin G antibody specific for C. pneumoniae
were shown to be at an increased risk for myocardial
infarction and CHD, as there was a statistically significant
difference in the frequency of antibody in patients versus
controls. Subsequently, many other reports concerning the
seroepidemiological association between specific antibodies
to C. pneumoniae and atherosclerosis at several arterial
sites using retrospective, cross-sectional and prospective
studies, have confirmed a link between C. pneumoniae
and atherosclerosis [19]. Overall, these seroepidemiological
studies have shown some limitations because different
laboratories have measured different antibody classes, used
different criteria for determining seropositivity or measured
antibodies that were cross-reactive with other chlamydial
species. Although most of the studies have used the micro-
immunofluorescence test (MIF) for measuring antibodies,
inter-laboratory variation in interpreting the results remains
a problem [20, 21]. However, a number of experimental
data support the involvement of this pathogen in the patho-
genesis of atheroma [11–13]. First, C. pneumoniae gains
access the vasculature during local inflammation in lower
respiratory tract infection. Second, the infected alveolar
macrophages transmigrate through the mucosal barrier and
give the pathogen access to the lymphatic system, systemic
circulation, and atheromas. Third, C. pneumoniae can infect
a variety of cells commonly found in atheromas, including
coronary artery endothelial cells, macrophages, and aortic
smooth muscle cells. Fourth, C. pneumoniae may influence
atheroma biology by modulating macrophage-lipoprotein
interactions. In this setting, chlamydial lypopolysaccaride
(LPS), a potent endotoxin constituent of outer membrane
of Gram negative bacteria induces the release of cytokines
promoting leucocyte adherence, leucocyte migration, and
intimal inflammation. LPS has also been demonstrated to
have a crucial role in lipid metabolism [22] and it is involved
in mediating the process of “catching” LDL cholesterol by

macrophages infected with C. pneumoniae, which is trans-
formed into “foam cells,” the “key cells” of newly formed
atherosclerotic lesions [23]. Moreover, in vitro studies have
shown that upregulated molecules by C. pneumoniae, includ-
ing �-2 and �1-integrins, adhesion molecules (ICAM-1,
VCAM-1), platelet derived growth factor (PDGF), tissue
factor (TF), early growth response factor (EGR-1), appear to
contribute to these events. Some of these, along with matrix
metalloproteinases (MMPs) contribute to the destabilization
of atheromasic plaque, and the formation of thrombus [12]
and consecutively may lead to the arterial thromboembolic
complications. The link between C. pneumoniae and coro-
nary atherosclerosis is also substantiated by studies in which
antibodies against members of the HsPs family were detected
in individuals with persistent C. pneumoniae infections [9–
11, 24, 25]. Several findings indicate in fact that HsPs,
which are evolutionary very conservative and are present
in both microbial and host cells, seem to be important
in the development of autoimmunity. C. pneumoniae HsPs
are expressed in abundance in atherosclerotic lesions and
a persistent Chlamydia infection is accompanied by an
increased production of HsP60. In particular, this pro-
tein, may represent a particular antigenic stimulus capable
of eliciting strong humoral and cell-mediated immune
responses with immunopathological sequelae of chronic
chlamydial infections [9, 10, 12, 13, 26]. In this regard, C.
pneumoniae Hsp60 has been demonstrated in patients with
acute hemorrhagic evolution of the carotid plaque suggesting
that C. pneumoniae might participate in the atherogenesis
and to induce atherosclerosis complications by inflammatory
pathways (activation of cytokines, endothelial factors and
MMPs) [9]. At present, very little is known about genes
predisposing the host to the persistent C. pneumoniae
infection and its sequelae. HLA haplotype markers have been
recently investigated in patients with coronary artery disease
(CAD). In a recent study, a multiple logistic regression
analysis showed HLA-B∗35 allele as the strongest risk gene
for the combined serological markers of C. pneumoniae.
Male sex and smoking further strengthened the association
between HLA-B35 and markers of C. pneumoniae infection.
Interestingly, HLA-B∗35 was also found to be associated
with cardiovascular risk in Finnish patients [14].

2.2. C. pneumoniae and Stroke. The role of C. pneumoniae in
the pathogenesis of ischemic stroke is still debated. Infection
with C. pneumoniae may contribute to the risk of stroke
by enhancing CAD, as addressed in several issues. Several
published studies including the pilot case control “Northern
Manhattan Stroke Study,” focused on the correlation between
the C. pneumoniae infection, represented by the elevated
serum levels of specific anti-C. pneumoniae (IgA, IgG, and
IgM) antibodies at MIF test and stroke occurrence [26–
31], in different race-ethnic groups and after adjusting for
conventional risk factors. The MIF method was used in
most of the previously published papers, as considered
as a reference standard in the C. pneumoniae serology.
The elevated titers of anti-C. pneumoniae IgA and IgG
were more prevalent in subjects with acute ischemic stroke
than in controls [26, 29–32]. With immunohistochemical



4 Interdisciplinary Perspectives on Infectious Diseases

staining, other investigators demonstrated the presence of
C. pneumoniae in more than 70% of the endarterectomy
specimens from stroke patients with severe carotid stenosis
[33]. Other authors assessed anti-Chlamydia IgA and IgG
seropositivity using an ELISA test and found an increased
risk of stroke in young patients seropositive to C. pneumoniae
in the IgA antibody class rather than in IgG class [34].
This has suggested the possibility that IgA antibodies, which
last only 3 to 5 days in the circulation, are a diagnostic
marker of persistent, chronic infection (single IgA MIF titer
≥1 : 16), whereas IgG antibodies, which are produced for 3
to 5 years, are a marker of older, inactive infection [14]. The
association between IgA titers and risk of ischemic stroke
was also stratified according to ischemic stroke subtype. In
contrast with the less consistent evidence of an association of
IgA titers and cardioembolic and cryptogenic stroke, there
was a trend toward an association of IgA titers with large
vessel atherosclerotic and lacunar stroke, strongly supporting
evidence that C. pneumoniae contributes to atherosclerosis
[30]. However, according to a previous consensus statement
[35] and other authors [36, 37], there is not yet agreement
that IgA titers are indicative of chronic, persistent infection.
First, the half-life of specific C. pneumoniae is only a few days.
Second, measurement of IgA antibodies may be compli-
cated by cross-reacting C. pneumoniae IgG and rheumatoid
factor or with antibodies to other chlamydial species and
potentially other microorganisms. Third, MIF, the serologic
“golden standard” which may have been overestimated in
the past, is not standardized and there are interlaboratory
variations in the performance of this test [38]. Finally, the
hypothesis that C. pneumoniae infection, as indicated by
elevated IgA and IgG antibody titers, may be not associated
with an increased risk of ischemic stroke. This, however,
may differ according to subtype of ischemic stroke, cut-off
value of antibody titers, and gender. Anti-C. pneumoniae
antibodies were also evaluated in HIV infected individuals
with CAD. One study showed that both the IgA and IgG lev-
els did not differ significantly and no subjects were positive
for IgM, suggesting that the damage to the carotid wall in
HIV-1 patients was not due to C. pneumoniae [39]. Other
studies by contrast, found that C. pneumoniae represents a
further risk factor for cardiovascular disease in HIV-positive
patients with both low CD4 cell count and high HIV load
[40] and that the coexistence of hypertriglyceridemia and
C. pneumoniae infection significantly increases the risk of
atherosclerosis up to three times [41].

A number of studies addressed the question of whether
molecular tools and in particular PCR can be used to
detect chlamydial DNA in cerebrovascular atherosclerotic
lesions. The results provided from a consistent number of
atherosclerotic lesion and blood specimens from more than
1500 patients analysed by different in-house PCRs, were
found extremely variable. Being PCR not standardized, this
technique has a tendency to produce false positive results.
In this setting, there is the need for standardization of PCR
methods and for assessing their sensitivity, specificity, and
predictive values. In general, there is not consensus on how
nested PCR (n-PCR) technology can be controlled [42].
PCRs have been shown to be predictive of CAD, when used

for detection of C. pneumoniae DNA in PBMC, suggesting
that the detection of bacterial DNA in PBMC may be a valid
surrogate marker to identify individual risk for endovascular
chlamydial infection [43]. Recently, C. pneumoniae DNA
and chlamydial LPS were measured during 12 months in 97
patients with acute CAD. C. pneumoniae DNA was detected
in PBMC from 8 (8.2%) patients at the initial hospitalization
during acute CAD and in 9 (10.6%) patients at 3 months. C.
pneumoniae DNA declined in stable state and in the recovery
period. These findings suggest a role of the bacterium in the
acute phase of CAD [44]. Attempts to eradicate C. pneumo-
niae in patients with cardiovascular diseases including the
“Azytromycin and Coronary Event Study” trial, have all failed
[45–47]. As shown in previous studies the persistent state is
completely refractory to antibiotic treatment [45] and first-
choice antichlamydial drugs may even induce chlamydial
persistence under certain conditions [46]. In the absence of a
functional treatment strategy, the hypothesis of a chlamydial
contribution to atherogenetic processes can thus neither be
proved nor disproved by eradication studies, and a better
understanding of chlamydial pathobiology in order to target
specific chlamydial antigens is needed before implementing
clinical studies with new effective antibiotic regimens.

In summary a causative role of C. pneumoniae infection
in cardiovascular disease has not yet been firmly established.
Despite the considerable laboratory and clinical research
that has been done on the role of C. pneumoniae in the
progression of atherosclerosis, several important questions
remain unanswered. Most importantly, it is not known
whether the C. pneumoniae bacterium is an innocent pas-
senger aboard atheromas or whether it is actively involved
in the initiation or progression of atherosclerotic disease.
To answer this question, well-planned studies are needed to
further characterize the molecular mechanisms that link C.
pneumoniae to vascular disease. In particular, HsP60 needs
to be explored further as a potential culprit and therapeutic
target. The early results from antichlamydial intervention
studies in humans are partially consistent with a causative
role of C. pneumoniae in the disease process.

3. C. pneumoniae, Neurodegenerative,
and Demyelinating Disorders

The ability of the C. pneumoniae to persist in monocytes and
macrophages in tissues for long periods, to circumvent the
mechanisms of bactericidal and oxidative stress, to activate
the endothelial cells with production of adhesion molecules
and cytokine overproduction, has suggested that it may
participate in the development or progression of certain
acute and chronic inflammatory diseases of the CNS. In
recent years, in fact, a growing body of evidence con-
cerning the involvement of C. pneumoniae in neurological
diseases has been gradually increasing. This was supported
in particular by the detection of genomic material of the
microrganism into the cerebrospinal fluid (CSF) of patients
with multiple sclerosis (MS), Alzheimer’s disease (AD),
meningoencephalitis and neurobehavioral disorders [4, 6–
8, 18].
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3.1. Alzheimer’s Disease. Alzheimer’s disease (AD) is one of
the most severe dementing illnesses that increases with the
increasing age of the population. The disease is associated
with atrophy/death of neurons in particular regions of the
brain and occurs in two general forms: an early-onset
form that is primarily genetically determined, and a far
more common late-onset AD (LOAD), which is a non-
familial, progressive neurodegenerative disease that is now
the most common and severe form of dementia in the elderly.
The defining neuropathology of both familial and sporadic
AD includes the neuritic senile plaque (NSPs), consisting
primarily of amyloid beta (Aβ) protein, and neurofibrillary
tangles (NFTs), the major component being modified tau
protein, that affect nerve synapses and nerve-nerve cell
communication. Genetic, biochemical, and immunological
analyses have in part provided a relatively detailed knowledge
of these entities [48, 55]. The disease usually manifests
initially as a gradual loss of short-term memory and later
progresses to major cognitive dysfunction. The latter can
take the form of various behavioural disorders, loss of
orientation, difficulties with language, and impairment of
daily living [56]. Estimates of crude incidence of AD range
from 7.03 to 23.8 per 1000 person years [57, 58]. The range
is likely attributable to different study populations and case
investigating methods. The incidence of AD increases with
age for both genders, but there is definite indication if
there are gender differences. AD seems to be more common
among women with approximately a third higher incidence
and prevalence among females compared to males [59–61].
Using age-specific incidence rates one projection study in the
U.S. predicted that incident cases would increase from the
360,000 cases in 1997 to 1.14 million in 2047 [61]. Despite
the AD’s discovery by Alois Alzheimer in 1907, the cause
of this pathology and neurodegeneration is not unknown.
Infections of the CNS have been shown to stimulate inflam-
matory responses that may result in neurodegeneration [62].
Several groups have investigated an association between
various infectious agents and AD, but none of these has been
accepted as either etiological for disease development, or
worsening of neuropathology. Interesting perspectives came
from one study which identified herpes simplex virus type
1 (HSV-1) infection as a risk factor for development of
AD in subjects expressing APOE ε4 allele [63, 64]. Virus
including measles virus, adenovirus, lentiviruses, and several
other others were initially considered but discarded after [65,
66]. Bacterial pathogens including C. trachomatis, Coxiella
burnettii, Mycoplama spp and spirochetes [67, 68] have also
been investigated and dismissed in relation to involvement
in AD neuropathogenesis. Prions have been also taken into
consideration but then excluded [69]. The first paper that
reported an association between C. pneumoniae infection
and LOAD was from Balin et al. [48]. He found that 90%
of AD brains were positive for C. pneumoniae as assessed
by highly sensitive and specific PCR and the organism
was detected in various sections of brain (hippocampus,
cerebellum, temporal cortex, and prefrontal cortex) that
exhibited AD pathology of more or less variable intensity
[55]. Electron microscopic (EM) results revealed C. pneu-
moniae like particles containing EBs and RBs in the brain

tissue and immunohistochemistry analysis indicated strong
labelling in the sections of the brain most affected by AD
among the cases, while no labelling in the controls. Moreover,
a part the detection and visualization of C. pneumoniae
within the cells of CNS that were associated with plaques
and tangles, RNA transcripts of C. pneumoniae indicating
metabolically active organisms were demonstrated by RT-
PCR in frozen tissue samples and organisms were then
isolated from the tissue and propagated in cell cultures.
In that report, a strong association of APOE-ε4 genotype
and C. pneumoniae infection was found in 58% (11/19)
patients with AD suggesting, as shown in reactive arthritis,
that the APOE-ε4 gene may promote some aspects of C.
pneumoniae pathobiology in AD [48]. The Balin study report
received a great deal of public and scientific attention and
attempts to replicate the finding were conducted in mother
reputable laboratories throughout the world. Two indepen-
dent investigators (Ossewaarde et al., 2000 and Mahony
et al., 2000, unpublished data) found C. pneumoniae in
brains of AD patients with PCR and immunohistochemistry,
validating Balin’s results. However, conflicting results were
found in subsequent studies by different authors using
the same procedures but different protocols in paraffin-
embedded brain tissues [49–53] attempting to revalidate
the previous findings (Table 1). These studies have yielded
contradictory results likely due to differences in diagnos-
tic criteria and diagnostic tools. Demographic differences
between the patient groups, such as geographic location,
season of death and institutional history might also account
for these opposing results. AD patients included in the Balin
study, might have been recently exposed to C. pneumoniae,
perhaps in an institutional setting, and therefore would have
been at high risk of systemic spread from the respiratory
tract to sites within the CNS, where advanced AD pathology
already existed [70]. In a extension of these findings, Gerard,
two years later, demonstrated C. pneumoniae in 80% of AD
samples and 11.1% of the controls using primer targeting
two Chlamydia (1046, 0695) genes. The AD cases (mean
age 79.3 years) and controls (65.9 years) were age-and
sex-matched as closely as possible, but the controls were
younger and 22.7% were males [54]. The organism was
again viable within the AD brain as assessed by culture
of the organism from brain samples; moreover, RT-PCR
analyses identified primary rRNA gene transcripts from C.
pneumoniae indicating metabolic activity of the organism in
those tissues. Interestingly, immunohistochemical analyses
have also shown that astrocytes, microglia, and neurons all
served as host cells for C. pneumoniae in the AD brain,
and that infected cells were found in close proximity to
both NSPs and NFTs in the AD brain (Figure 1). Recently,
cultured astrocytes and microglia have also shown that C.
pneumoniae displays an active, not a persistent, growth
phenotype indicating probable concomitant destruction by
lysis of some portion of host cells at the termination of
that cycle [71]. In the years immediately after the study
of Balin, some experimental discoveries have provided
insights about the pathogenetic mechanisms of AD. First,
a relationship exists between possession of the APOE-ε4
allele and the pathobiology of C. Pneumonia [72] and that
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(a) (b) (c)

(d) (e) (f)

Figure 1: Representative images of double immunolabelling studies to demonstrate the infection of astrocytes, microglia, and neurons
with Chlamydia pneumoniae in the AD brain. Chlamydia pneumoniae-infected cells were identified in all cases using the FITC-
labelled monoclonal antibody targeting the Chlamydia LPS (Pathfinder TM; a, c, e). Astrocytes (b) and microglia (d) were identified by
immunostaining using monoclonal antibodies targeting GFAP and iNOS, respectively. Neurons were identified by immunostaining with a
monoclonal antibody targeting neuron-specific microtubule-associated protein (f). Images in all panels were obtained using a objective. In
all panels, arrows indicate cells labelling with the Pathfinder TM and surface marker-specific monoclonal antibodies. (Reproduced from [54]
with courtesy of Department of Immunology and Microbiology, Wayne State University School of Medicine, Detroit, MI, USA, and with
permission of FEMS Med Lett).

Table 1: Studies demonstrating evidence or absence of C. pneumoniae in brain autoptic specimens from patients with Alzheimer disease.

Author, year
No. of autoptic AD

brain specimens
examined

C. pneumoniae DNA
detection and
confirmation
methods

Results of ∧PCR in
AD brain Positive %

Results of PCR in
control brain Positive

%

Study of APOEe 4
gene expression

Balin et al. 1998 [48] 19

§PCR, /=RT-PCR,
∧∧IHM, ∗EM,
Culture

1790 15,2 Yes

Nochlin et al. 1999 [49] 13 †PCR, IHM 0 - 0 - Not done

Gieffers et al. 2000 [50] 20 ◦PCR, IHM 0 - 0 - Not done

Ring and Lyons 2000 [51] 15 ◦◦PCR, Culture 0 - 0 - Not done

Taylor et al. 2002 [52] 10 •PCR, IHM 0 - 0 - Not done

Wozniak et al. 2003 [53] 4 ◦◦◦PCR 0 - 0 - Not done

Gérard et al. 2006 [54] 27
‡PCR, RT-PCR, IHM,
EM, Culture

2580 311 Yes

∧PCR, polymerase chain reaction; /=RT-PCR, Reverse transcriptase PCR; ∧∧IHM, immunoistochemistry; ∗EM, electron microscopy; §primers targeting the
16S ribosomal RNA (rRNA) gene (Gaydos et al., J Clin Microbiol 1992; 30: 796–800) and the chlamydial major outer membrane protein (MOMP) gene
(ompA) (Perez-Melgosa et al., Infect Imm 1991; 59: 2195–9); †PCR with seminested primer amplifying C. pneumoniae-specific DNA sequences of 437 bp
(Kuo et al, J Infect Dis 1993; 167: 841-9); ◦nested PCR (Maass et al., Atherosclerosis 1998; 140: S25–30); ◦◦Primers targeting the MOMP gene (Perez-Melgosa
et al., 1991; Infect Imm 1991; 59: 2195–9) •PCR using the 76 kDa protein gene [47], the rpoB gene encoding the RNA polymerase beta subunit (Ouchi et
al., J Med Microbiol 1998; 47: 907–13), and the pan-Chlamydia primers targeting the 16S ribosomal RNA gene in Chlamydia and Chlamydia-like organisms
(Ossewaarde et al., Microbiology 1999; 145: 411–17); ◦◦◦PCR with primer targeting the 16SrRNA gene (J Clin Microbiol 1992; 30: 796–800); ‡PCR-multiple
assays targeting the Cpn1046 gene (aromatic amino acid hydroxylase) and Cpn0695 (MOMP)[54].

the C. pneumoniae load in the AD brain varies with APOE
genotype [73]. Second, infection of human microvascular
endothelial cells co-cultured with C. pneumoniae elicits
increased expression of proteins relevant to access for the
organism to CNS including N-cadherin and b-catenin [74].

Third, the expression of occludin, a protein associated with
tight junctions, is attenuated in the C. pneumoniae-infected
cells. Fourth, infection with C. pneumoniae through the
olfactory pathways of nontransgenic young female BALB/c
mice which usually do not develop AD, has shown to
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promote the production of extracellular amyloidlike plaques
(Aβ1-42) in the mouse’s brain thus providing a unique
model for the study of sporadic AD and suggesting that this
model could be a primary trigger for AD pathology following
a noninvasive route inoculation [75]. Since C. pneumoniae
is harboured in the respiratory tract and has a predilection
for infecting epithelial cells, the olfactory neuroepithelia in
the nasal passages are a likely target for infection. Following
entry into these epithelia, potential damage and/or cell death
may occur in the main olfactory bulb and olfactory cortex,
thereby setting the stage for further retrograde neuronal
damage [55].

Because chlamydial chronic infections are characterized
by the inaccessibility of the “chlamydial persistent state” to
conventional antichlamydial agents, there are few clinical
trials that have determined the effectiveness of antibiotic
therapy against C. pneumoniae in AD. A first randomized,
placebo controlled, multicentre clinical trial performed to
determine whether a 3-month course of doxycycline and
rifampin could reduce the decline of cognitive function in
patients with AD showed significantly less cognitive decline
at 6 months and less dysfunctional behaviour at 3 months,
in the antibiotic group than in controls [76]. Although
these observations do not demonstrate a causal relationship
between CNS infection with C. pneumoniae in terms of
eradication of chronic C. pneumoniae infection and the
AD neuropathogenesis, they do open the way to further
investigations. In this regard, animal modelling will be
required to define in detail how chlamydial infection might
result in AD-related pathological change in the CNS and
to provide a better understanding of infection parameters.
In vitro and mouse model studies have demonstrated that
metal protein attenuating compounds (MPACs) promote the
solubilisation and clearance of extracellular senile plaques
comprised of beta-amyloid. The role of the antiprotozoal
metal chelator clioquinol in AD, which has been reported
to reduce beta-amyloid plaques, presumably by chelation
associated with copper and zinc, is currently in clinical trials
as potential for treatment of AD [77, 78]. The scientific
knowledge surrounding Alzheimer’s disease and infection by
C. pneumoniae is still growing. Standardization of diagnostic
techniques would certainly allow for better comparability
of studies. However, other systemic infections as potential
contributors to the pathogenesis of AD should be considered.

3.2. C. pneumoniae and AIDS Dementia. Many authors have
explored the possibility that C. pneumoniae was involved in
other neurodegenerative disorders other than Alzheimer’s
disease. The existing data are however few and not signif-
icant. Among those characterized by dementia, one study
performed by our group explored the possible link between
AIDS-dementia complex (ADC) and C. pneumonia [79].
ADC is an HIV-derived neuropathological disorder charac-
terised by infection of macrophages and microglia cells and
release of proinflammatory cytokines into the parenchyma
[80]. In this report, C. pneumoniae was identified in the CNS
by PCR for C. pneumoniae MOMP and 16S rRNA gene in 4
(17.4%) out of 23 HIV-infected patients diagnosed as ADC

Stage 3 according to scheme for AIDS dementia complex and
confirmed by autopsy. Sequence analysis revealed significant
homologies with C. pneumoniae compared to C. trachomatis
and C. psittaci. Moreover, high mean levels of CSF specific
anti-C. pneumoniae antibodies and C. pneumoniae antibody
specific index values significantly elevated were also found
by ELISA in these patients. These findings suggest that
although the low rate of isolation is not representative of
the frequency with which C. pneumoniae is involved in the
causation of CNS injury, in the late-stage HIV infection,
an increase in “trafficking” of monocytes containing C.
pneumoniae to the brain may carry this organism in the sites
which are the major reservoirs of productive HIV replication
and contribute to neuronal damage in HIV-infected patients
[79]. Moreover, the possibility that may exist a patient’s
subgroup in whom this organism is not, as for atherosclerosis
and other Chlamydial diseases, an “innocent bystander,” but
may survive and replicate in CNS macrophages cannot be
excluded [8].

3.3. C. pneumoniae and Multiple Sclerosis. MS disease is a
presumed autoimmune chronic inflammatory disease of the
CNS of unknown aetiology triggered by an environmental
factor in susceptible individuals. It generally affects 1 to 1.8
per 1,000 individuals and kills more than 3000 people each
year, with a further estimated annual morbidity cost of over $
2.5 billion. In the United States, the prevalence of the diseases
is 250,000 to 350,000 cases annually [97]. The pathological
hallmark of multiple sclerosis (MS) is the demyelinating
plaque that represents an area of demyelination and gliosis
around blood vessels [98]. Acute lesions show perivascular
lymphocytes and plasma cells along with the infiltration
of macrophages and phagocytosis of myelin membranes.
The continuous breakdown and regeneration of myelin has
been demonstrated within the progressive MS plaque [99].
Toll-like receptors (TLR) are intimately involved in several
neurodegenerative and demyelinating disorders including
MS as demonstrated with the finding of a marked increase in
TLR expression in MS lesions. PCR studies have shown that
microglial cells from MS patients express TLRs 1–8 [100].
Moreover, while healthy white matter from MS patients does
not contain TLRs, active lesions are associated with high
expression of TLR3 and TLR4 on microglia and astrocytes.
In contrast, late active lesions also contain astrocytes bearing
surface TLR3 and TLR4 [100]. This suggests that early lesions
are characterized by microglia infiltration, while astrocytes
are also active in later MS lesions. However, the precise role
of TLR3 and TLR4 activation in these lesions is yet unknown.
TLRs have been shown to recognize highly conserved regions
in various microorganisms (Pathogen-Associated Molecular
Patterns) including C. pneumoniae and thus stimulate a
potent inflammatory response contributing to the clearance
of the pathogen [101]. Unpublished our findings have
detected the major expression of mRNA TLR-2 and TLR-
4 in peripheral blood but not in CSF from SM patients
with RR forms, indicating that their combined activity
might be crucial to modulate and activate the cellular-
mediated immune response during chronic infections by C.
pneumoniae [102]. Based on epidemiological observations, it
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has been proposed that exposure to an environmental factor,
such as an infectious agent, in combination with genetic
predisposition could be implicated in MS pathogenesis
[103]. The risk of MS is enhanced by the presence of specific
genes on chromosome 6 in the area of MHC, Human
Leukocyte Antigens (HLA) in humans. In particular, HLA-
DR and HLA-DQ genes, which are involved in antigen
presentation, are strongly associated to the development of
the disease. However, although the risk of the disease is
higher in monozygotic than in dizygotic twins (about 30%
and 5%, resp.), the low concordance rate obtained in iden-
tical twins suggests that non-genetic factors can contribute
to MS aetiology. In this setting, the aetiopathogenesis of
MS disease is complex and still debated. So far, about 20
microorganisms including viruses have been associated with
this disease [104]. The screening techniques in these studies
varied from serology to PCR and quality and numbers of
controls examined varied widely. The latest pathogen to be
associated with MS is C. pneumoniae [105–110]. Sriram et
al. reported the first evidence suggesting the potential role
for C. pneumoniae as a candidate in MS pathogenesis [106].
One year later, a larger study from the same group strongly
confirmed that CSF demonstration of C. pneumoniae was
more frequent in MS patients than in control patients with
other neurological disorders (OND) [107]. In particular, C.
pneumoniae culture isolation was obtained in 24/37 (65%)
MS and in 3/27 (11%) OND patients, CSF single polymerase
chain reaction (PCR) for major outer-membrane protein
(MOMP) was positive in 36/37 (97%) MS and in 5/27
(18%) OND patients, whereas CSF anti-C. pneumoniae IgG
were detected by enzyme linked immunoadsorbent assay
(ELISA) in 32/37 (86%) MS and in 0/27 (0%) OND patients.
After this innovative publication, a number of studies have
suggested that C. pneumoniae infection may be associated
with MS, while other studies have found no association [108,
109]. During recent years, there have been many evidences
of a possible role of C. pneumoniae involvement in MS
disease supported in part by seroepidemiological, cultural,
molecular, immunological and therapeutic studies. However,
it is also true that there are not many studies that argue for
a role of organism in MS. First, while some reports have
documented that C. pneumoniae seropositivity was related
to the risk of MS progressive forms (SP and PP), but only
moderately linked to the risk of developing MS [110], others
have not found association between serum titers of anti-C.
pneumoniae antibodies and the risk for MS or, by contrast,
a higher risk to develop MS in a subgroup of older patients
after than before disease onset [111]. Second, the organism
was found in course of MS relapses in the throat together
with a rising serology [112]. Third, relapses of MS have
long been noted to follow respiratory infections, including
sore throat, or pneumonia with a clinical pattern typical of
respiratory infection caused by C. pneumoniae. The isolation
of the pathogen, as assessed by culture assay in CSF and
brain tissue failed repeatedly in MS patients [113–115] or
was positive only in a small proportion of MS patients
[81, 116]. Dong-Si et al. have noted gene transcription
of messenger RNA by C. pneumoniae in CSF from MS
patients suggesting active infection by this pathogen [91].

Recently, active transcription of DNA from the organism
has been found in a persistent and metabolically active state
in cultured CSF and PBMCs from MS patients, but not
in controls [95]. Other investigators were able to culture
and detect C. pneumoniae in buffy coat samples from a
healthy blood donor population [117] demonstrating a
Chlamydia carriage rate of 24.6%, within the WBC of the
peripheral circulation. Because of the difficulties of isolating
C. pneumoniae cultures, nucleic acid amplification methods
such as PCR-based assays have become the method of
choice for detection of this microorganism. However, PCR
procedures often differ in several aspects which can affect
sensitivity, reproducibility, and specificity when applied to
direct testing of clinical specimens [86, 118, 119]. In this
context, collaborative studies involving different laboratories
in which the presence of C. pneumoniae was evaluated in
blinded CSF samples, further underlined the lack of an
accepted standardized PCR protocol [120, 121]. A number
of PCR studies did not provide evidence of detection of
C. pneumoniae DNA in CSF of MS patients. Most of these
studies were performed using single or nested (n) PCR
targeting either MOMP or 16S ribosomal (rRNA) chlamydial
genes [11, 34, 114, 116, 122–124]. By contrast, a substantial
body of work from around the world has provided clear
evidence of the involvement of C. pneumoniae in MS. In
this setting, a consistent number of studies did found PCR
positive results with DNA or mRNA positive rates varying
from 2.9% to 69% [81–91]; [94–96]; [117–126] as listed in
Table 2. Some reports also demonstrated the more frequency
of C. pneumoniae DNA in CSF of MS patients with Gd
enhancing lesions on MRI scans [87, 89]. Moreover, CSF
detection of heat-shock protein-60 messenger RNA (Hsp-60
mRNA) and 16S rRNA by Reverse-Transcriptase PCR (RT-
PCR) was more frequent in MS patients than in controls
signifying the presence of a high rate of gene transcription
and, therefore, more active metabolism of C. pneumoniae in
MS [91]. In 2004, our group developed a novel amplification
program for MOMP gene by employing a “touchdown”
technique and analyzing CSF samples from patients with
MS, other inflammatory neurological disorders (OIND)
and noninflammatory neurological disorders (NIND) and
employed three gene targets (MOMP, 16S rRNA and HsP-
70) in parallel to achieve a major sensitivity and specificity
[92]. A PCR positivity for MOMP and 16S rRNA in CSF was
present in a small proportion of MS (37%), OIND (28%) and
NIND (37%) patients, without any differences between MS
and controls. Furthermore, a PCR positivity for MOMP and
16S rRNA in CSF was more frequent in relapsing-remitting
(RR) MS than in MS progressive forms (SP and in PP MS) as
well as in clinically and magnetic resonance imaging (MRI)
active than in clinically and MRI stable MS, whereas a CSF
PCR positivity for HsP-70 was observed in only three active
RR MS patients. Thus, it cannot be excluded that, in a
particular subgroup of RR active MS patients, C. pneumoniae
may enter into brain early in the course of the disease via
transendothelial migration across the blood/brain barrier
of activated infected blood-borne monocytes, resulting in
ongoing inflammatory immune activation that takes place
within the CNS. Alternatively, the presence of elevated rates
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Table 2: Molecular protocols employed for detection of C. pneumoniae in clinical specimens from MS patients.

MS patients
(positive/total)

Controls (positive/total) PCR assay References

7/30 (23%) 0/56 (0%) n-PCR† Layh-Schmitt et al.
2000 [81]

9/17 (52%) 13/15 (86%) PCR† Li et al. 2000 [82]

2/8 (25%) not reported† Treib et al. 2000 [83]

12/58 (21%) 20/47 (43%) n-PCR† Gieffers et al. 2001
[84]

3/32 (9%) 0/30 (0%) PCR† Sotgiu et al. 2001 [85]

11/16 (69%) PCR† Ikejima et al. 2001
[86]

9/28 (32%) 2/15 (13%) PCR† Hao et al. 2002 [87]

2/70 (2.9%) 0/30 (0%) n-PCR† Chatzipanagiotou et
al. 2003 [88]

23/107 (21%) 2/77 (3%) Touchdown n-PCR† Grimaldi et al. 2003
[89]

2/25 (8%) 3/28 (11%) n-PCR and semi-n-PCR† Rostasy et al. 2003
[90]

42/84 (50%) 25/89 (28%) Touchdown n-PCR, RT-PCR† Dong-Si et al. 2004
[91]

26/71 (36.6%) 24/72 (33.3%) Touchdown n-PCR† Contini et al. 2004
[92]

12/20 (60%) 1/12 (8%) Touchdown n-PCR† Sriram et al. 2005 [93]

2/112 (2%) 0/110 (0%) Real-time PCR‡ Sessa et al. 2007 [94]

7–9/14 (50–64.3%)† 0-1/19 (0–5.2%)† Touchdown n-PCR, Contini et al. 2008
[95]5–7/14 (35.7–50%)‡ 0–2/19 (0–10.5 %)‡ RT-PCR†‡,

64/80 (80%) 5/57 (9%) PCR-EIA, Touchdown n-PCR, Real Time-PCR† Tang et al. 2009 [96]

n-PCR: nested PCR; RT-PCR: reverse transcriptase PCR; PCR-EIA: PCR enzyme immunoassay; †, CFS: cerebrospinal fluid; ‡, PBMC: peripheral blood
mononuclear cells.

of C. pneumoniae DNA in CSF in this subset of MS patients
could merely reflect the selective infiltration of monocytes
which traffic into the brain after activation, thus suggesting
a role for C. pneumoniae only as a silent passenger. In
attempting to recover C. pneumoniae from cultured CSF and
PBMC compartments with a PCR targeting multiple genes,
a positivity for C. pneumoniae DNA and mRNA was recently
detected in 64% of cocultured CSF and PBMCs of RR MS
patients with evidence of disease activity, whereas only 3
controls were positive for Chlamydial DNA, suggesting that
C. pneumoniae may occur in a persistent and metabolically
active state at both peripheral and intrathecal levels in MS,
but not in controls [95]. In this study the parallel molecular
analysis of multiple Chlamydial target genes after co-culture
of fresh CSF and PBMC specimens, has shown to enhance
the sensitivity and specificity of molecular tools. Of note, as
C. pneumoniae DNA was found in PBMCs which are able to
cross the blood-brain barrier, these cells could be the source
of intrathecally compartmentalized C. pneumoniae that, in
turn, may induce a chronic persistent brain infection acting
as a cofactor in the development of the disease. More recently,
in a comparative study aimed to evaluate novel procedures
for the detection of C. pneumoniae DNA in CSF, the
qualitative colorimetric microtiter plate-based PCR-enzyme-
immunoassay (PCR-EIA) has shown to be more sensitive

than a real-time quantitative PCR assay (TaqMan) and
possessed a sensitivity that was equal to the nested-PCR [96].
In order to support the theory of an association between C.
pneumoniae and MS, a number of studies did evaluate the
presence of intrathecal IgG in the form of oligoclonal bands
(OCB) in the CSF of MS patients. Their presence, as for
other bacterial, viral, fungal, and parasitic diseases, would
be of great evidence for an infectious cause of MS [127] and
may reflect an antigen-driven immune response to infectious
agents [128]. However, OCB are also detected other than
in MS in 10% of patients with other inflammatory diseases
of the CNS. In this regard, studies aimed to determine
the CSF levels of anti-C. pneumoniae IgG in MS patients
did result extremely variable (varying from 0% to 20%)
producing any or scarce differences between MS and controls
[81, 85, 87, 90, 122, 123, 126, 129, 130]. Recently, we
found that an intrathecal synthesis of anti-C. pneumoniae
IgG as evaluated by antibody specific index (ASI) was more
frequent in MS (16.9%) and in OIND (21.6%) than in
NIND (1.9%) patients and in patients with MS progressive
forms (SP and PP MS) than in RR MS patients [131].
Moreover, among the patients with intrathecally produced
anti-C. pneumoniae IgG, CSF C. pneumoniae-specific high-
affinity antibodies, were demonstrated to be more frequent
in a subset of patients with MS progressive forms (SP or



10 Interdisciplinary Perspectives on Infectious Diseases

PP MS), than in OIND patients, and absent in RR MS and
NIND patients. To further examine a possible relationship
between C. pneumoniae infection and MS, Sriram published
a study that examined autoptic samples of brain tissue
and CSF using immunohistochemical staining with anti-C.
pneumoniae monoclonal antibodies other than molecular
and ultrastructural methods [93]. These techniques provided
evidence of the presence of C. pneumoniae more commonly
in MS patients (90%, 62%, and 55%, resp.) than in
control patients. Using electron microscopy the authors first
demonstrated the presence of immunogold-labeled objects
of the morphology and size and of chlamydial EBs in the
ependymal surfaces and periventricular regions in the CSF
of four out of ten (40%) patients with MS but not in the
CSF of control patients. Collectively taken, although MS
patients were found to be more likely to have detectable
levels of C. pneumoniae DNA in their CSF and intrathecally
synthesized immunoglobulins, compared with patients with
had neurological diseases, the overall findings examined
in a review through 26 studies that considered 1332 MS
patients and 1464 controls using random-effects methods
and random-effects meta-regressions, adjusted for the con-
founding effect of gender differences, were insufficient to
establish an etiologic relation between C. pneumoniae and
MS [132].

The treatment directed against the inflammatory process
is only partially efficacious on the MS disease course. In
relapsing-remitting MS, such therapy slows the progression
of disability, but in primary-progressive MS the same therapy
has demonstrated to have little or no effect on the pro-
gression of disability. On the other hand, reports regarding
the antimicrobial treatment of MS have provided conflicting
results. In one trial the antibiotic minocycline resulted in
a reduction in the number of gadolinium-enhancing MRI-
detected lesions [133]. Another study showed that anti-
chlamydial treatment reduced brain atrophy, but did not
show any beneficial influence on the number of MRI Gd
enhancing lesions [134]. The Vanderblit University group
is currently treating patients with MS with a combination
of bacterial protein synthesis inhibitors (doxycycline and
azithromycin or roxithromycin or rifampicin) and then
adding metronidazole to this. These studies will need to be
validated by comprehensive multicenter trials of combined
antibiotic treatment aimed at all phases of the organism’s life-
cycle [135].

From the data presented, there is strong evidence that
C. pneumoniae has not a causal role in MS disease. Thus,
the actual involvement of C. pneumoniae in MS still remains
a matter of debate and requires further understanding
through standardized cultural, molecular and ultrastructural
protocols for C. pneumoniae in biological samples coming
from MS patients and controls. While some studies suggest
a role of C. pneumoniae only as a CNS innocent bystander
epiphenomenon due to ongoing MS inflammation which
favours a selective infiltration of infected-mononuclear cells
within the CNS, others indicate a role of C. pneumoniae as
a cofactor in development and progression of the disease by
enhancing a pre-existing autoimmune response in a subset
of MS patients, as supported by recent immunological and

molecular findings [95, 109, 136]. Recent our findings have
demonstrated a possible association between Parachlamydiae
Like Organisms and MS suggesting that these can act
alone or together with C. pneumoniae as a cofactor in the
development and progression of MS [137]. Although these
data needs further assessment, their possible involvement in
MS could be of great importance in public health.

Finally, we cannot exclude that other pathogens may
be potentially involved in the development of MS disease.
Virus have often been considered as potential candidates
because they are known to cause demyelinating disease in
experimental animals and man, and often cause disease with
long periods of latency that presents clinically with relapsing,
remitting symptoms [138]. To date, however, studies have
failed to identify any single virus as playing a major role in
MS. Among the virus suggested as MS cofactors, there are
ubiquitous members of the family Herpesviridae, Human
herpesvirus 6 (HHV-6), Epstein-Barr virus (EBV) [139–
146]. As Chlamydia, these viruses can undergo an alternative
infection cycle, entering a quiescent state (latency), with low
grade viral infection that does not cause cell lysis, from
which they subsequently can be reactivated. However, the
cell type in which this occurs is usually not the same cell
type in which the productive, cytocidal infection occurs.
The human MS-associated retrovirus (MSRV) belonging to
endogenous retrovirus family, has been also described as
potential pathogen in MS [147].

4. C. pneumoniae and Other
Neurological Complications

A number of reports have focused on the involvement of
C. pneumoniae in other CNS disorders and in particular in
encephalitis or meningoencephalitis. We searched PubMed
for articles on encephalitis and Chlamydia pneumoniae
or Chlamydophila pneumoniae using keywords: encephali-
tis, meningoencephalitis, Chlamydia pneumoniae, Chlamy-
dophila pneumonia, and numerous additional keywords
including “neurological complications” relevant to these
topics. Due to the common usage of the previous genus
name, “Chlamydia,” it was included in the search. The
reported cases (Table 3) were not so frequent [148–159].
Most patients were young patients who presented with
different neurological symptoms and/or neuro-radiological
changes at CT or MRI scan and in most cases, there were also
well defined accompanying respiratory symptoms, although
these have in some cases preceded the onset of the neuro-
logical records. Three patients had cerebellar ataxia, acute
demyelinating encephalitis (ADEM), and Guillain Barrè
syndrome. The detection of Chlamydia has been almost
always done by serological methods based on detection of
specific anti-C. pneumoniae antibodies of different classes by
MIF (fourfold rise in the IgG titre) and ELISA techniques.
One study detected the presence of IgA-type antibodies,
suggesting a reinfection [158]. One note reported the use of
PCR in a tracheal swab and increasing titres of Chlamydia
IgM antibody [155]. These cases, and a review of the
literature, suggest that C. pneumoniae infection in addition to
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Table 3: Acute and chronic neurological complications preceding or following C. pneumoniae associated respiratory manifestations.

Author, year
Patient

n.

Sex/age
range (yr)

median
Clinical findings

C. pneumoniae
detection

Neuroimaging Treatment Outcome

Fryden et al.
1989 [148]

1 F/16
Encephalitis,
respiratory tract
infection

Serum (4-fold rise) in
IgG and IgM§ CSF
negative for IgG and
IgM

Brain CT scan
Clorampheni-col,
Steroids

Recovery 1 year
later

Haidl et al. 1992
[149]

1 M/13
Guillan-Barrè
syndrome, parestesia,
hyporeflexia, cough

Serum (4-fold rise) in
IgG and IgM§ ND Steroids

Recovery 5
weeks later

Michel et al.
1992 [150]

1 M/9

Meningoradicultis,
cough, rhinitis,
hyporeflexia, back
stiffness

Serum 4-fold fall in
IgM, CSF positive for
total IgG

ND ND

Recovery 6
months later

Sundelöf et al.
1993 [151]

1 M/18

Meningoencepha-
litis, headache,
diplopia paresthesia,
fever, cough

Serum IgG (4-fold),
IgM§ CSF negative
for IgG and IgM

Brain CT scan
Erythromycin,
Cefotaxime,
Acyclovir

Recovery <1
week later

Socan et al. 1994
[152]

1 M/18

Diplopia, parestesia,
meningeal syndrome,
cough and
pneumonia

Serum IgM and IgG§

CSF negative for IgG
and IgM

Brain CT scan
Acyclovir,
Cefotaxime,
Erythromycin

Recovery <1
week later

Koskiniemi et al.
1997 [153]

3 F2/5.6

Pareses, sensory
symptoms,
convulsions,
depression of
conscious-sness

Serum IgM and IgG§ Brain CT, EEG## Unspecified ND

Korman et al.
1997 [154]

1 F/69
Cerebellar ataxia,
respiratory failure

Serum (4-fold rise) in
IgG, elevated IgA§

CSF negative for IgG
and IgM

Brain CT
Erythromycin,
Imipenem

Recovery <1
month later

Heick and
Skriver 2000
[155]

1 F/18

Coryzal illness,
headache, dizziness,
left-sided hemiparesis
(†ADEM), ataxia,
fever, dry cough

CKT# in serum serum
IgM PCR in tracheal
swab

Brain CT scan,
cranial MR

Penicillin,
Acyclovir,
Gentamycine,
Cefotaxime,
Doxycycline,
Methylpredn-
isolone

Recovery 2
months

Guglielminotti
et al. 2000 [156]

1 M/95
Meningeal syndrome,
sleepiness, dry cough

Serum (4-fold rise) in
IgG and IgA§ CSF IgG

Brain CT, EEG

Acyclovir,
Amoxicillin,
Erythromycin,
Ofloxacin

died aspiration
pneumonia

Anton et al.
2000 [157]

1 F/16

Hyporeflexia, bilateral
nistagmus, sleepiness,
motor weakness,
rhinitis

Serum (4-fold rise) in
IgG, IgM§ CSF
negative for IgG and
IgM

Brain CT scan,
Brain MR,

Electrophy-
siological

studies

Ceftriaxone,
Methylpredn-
isolone

Recovery 2
months later

Airas et al. 2001
[158]

1 F/33
Sleepiness, memory
loss, cough,
pharyngitis

Serum IgA and IgG‡ Brain MR
Acyclovir,
Levofloxacine,
Azhitromycine

Partial
improvement

Boschin-
Crinquette et al.
2005 [159]

1 M/21
Aphasia, meningeal
syndrome, respiratory
symptoms

Serum IgM◦ CSF
negative for IgM, IgG
and PCR

Brain CT scan,
Brain MR

Acyclovir,
Ofloxacin
Amoxicillin,
Cefotaxime

Recovery <2
weeks later

§
MIF: microimmunofluorescence; ‡EIA: enzyme immunoassay; ◦ELISA: enzyme-linked immunoadsorbent assay; #CTK: Chlamydia Complement-binding

Test; ##EEG: electroencephalogram; †ADEM: acute disseminated encephalomyelitis.
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other Chlamydiae, may present with significant neurological
manifestations. Of interest, most of these patients did experi-
ence a favourable outcome after administration of antibiotic
therapy with or without corticosteroid treatment, suggesting
a strong etiologic link between the microorganism and
encephalitis. Chlamydial infections along with Mycoplasma
and legionella infections should be included in the differ-
ential diagnosis of respiratory infections with a neurologic
presentation.

5. C. pneumoniae and
Neurobehavioral Disorders

Although the limited data of literature, there is evidence
that Chlamydia may be implicated in the pathogenesis of
some mental or neurobehavioral disorders including autism
and schizophrenia. Autism spectrum disorders (ASDs) are
a group of neurobehavioral diseases of unknown aetiology,
which include autism, attention deficit disorder, Asperger’s
syndrome, and so forth, which causes are unknown but
appear to include genetic defects, heavy metal, and chemical
and biological exposures [160]. Factors, such as geography,
family socioeconomic status, vaccination records, and family
educational levels may be also involved. They occur primarily
in the young and are probably different in each patient.
Such patients do not all share the same signs and symptoms
but tend to share certain social, communication, motor, and
sensory problems that affect their behaviour in predictable
ways. In general, the criteria for diagnosis of ASD are the
presence of a triad of impairments in social interaction,
communication, and imagination [160]. These signs and
symptoms are thought to be due to abnormalities in brain
function or structure and are thought to have a genetic
basis [161, 162]. There is growing awareness that ASD
can have an infectious nature that may be a cofactor for
the illness or can aggravate patient morbidity [163–165].
The appearance of infections and in particular Mycoplasma
infections in children diagnosed with ASD has been also
linked to the multiple vaccines received during childhood
[136, 166]. In this setting, C. pneumoniae [167, 168] along
with a number of systemic chronic infections, such as those
by Mycoplasma species [169–172] and HHV-6 [171–173],
have been identified in Gulf War veterans and in family
members including their children, using highly sensitive PCR
and confirming the results by Southern-blot and dot-blot
hybridization. Interestingly, a number of these symptomatic
children were diagnosed with autism or attention deficit
disorder that fall under ASD [174]. Based on previous obser-
vations of persisting IgA titers in some patients with mental
disorders, it has been hypothesized that Chlamydiaceae are
main pathogenic factors in schizophrenia. Fellerhoff, using
n-PCR, found a significant prevalence of C. psittaci, C.
pneumonia, and C. trachomatis (9/18, 50%), as compared to
controls (8/115, 6.97%). Treatment with in vitro-activated
immune cells together with antibiotic modalities showed
sustained mental improvements in patients that did not
depend on treatment with antipsychotic drugs [175].

6. Conclusions

C. pneumoniae is like a “New Bug that’s full of Surprises”
[136]. This perfectly matches to the wide range of chronic
diseases which can be sustained by this pathogen. Thanks to
deep knowledge of the biology of Chlamydia and the use of
increasingly sophisticated techniques than those traditionally
used, the presence of C. pneumoniae genomic material was
demonstrated in a large number of persons suffering from
different acute and chronic diseases. Over the past 10 years,
a growing number of reports have found a possible link
between C. pneumoniae infection and atherosclerosis and
CNS diseases including MS, AD other than a variety of
neurobehavioral disorders. The main obstacles that have so
far presented to support a definitive role of C. pneumoniae in
chronic diseases are represented by the fact that no methods
exist to safely and confidently diagnose chronic infection,
and because chlamydial chronic infections are characterized
by the inaccessibility of the “chlamydial persistent state” to
conventional antichlamydial agents. A causative role of C.
pneumoniae infection in cardiovascular disease has not yet
been firmly established. Despite the molecular and genetic
efforts that have been done on the role of C. pneumoniae in
the progression of atherosclerosis, several important ques-
tions including whether the C. pneumoniae is an innocent
passenger or whether it is actively involved in the initiation
or progression of atherosclerotic disease urgently need an
answer. In particular, C. pneumoniae HsP60 needs to be
explored further as a potential culprit and therapeutic target
[11–13]. Several drugs shown to be more or less effective in
atherosclerotic disease are in the recent experiments, at the
same time effective against C. pneumoniae. Statins, aspirin,
and dietary polyphenolic compounds are among them. It is
possible that the truly effective treatment targeting chronic
C. pneumoniae infection will be found. At the same time,
the development of efficacious vaccine should be contin-
ued [136]. The interpretation of the fact that astrocytes,
microglia, and neurons are host cells for C. pneumoniae in
the brain of AD patients, and that infected cells can be found
in close proximity to both NSP and NFT, is hampered by the
fact that most studies were done with different diagnostic
methods, none of which still standardized. This has led
a wide variation of interlaboratory test performance, even
when the same test and the same criteria have been used.
Thus, the actual involvement of C. pneumoniae in AD still
remains a matter of debate and requires further under-
standing through standardized cultural, molecular protocols
for C. pneumoniae in autoptic samples coming from AD
patients and controls [51–53, 70]. The recent molecular,
ultrastructural, and cultural advances that have provided
evidence that C. pneumoniae is viable and metabolically
active in different biological compartments such as CSF and
PBMC from MS patients compared to controls, suggests an
association between this pathogen and the disease, partic-
ularly in a subgroup of RR MS patients with clinical and
MRI disease activity who experience the early inflammatory
phase representing the development of the disease [89, 95,
108, 109]. However, the growing body of evidence suggests
a role of C. pneumoniae only as a CNS innocent bystander
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epiphenomenon due to ongoing MS inflammation or a
cofactor in development and progression of the disease by
enhancing a pre-existing autoimmune response in a subset of
MS patients, as supported by the recent immunological and
molecular findings [95, 96, 109]. Either for AD or MS there is
urgency for further well-designed studies to determine both
the importance of C. pneumoniae involvement in human
diseases and the usefulness of antibiotic treatment. The role
of Chlamydia in the pathogenesis of mental or neurobe-
havioral disorders including schizophrenia and autism is
uncertain and fragmentary. However, the few existing reports
suggest a potential involvement which will require further
confirmation.
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Listeriosis is an emerging zoonotic infection of humans and ruminants worldwide caused by Listeria monocytogenes (LM).
In both host species, CNS disease accounts for the high mortality associated with listeriosis and includes rhombencephalitis,
whose neuropathology is strikingly similar in humans and ruminants. This review discusses the current knowledge about
listeric encephalitis, and involved host and bacterial factors. There is an urgent need to study the molecular mechanisms of
neuropathogenesis, which are poorly understood. Such studies will provide a basis for the development of new therapeutic
strategies that aim to prevent LM from invading the brain and spread within the CNS.

1. Introduction

The Gram-positive bacterium Listeria monocytogenes (LM)
was first isolated in a human patient with meningitis 1921
and subsequently worldwide from a wide range of mam-
malian and nonmammalian species, notably farm ruminants
[1–4]. However, it was not until the 1980s as a result of
several human epidemics that listeriosis was recognized as a
serious and frequently fatal foodborne disease and research
activity on the disease was substantially intensified [5–7].
Since then the incidence has risen steadily including large
outbreaks making listeriosis to a major public health issue
[8–12]. Clinical syndromes associated with LM infection
are similar in all susceptible hosts and include febrile gas-
troenteritis, septicemia, abortion, and central nervous system
(CNS) infections such as meningitis, meningoencephalitis,
and rhombencephalitis [11, 13, 14]. CNS involvement is a
characteristic feature and accounts for the high mortality
associated with listeriosis [11, 15, 16]. Currently, the agent
is one of the best-studied bacterial pathogens for various
reasons. Most importantly, it serves as model system for the

study of innate and cell-mediated immunity, host-pathogen
interactions, and intracellular survival of pathogens [17–
25]. More recently, the bacterium has been investigated
as a vector of heterologous proteins for vaccination and
immunotherapy of cancer and infectious diseases [26–30].
However, although much progress has been made in these
various fields of research, the pathogenesis and transmission
of the CNS infection in its natural hosts, most notably
the pathologically intriguing rhombencephalitis, is largely
unknown. Particularly, not much is known about bacterial
determinants that are associated with neurovirulence [31–
33]. The purpose of this review is to summarize the current
knowledge of the CNS form of LM infection in the natural
host.

2. Listeria monocytogenes: An Emerging
Foodborne Pathogen

LM belongs to the bacterial genus Listeria, which are Gram-
positive, nonspore-forming, facultatively anaerobic, and
intracellular coccobacilli. The genus comprises currently six
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species including LM, L. ivanovii, L. welschimeri, L. seeligeri,
L. grayi, and L. innocua [6]. Of those, only two species are
considered potentially pathogenic: LM and L. ivanovii [6].
LM is the major pathogen of listeriosis and the only species
of the genus that poses a serious public health risk. It causes
invasive and often fatal disease including CNS infection in
numerous animal species including farm ruminants, horses,
dogs, pigs, deer, South American camelids, cats, and men.
In contrast, L. ivanovii is considered only mildly pathogenic
and seems to affect almost exclusively ruminants, causing
abortion, still-births, and neonatal septicemia, but not CNS
infections [4, 6, 34]. Both LM and L. ivanovii hold a group
of virulence genes such as the positive regulatory factor A,
internalins, hemolysins, phospholipases, a hexose phosphate
transporter and others, which enable them to replicate within
and spread between eukaryotic cells [21, 35, 36]. These
virulence genes are absent or present in a nonfunctional form
in the other four Listeria species that are considered primarily
apathogenic saprophytes, although they have been very rarely
isolated from humans and animals [37–43]. Accordingly, this
review is confined to the discussion of LM.

LM is ubiquitously distributed and grows in a wide
variety of environments including soil, water, plant matter,
diverse food items, and intestinal tract of mammalian
hosts [6]. In addition, the bacterium has well adapted to
an intracellular life-cycle that is critical for its pathogenic
potential. LM is a biofilm-producer and as compared to
most other pathogenic bacteria relatively resistant to hostile
environmental conditions including low pH, high salt con-
centrations and low temperatures [3, 44–46]. These prop-
erties render LM remarkably tenacious against numerous
food-processing and food-preserving procedures and thus
hazardous for the food industry. Hence, the bacterium has
emerged as an important foodborne pathogen and is a major
cause for large food recalls due to bacterial contamination
[47, 48]. Although LM is able to infect a wide range of
animal species, it occurs primarily in farm ruminants and
humans [4, 14]. In both hosts, the prevalence of listeriosis
has risen significantly since the 1980s resulting in intensified
surveillance and control of LM in food industry, which
contributed to a decrease of human listeriosis cases in the
last two decades [49, 50]. However, in various European
countries its prevalence has again increased in the last few
years [9, 10, 51–53].

3. Listeriosis in Humans

3.1. Incidence. LM has been linked to sporadic episodes
as well as large outbreaks of human illness worldwide [7–
10, 12, 54–56]. The vast majority of human listeriosis cases
occurs following consumption of contaminated food [57].
Although relatively rare (the annual incidence rate ranges
from 1 to 10 cases per million), listeriosis has an important
impact on public health given that it is responsible for the
highest hospitalisation and mortality rates amongst food-
borne infections and LM is a common food contaminant
[15, 57, 58]. The case fatality rate ranges from 24% to 52%
despite adequate antimicrobial treatment [11, 15, 59–65].

3.2. Clinical Aspects. LM has the propensity to cause invasive
disease in well-defined risk groups including pregnant
women, individuals at the extremes of age (newborns or
elderly people), and patients with underlying conditions.
The list of such underlying conditions is long and includes
malignancies, diabetes mellitus, alcoholism, chronic hepatic
and renal diseases, organ transplantation, autoimmune dis-
eases, AIDS, immunosuppressive treatments (e.g., steroids),
and treatments reducing the gastric acid secretion [6, 11, 14,
15, 52, 59–62]. However, listeriosis can occur in otherwise
healthy individuals [8, 11].

The infection manifests in various syndromes, ranging
from mild febrile gastroenteritis to serious invasive disease
including septicaemia, abortions, and CNS disease [5, 6, 11].
In addition to these syndromes, listeriosis may present as
a local infection including dermatitis, endocarditis, peri-
carditis, pneumonia, peritonitis, arthritis, hepatitis, and
endophthalmitis [66–72]. Infection of nonpregnant adults
leads to bacteremia and CNS disease in most cases [11,
13, 65], and listeriosis is nowadays the second to fifth
most common etiology of human bacterial meningitis in
the Western hemisphere [15, 59–63, 73–79]. The CNS
form in humans generally develops as a diffuse meningi-
tis/meningoencephalitis, usually associated with bacteremia.
Meningitis prevails in neonates, elderly people and patients
with immunosuppressive disorders or other concurrent
conditions [11, 59, 60, 62, 74, 75, 80]. Less common
CNS manifestations include abscesses in the cerebrum or
cerebellum, and in up to 24% of patients encephalitis
targeting the brainstem (rhombencephalitis), but the latter is
probably under-recognized [13, 80–83]. Rhombencephalitis
has been first described in 1957 by Eck as an unusual form of
listeriosis [84]. In contrast to meningitis, it appears to occur
predominantly in previously healthy patients without any
predisposing conditions [13, 16, 82, 85]. The clinical course
is usually biphasic, with a prodrome of unspecific symptoms
consisting of headache, malaise, nausea, vomiting, and fever
in the first phase during between 4 and 10 days, followed
by progressive brainstem deficits with asymmetric cranial
nerves palsy, cerebellar dysfunctions, hemi- or tetraparesis,
sensory deficits, respiratory insufficiency, impairment of
consciousness, and sometimes seizures [13, 81, 82, 85].
Blood and spinal fluid cultures are positive in 60% and
40% of patients, respectively [81, 82]. The condition is fatal
unless treated early and survivors commonly have significant
neurological sequelae [14, 81].

3.3. Neuropathology. In most cases of human listeriosis,
the CNS form manifests as a diffuse suppurative menin-
gitis occasionally also extending into the ventricles [86].
Rhombencephalitis involves primarily the medulla oblon-
gata, pons and midbrain with infiltrates targeting frequently
nuclei and tracts of cranial nerves [85, 87]. Lesions may
extend into the cerebellum and further rostrally into the
thalamus and basal nuclei [87]. Cellular infiltrations consist
of agglomerates of microglial cells, microabscesses with
neutrophils and macrophages, occasionally accompanied by
neuronal necrosis and neuronophagia [87].
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4. Listeriosis in Ruminants

4.1. Incidence. Listeriosis is of major veterinary importance
in the three farm ruminant species cattle, sheep, and goats
[4], not only by virtue of significant economical losses in
livestock production due to morbidity and high mortality
in animals, but also with regard to food safety and public
health representing a possible link between the environment
and human infection.

In ruminants, the foodborne route of LM infection has
been well established long before it was shown in humans
[4]. Many studies have indicated that poor-quality silage is
commonly contaminated with LM and focused on spoiled
silage as source for listeriosis outbreaks [4, 88–105]. In line
with these results, fecal shedding of LM in cattle is associated
with contamination of silage [106, 107]. The investigation of
an epidemiological link between silage feeding and listeriosis
in ruminants, however, gave inconsistent results. Whilst
some studies could isolate matching LM strains in brains of
affected animals and silage samples, others yielded unrelated
strains [92, 94, 95, 98, 101, 108, 109]. A recent study detected
a higher prevalence of the bacterium in samples collected
from the immediate cattle environment (feed bunks, water
through and beddings) and in cattle feces than in silage
challenging the view that silage is the only source of LM
infection [92]. This finding is in line with reports and our
own observations of outbreaks unrelated to silage feeding
[110–113].

Recent prevalence estimates of listeric encephalitis in
cattle, sheep, and goats, based on neuropathological survey
studies in Europe, range between 7.5% and 29.4% and
a neuropathological survey of fallen stock in Switzerland
identified listeriosis as the most important CNS disease
of small ruminants [50, 114–117]. With reference to the
small ruminant population in Switzerland the prevalence
of listeric encephalitis was 216 cases/million sheep and 500
cases/million goats per year and thus exceeded significantly
the number of human cases (between 1.4 and 9 cases/million
inhabitants per year) [50, 58]. Similar data are not available
for bovines. However, in neuropathological surveillance
schemes for bovine spongiform encephalopathy in various
countries, listeriosis scores as the most frequent neurological
disease in cattle [114–117]. The importance of these data
is underlined by significant economical losses in life stock
industry caused by listeriosis, the likely role of ruminants
as reservoir for human pathogenic strains and therefore its
impact on food safety [118–121].

4.2. Clinical Aspects. The infection usually occurs in five dis-
tinct clinical presentations, of which encephalitis is by far the
most common form, followed by abortions, whilst neonatal
septicaemia, mastitis, and keratoconjunctivitis/uveitis occur
quite rarely [3, 4, 102, 122]. These syndromes seldom overlap
within the same animal or the same flock [4, 102, 123–127].
Some authors speculate that encephalitis occurs as a distinct
syndrome and more frequently than other clinical syndromes
in farm ruminants because immunity acquired through
ingestion of contaminated silage protects against septicemia
and abortion but is not fully effective in protection against

encephalitis [4]. Furthermore, ruminants may commonly be
asymptomatic intestinal carriers of the organism [90, 92,
128–130]. In contrast to humans, the classical CNS presen-
tation in ruminants is rhombencephalitis, whereas diffuse
meningitis or meningoencephalitis has only exceptionally
been reported [131]. Listeric rhombencephalitis was first
described in sheep as “circling disease” in New Zealand
and since then has been reported in all three ruminant
species around the world [4, 50, 98, 102, 105, 108, 111, 114,
125, 131–141]. Cattle appear to be less susceptible to the
infection than small ruminants [4]. Occasionally, listeriosis
may occur as an outbreak, particularly in sheep and goats
[101, 104, 111, 113, 125, 127] (and own observations). The
mortality rate is high despite antibiotic treatment [102].
Ruminants and in particular bovines are frequently exposed
to relatively high environmental levels of LM cells [92, 120].
As in humans, the disease usually has a low attack rate
affecting individual animals within a flock, although it is
assumed that all animals are exposed to a similar infectious
dose of LM [4, 102, 142, 143]. Therefore, most authors
speculate that—similar to the situation in humans—hitherto
unidentified underlying predisposing conditions facilitate
the development of clinical listeric disease. In agreement with
this hypothesis, cattle shed increased numbers of LM in their
feces after transport stress [106]. However, although some
authors described various concurrent conditions associated
with natural listeriosis, the existence of such predisposing
factors for listeric encephalitis has not yet been sufficiently
proven neither in epidemiological investigations nor in
experimental settings [4, 102, 111, 133, 144–155]. Further-
more, routine pathological examinations of ruminants with
listeric rhombencephalitis uncommonly reveal significant
concurrent disease (own observations). In this context, it
is intriguing that the majority of human rhombencephalitis
cases occurs in otherwise healthy individuals [82, 85, 156].

For unkown reasons, the incubation period for
encephalitis is longer compared to the other conditions
(septicaemia, abortion) and varies between 1 and 7 weeks
[4, 105, 157–159]. Clinical signs of listeric encephalitis are
similar in all three farm ruminants but vary depending
on the topography of the CNS lesions. Generally they
are characterized by unilateral or bilateral brainstem and
cranial nerve (CN) deficits [4, 148, 160–162]. Common
manifestations include masticatory problems, failure of jaw
closure, hypoalgesia of the head (involvement of CN V),
drooping of ears, upper eye lids and lips (involvement of
CN VII), deficits of the palpebral and menace reflex (CNs V
and VII), problems of swallowing (CNs IX and X), tongue
palsy (CN XII), circling, head tilt and leaning to one side
(vestibular system), nystagmus (CN VIII), and drooling of
saliva (Figures 1 and 2). Other more unspecific signs include
fever, dullness, and anorexia. In the terminal stage, animals
become recumbent and may show convulsions. Rare cases
have been described, in which limb paralysis occurred due to
affection of the spinal cord alone (myelitis) without involve-
ment of the brain [134, 163, 164]. The course of infection
in small ruminants (sheep and goats) is generally acute
and animals die within 1–3 days after clinical signs became
apparent. In cattle, the course is more prolonged [4, 158].
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Figure 1: Cow with rhombencephalitis due to Listeria monocyto-
genes infection. The cow has problems with swallowing (note the
feed below her head) and shows increased salivation, facial paralysis
with drooping of left ear and upper eyelid, courtesy of Dr. Mireille
Meylan, Vetsuisse Faculty, University of Bern.

4.3. Neuropathology. Gross lesions of the brain are generally
absent, but occasionally a greyish-tan discoloration and
malacia or simply hyperaemic vessels can be observed in the
brainstem. In contrast, histological lesions are pathognomic
for the disease and include a combination of suppurative
parenchymal lesions (microabscesses) and necrosis with
perivascular lymphohistiocytic cuffings and gliosis (Figures 3
and 4). In severe cases, microabscesses may coalesce to large
areas of suppuration. These changes are frequently accom-
panied by a meningitis. Lesions are commonly unilaterally
pronounced and centered on the medulla oblongata and
pons (Figure 3). However, they consistently spread rostrally
into the midbrain, diencephalons, and telencephalon and
caudally into the spinal cord [165]. Lesions in the rostral
brain show a consistent topography in selective fiber tracts.
The inflammatory process involves the ependyma and
choroid plexi only in exceptional cases and is then always
associated with rhombencephalitis [131, 165, 166].

5. Pathogenesis of Listeriosis and Key Virulence
Factors of L. monocytogenes

The pathogenicity of LM depends on its capacity to resist
hostile environmental conditions and invade and replicate in
both professional phagocytes and nonphagocytic host cells,
which is determined by at least 50 genes scattered in the
genome [22, 167]. Our knowledge of the pathogenesis at
the host and cellular level largely derives from infections in
various laboratory animals, notably the mouse, and in vitro
models.

5.1. Cellular Interactions. At the cellular level, the infection
cycle is regulated by the synchronized operation of various
virulence factors. The intracellular life cycle and the intercel-
lular spread of LM has been intensively studied revealing its
molecular adaptation to the intracellular microenvironment.
The reader is, therefore, referred to various reviews for

Figure 2: Recumbent goat with rhombencephalitis due to Listeria
monocytogenes infection. The animal has a head-tilt and pleurotho-
tonus; its right ear is drooping.

XII

RtF

Figure 3: Rhombencephalitis in a sheep: Brainstem at the obex
region with multiple microabscesses and perivascular cuffing
(arrowhead). Microabscesses involve the hypoglossal nucleus (XII),
its intracerebral root (arrows), and the reticular formation (RtF).
Hematoxylin & Eosin stain (H&E), bar = 740 μm.

Figure 4: Rhombencephalitis in a sheep: Microabscesses with
central bacterial colonies aligned along an axonal tract within the
reticular formation (medulla oblongata). H&E, bar = 100 μm.
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detailed information [17–19, 21, 168]. The invasion of the
host cell is mediated by interaction between internalins, lis-
teric surface ligands, and their respective host cell-receptors.
A large number of internalins and internalin-like proteins
have been identified by genome sequencing analysis of sev-
eral LM strains [18, 169–171] and the diversity of internalins
within the range of the different Listeria species and LM
strains could possibly explain the variation in virulence
and pathogenicity [172]. Amongst those, Internalin A and
B (InlA, InlB) are the best studied and these have been
detected only in LM so far [6, 173, 174]. The former
interacts with E-cadherin, which is mostly expressed on
epithelial cells in species-specific manner [175]. Notably, E-
cadherin is expressed on cells of three host barriers that
could determine the clinical syndromes: intestinal barrier,
blood-brain barrier, and placental barrier [176–179]. In
contrast, InlB promotes the invasion of a wide variety of
mammalian cells through interaction with three receptors:
Met, globular C1q receptor (gC1qR), and proteoglycans
[180–183]. Recently, other internalins, notably internalin
J, have been identified as key factors for virulence of LM
[184–190]. There is recent evidence that entry of LM into
the host cell requires additional factors such as clathrin-
mediated endocytosis [23, 191, 192]. Once within the cell,
LM is caught in a single-layer membrane phagocytic vacuole
and has to transiently resist phagosomal killing [193, 194].
The bacterium escapes from the phagosome and moves
into the host cell cytoplasm by employing a pore-forming
toxin, listeriolysin-O (LLO), assisted by two phospholipases,
phosphatidyl-inositol phospholipase C (PlcA) and phos-
phatidylcholine phospholipase C (PlcB) [195, 196]. Free in
the cytoplasm, LM replicates rapidly [197, 198]. A surface
protein of LM, Actin A (ActA), recruits host actin filaments
and induces their polymerization to a so-called actin comet
tail at one bacterial pole enabling the bacterium to move
freely within the cytoplasm and to spread to neighboring
cells by formation of cellular membrane protrusions that
are engulfed by adjacent cells [17]. The resulting secondary
double-membrane vacuole within the neighbor cell is lysed
by PlcB and LLO and a new infection cycle starts over
again [199]. It is believed that the direct intercellular spread
permits the bacterium to multiply and diffuse within tissues
protected from host defenses by avoiding the contact with the
extracellular compartement.

5.2. Infectious Process In Vivo. Whilst the different steps of
the intracellular infection cycle and key virulence factors
involved are well known [6, 18, 19, 21, 200], the knowledge
of the infectious process in vivo, notably in the natural host,
is currently limited. It is generally believed that LM enters
the host primarily through the intestine after oral intake of
contaminated food. In rare cases, direct skin exposure to LM,
for example, through contaminated abortive material, may
lead to cutaneous infections [201, 202]. Several virulence
factors enable LM to resist the exposure to a highly acidic
environment, proteolytic enzymes, and bile salts during its
gastroduodenal passage [44, 203–209]. Subsequently, LM
crosses the intestinal barrier by actively adhering to and

invading enterocytes through interactions between host-cell
receptors and internalins, namely, InlA [178]. After intestinal
translocation it invades the bloodstream and reaches liver
and spleen (primary target organs) hematogeneously. There,
resident hepatic and splenic macrophages kill the invading
bacteria leading to control of the infection [210]. This initial
step is thought to be subclinical and common due to the
high prevalence of LM in food. In normal individuals, such
exposure to listerial antigens probably contributes to the
maintenance of memorial T-cells [211]. The unrestricted
replication of LM in the primary target organs as it may
occur in immunocompromized individuals may result in
hematogenous dissemination to other organs and in overt
clinical disease. LM has a predilection for the placenta
and CNS (secondary target organs) that determines the
main clinical syndromes. This predilection is believed to
reflect the inherent ability of LM to cross the blood-
brain and the placental barrier, likely by the interaction of
bacterial internalins and their host cellular receptors [17, 21].
Recently, it has been shown that both InlA and B are required
for the crossing of the placenta [177, 212]. In contrast, such
an interaction remains to be shown to mediate the crossing
of the blood-brain barrier.

Much of the information reviewed above has been
derived from experimental work in laboratory rodents and
cell cultures, whereas the role of LM virulence factors in
its natural hosts is practically not known. InlA may play
a key-role in human virulence as it is indicated by an
epidemiological study, which detected a truncated form of
InlA in 35% of LM food isolates versus only 4% of clinical
isolates [213].

5.3. Genomic Organisation of Virulence Genes. The whole-
genome sequences of LM and of the related nonpathogenic
Listeria innocua and Listeria welshimeri have been deter-
mined, and their comparison has pioneered the identifica-
tion of virulence factors of LM [169, 170, 214–216]. Two
clusters of genes are required for the intracellular life-cycle
of LM. The genes that encode the key virulence factors
PlcA, LLO, ActA, and PlcB are clustered in a 10 kb virulence
locus on the chromosome, the Listeria pathogenicity island
1 (LIPI-1), and are under the control of a transcriptional
activator, the positive regulatory factor A (PrfA), [200, 217].
The latter itself is regulated by environmental conditions,
namely, the temperature [218–220]. At mammalian host
temperature (37◦C), PrfA is translated and thus PrfA-
dependent virulence genes are transcribed permitting LM to
switch from an environmental bacterium into a intracellular
pathogen. The second cluster consists of an operon with only
two genes, inlA and inlB. Additionally to inlA and inlB, a high
number of virulence genes encoding for internalin-like genes
are scattered within the genome [171].

6. Neuropathogenesis

The means by which LM invades the brain have been subject
of speculation for decades in both human and veterinary
medicine [4, 14, 221]. From the pathological point of view,
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the variation of neuropathological patterns that are associ-
ated with CNS infection suggests strongly that the pathogen
is able to invade the brain by both hematogenous spread
or by migration along axons. However, the pathogenesis
of both major manifestations of CNS infection—meningitis
and rhombencephalitis—is largely unknown. Notably, the
infectious dose required host and pathogen factors involved,
particularly the role of LM virulence factors, reasons for the
low attack rate, molecular mechanisms of brain invasion, and
dynamics of the CNS infection including factors determining
the outcome remain challenging.

6.1. Meningitis. The meningeal form with its diffuse
distribution—as it occurs frequently in humans—is likely
to be a result of hematogenous spread to the brain and
crossing of the blood brain barrier. Indeed, in murine
models of listeriosis bacteraemia is required for CNS invasion
and lesions as well as bacteria are mainly observed in
the meninges, choroid plexi and ependyme [222–225]. In
vitro and in vivo experiments could show that LM is
able to cross the blood-brain barrier by direct invasion of
endothelial cells, cell-to-cell spread from infected phagocytes
to endothelial cells, or by entry between endothelial cells
within infected phagocytes [222, 226–232]. At present,
the molecular mechanisms of breaching the blood-brain
barrier by LM are still virtually unknown. Given that the
endothelium and the choroid plexus epithelium of the
blood-brain barrier may express E-cadherin [179, 233–235],
some authors suggest that a receptor interaction between
the cellular E-cadherin and bacterial internalin A might be
the underlying mechanism of blood-brain-barrier crossing,
similar to what happens at the intestinal and placental
barrier [17, 21, 177, 212]. Epidemiologic data in humans
do not indicate that InlA contributes to neuroinvasion from
the bloodstream [213]. Two further virulence genes have
been proposed to play a role in CNS infection based on
investigations of mutant strains in the mouse model, plcB
and gtcA, a gene that mediates teichoic acid glycolisation.
PlcB is not indispensable, since plcB-negative mutants were
able to cause delayed encephalitis in the mouse-model [31].
Mutations involving the gtcA gene that encodes putative cell
wall components caused attenuated growth of LM in the
brain of mice, and thus the authors speculate that these
mutations caused a lower efficiency in the passage of the
blood-brain-barrier [32].

6.2. Rhombencephalitis in the Natural Host. In humans,
rhombencephalitis occurs in up to 24% of listeriosis patients
[13, 80–83]. Both distribution and nature of the lesions
are very similar in listeric rhombencephalitis of people and
ruminants [87, 165]. However, despite the significant losses
in livestock industry due to listeriosis and the growing
impact of this zoonosis in ruminants and humans [8, 9,
50], surprisingly few studies have been focused on the
pathogenesis of encephalitic disease in its natural hosts in
the last decades [33, 165, 236]. This is in contrast to the
large number of studies on listeric CNS disease in mice and
rats, which are not naturally susceptible to LM infection due

to species-specific properties of E-cadherin that functions
as a receptor for internalin A [31, 175, 222–225, 237–252].
Because experimental data and observations in natural dis-
ease diverge, the pathogenesis of listeric rhombencephalitis
and particularly the mechanisms of brainstem predilection
are still controversial [131, 135, 136, 166, 222, 253]. However,
the neuropathological pattern of the natural disease and
the observation of intraaxonal and intraneuronal bacteria
(Figures 5 and 6) strongly suggest that foodborne LM cells
invade the brainstem by axonal migration along various
cranial nerves [87, 131, 136, 165, 254]. Correspondingly, in
an outbreak of listeric myelitis in sheep ascending infection
via the sensory nerves following dermatitis was suspected
and subcutaneous injection of LM in the lumbar and
thoracic regions may cause lumbar and thoracic myelitis
in mice [163, 255]. These observations indicate that the
site of bacterial invasion determines the topography of
CNS lesions. Once in the brainstem, LM likely spreads
further rostrally to higher brain centers and caudally to
the spinal cord along axonal connections [165]. According
to this view, isolation of the agent from the cerebrospinal
fluid (CSF) in ruminant encephalitis usually fails indicating
that it rarely enters the CSF during infection [137]. The
intriguing topography of lesions that hit systematically
and particularly the rhombencephalon is atypical for a
bacterium. As a general rule, bacteria invade the brain
hematogenously. During septicemia, bacteria may cross the
blood-brain-barrier at the level of the microvasculature
causing meningitis, choroiditis, and ependymitis. Alterna-
tively, microorganisms may travel to the brain lodging in
septic thromboemboli that get trapped within parenchymal
vessels and produce disseminated suppurative lesions within
the brain parenchyma that with time develop to abscesses
[86]. In this context, it is fascinating that a second ubiq-
uitous and facultatively intracellular bacterium, which is
able to spread from cell to cell by actin-polymerization—
Burkholderia pseudomallei—causes a brainstem encephali-
tis in men and animals akin to that of LM [256–261].
Therefore, it is thought that Burkholderia pseudomallei like
LM probably moves to the brainstem by centripetal axonal
migration. Furthermore, in the vast majority of cases LM
is isolated from the brain, but not from other organs
[131, 158, 262]. Taken together, these data do not support
a hematogenous infection. LM rather enters submucosal
nerve endings through mucosal injuries anywhere in the
oropharyngeal and nasal cavity, lips, conjunctiva, or gut [135,
165]. It has been attempted to infect sheep using various
inoculation routes including intramuscular, intradermal,
subcutaneous, intracarotid, intracerebral, intravenous, oral,
intraruminal, intravaginal, and conjunctival inoculation
[133, 145–147, 152, 262–265]. However, typical lesions of
rhombencephalitis could only rarely be reproduced, and
clinical responses after the subcutaneous injection of LM
in sheep and goats or after oral challenge are generally
minimal [3, 133, 263, 265, 266]. In contrast, experimental
exposure of injured oral mucosa to LM and intranerval
inoculations may cause lesions in the brainstem of mice,
sheep and goats reminiscent of the natural disease [135, 157,
159, 237, 241, 267, 268]. Myelitis, and radiculitis in sheep
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Figure 5: Rhombencephalitis in a sheep: necrotic neuron (asterisk)
with intraneuronal Listeria monocytogenes (arrow) in a microab-
scess of the medulla oblongata. H&E, bar = 13 μm.

Figure 6: Rhombencephalitis in a sheep: intraaxonal Listeria
monocytogenes (arrows) within a microabscess of the medulla
oblongata. H&E, bar = 13 μm.

were produced by injecting LM into the left infraorbital nerve
[269].

Some groups claim that hematogenous infection with
LM leads to rhombencephalitis, and targeting of the
brainstem is determined by its high microvascular density
[166, 222, 244, 270]. However, lesions were frequently not
restricted to rhombencephalitis, but included additional
severe and diffuse choroiditis, meningitis and disseminated
microabscesses in other brain areas, which is in contrast to
the natural disease.

6.3. Rhombencephalitis in Experimental Laboratory Animals.
Experimental research on listeric encephalitis, however,
yielded contradictory results. The main obstacle for the study
of listeric encephalitis is the lack of an animal or in vitro
model that reflects the natural infection and consistently
reproduces rhombencephalitis. Most experiments in labora-
tory rodents, notably the mouse, reflect unnatural infection
routes by employing intracerebral or intravenous infection,
as these species are highly resistant to lethal infection and
CNS invasion following oral inoculations of LM, which

imitate the natural route of infection, due to an amino acid
mutation in E-cadherin, the cellular receptor for InlA [175].
Although an increasing number of studies aim towards
natural routes of infection [176, 223], numerous studies
still employ parenteral inoculations. This problem may be
overcome in future with the use of the genetically engineered
E16P knock-in mouse that expresses human E-cadherin in
all tissues [271]. Animals inoculated intracerebrally or intra-
venously suffer a severe and diffuse meningoencephalitis and
choroiditis, but not rhombencephalitis [31, 222–225, 245–
247, 250, 251]. Differences in neuropathological expression
of CNS listeriosis between laboratory animals and the natural
host may not only reflect variation in exposure route but
also species-specific anatomical and physiological differences
of the brain. Furthermore, most experimental studies of
encephalitis in laboratory animals and cell cultures have been
carried out with the LM EGD strain and mutants, which are
serotype 1/2a and may not reflect the virulence mechanisms
of the other two clinically important serotypes 1/2b and
notably 4b [31, 32, 222, 239, 241, 242, 270, 272]. Therefore,
although laboratory animal models have contributed to
the understanding of the pathogenesis in listeriosis, the
results obtained in these models cannot be automatically
extrapolated to humans and ruminants, since small rodents
are not naturally susceptible to LM infection.

6.4. Mechanisms of Neural Spread. Although many data
strongly indicate a local invasion via centripetal migration
along axons, the mechanisms of this process are virtually
unknown. The first riddle to solve is how LM is able to
pass the mucosal barrier and enter the submucosal nerve
endings. At present, it is thought that LM passes the mucosal
epithelium of the upper gastrointestinal tract through small
mucosal abrasions. There are two potential scenarios that
may explain axonal invasion of cranial nerves: it may occur
when LM surface proteins interact with a yet unidentified
membrane receptor on the axonal surface or by cell-to-
cell spread from infected macrophages in the submucosa
[240]. The former hypothesis is supported by the apparently
selective infection of neuronal populations in vitro [239].
Potential candidates would be InlA and InlB, which have
both been shown to be required for the invasion of other
cell types [176–178, 180–183, 212]. Interestingly, the cellular
receptor of InlA, E-cadherin, is expressed in murine neuronal
subpopulations such as sensory neurons of the trigeminal
and dorsal root ganglion [273–275]. Most experimental data
favor an axonal invasion via cell-to-cell spread from infected
macrophages. In contrast to the observation of intraneuronal
and intraaxonal LM during natural encephalitis, in vitro data
of experimentally infected rat spinal and ovine brain cell
cultures indicate that the bacterium rarely infects neurons
[253, 276]. The infection rate increases when neurons are
cocultivated with infected macrophages, indicating that LM
infects neurons rather by cell-to-cell spread than by direct
invasion through receptor interaction [276]. Further evi-
dence for such a cell-to-cell spread of LM from macrophages
comes from in vivo data in mice indicating that macrophages
and dendritic cells facilitate neuroinvasion [272].
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The affection of both motor and sensory nerves indicates
that LM spreads by antero- and retrograde axonal migration
to the neuronal bodies of brainstem and midbrain, likely
by employing its actin tail as suggested by experimental
data [87, 165, 239, 240]. Transganglionic migration within
sensory nerves and further intracerebral spread between
functionally connected neuronal cell populations likely occur
via cell-to-cell spread. This would be in line with the
importance of PlcB, a virulence factor promoting cell-to-
cell spread, in the pathogenesis of experimental listeric
meningoencephalitis [31].

It is important to note that much of the information
reviewed above has been derived from experimental work in
laboratory rodents and cell cultures. Thus, it remains to be
demonstrated that these findings are applicable to the disease
in its natural hosts.

7. Strain Variation in Relation to
Neurovirulence in Humans and Ruminants

The species LM encompasses numerous strains and the
genetic diversity amongst them is high [277]. Various strains
have been implicated in both human and animal disease and
it is not clear which LM subtypes in the environment cause
illness. Thus, current surveillance schemes for foods are
based on the assumption that all LM isolates are potentially
pathogenic resulting in costly recalls in food industry.
However, epidemiological studies conjoint with strain sub-
typing by diverse methods (such as serotyping or genomic
approaches) suggest that there are, as yet, poorly understood
interstrain differences in virulence and transmission [120,
278–283]. Therefore, research in recent years focused on the
identification of molecular markers that determine the strain
variation in virulence. Although progress has been made,
the conundrum is only fragmentarily unraveled and with
regard to the neurological disease it is virtually unknown
whether neurotropic strains exist and what determines their
propensity for neuroinvasion.

7.1. Serotypes. Although at least 13 serotypes are known,
more than 95% of clinical isolates from human epidemics
or sporadic cases belong to only three serotypes: 1/2a, 1/2b,
and notably 4b, which are not the most common strains
amongst environmental and food isolates [213, 279, 281,
284–287]. On the other hand, other serotypes are rarely
responsible for human disease regardless of their common
isolation from food or environmental specimens [277, 282,
288, 289]. However, food strain types and clinical strains
partially overlap and key virulence genes are present in
all serotypes [118, 290–293]. Food isolates, though, show
more genetic diversity than clinical strains, suggesting that
only certain food-derived strains may cause human infection
[294]. The majority of LM strains that account for large
but temporally and geographically unrelated outbreaks of
food-borne listeriosis appear to form two epidemic clones
in the serotype 4b, independently of the contaminated
source involved [15, 279, 286, 295–297]. This serotype is

also responsible for the majority of sporadic infections and
is apparently overrepresented in pregnancy-associated cases
and meningoencephalitis, whilst 1/2b has been primarily
associated with nonpregnant individuals with severe under-
lying illness and HIV infections [279, 285, 298–301]. Taken
together, these data suggest that serotype 4b is more virulent
than other serotypes of LM. In line with these results, another
study revealed a higher mortality rate in patients infected
with strains of serogroup 4b as compared to other serotypes
[302].

7.2. Genotypes. The application of genomic subtyping meth-
ods resulted in two major evolutionary lineages (lineages
I and II) and one minor lineage (lineage III) of LM that
apparently differ in host specifity and pathogenic potential
[282, 283, 293, 297, 303–305]. Thereof lineage I is highly
clonal and contains all 4b food-borne-epidemic isolates
despite the different countries concerned and the food
vehicles involved as well as additional isolates from sporadic
cases. In contrast, lineage III contains no human clinical
isolates. Lineage II shows a greater genetic diversity and
contains clinical isolates but apparently no isolates from
food-borne epidemics. One study that employed repetitive
element sequence-based PCR could allocate food isolates in
another genomic cluster than clinical isolates from human
and animals [306].

7.3. Correlation of LM Strains with Pathogenicity. At present,
it is not known though whether the observed divergence
in subtype distribution between clinical and environmental
isolates reflects potential variation in virulence or adaptation
to particular ecological niches (e.g., food processing plants)
enabling certain serotypes to contaminate food products
at infectious levels [118]. One further explanation for the
divergence would be a transmission route different than
foodborne [289]. However, in either case a molecular basis
for variations remains to be discovered. First steps have been
done with the discovery of low-virulent strains that account
for a significant proportion of environmental isolates [278,
307–312]. Mutations in their key virulence genes including
inlA, inlB, plcB, prfA, hly (LLO-encoding gene), or actA
have been detected [313–317]. However, the low virulence is
mainly determined by point mutations in diverse virulence
genes, which are impossible to detect by most subtyping
methods [317]. Accordingly, attempts to use key virulence
proteins and genes as targets for discrimination of virulent
from avirulent LM strains generally failed because both pro-
teins and genes were present in the entire strain population
studied independently of their origin [282, 318–320]. An
exception is the low virulence of some strains determined
by a truncated form of InlA. An epidemiological study could
show that the full-length form of InlA was expressed by 96%
of clinical LM isolates versus 65% of food isolates [213, 313].
Internalin J (lmo 2821) is another virulence factor claimed to
be a putative marker for differentiation between virulent and
avirulent strains as it is invariably present in virulent strains
[184, 185, 321].
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As epidemiological data suggest interstrain variation in
virulence, strong efforts have been made to develop in
vitro tests and animal models that reflect the variation in
virulence between clinical and environmental strains, though
with inconsistent results. Although reproducible virulence
differences were observed between LM strains in both cell
cultures and animal models [278, 308–311, 322–326], not all
studies found a correlation of the virulence in the laboratory
with the serotype or the source (e.g., clinical isolate, food
isolate) [309, 327]. However, several mouse studies observed
a higher infectivity of serotypes 1/2a, 1/2b, 1/2c, and 4b
strains than other serotypes [184, 328–330] and some in
vitro studies observed virulence differences between clinical
and food isolates [307, 326, 331], which is in line with the
epidemiological observations.

7.4. L. monocytogenes Strains in Farm Animals. Although
little is known about the distribution of clinical LM strains
in animals, there is some epidemiological evidence that—
like in humans—interstrain differences in virulence and
organ tropism exist. In farm ruminants, the different clinical
forms rarely overlap in the same herd, and visceral and
cerebral listeriosis only exceptionally occur simultaneously
in the same animal [126, 282, 332]. Furthermore, LM
may cause encephalitis in pregnant ruminants without
inducing abortion [262, 333] (own observations). However,
the significance of divergent LM strains in the pathogenesis
of ruminant listeriosis is not well known. As in humans,
serovars 1/2a, 1/2b, and 4b appear to be the most commonly
isolated LM strains in ruminants and ruminant LM isolates
belong to all three identified evolutionary lineages [162, 282].

7.5. Factors of Neurovirulence. Whilst CNS infection is
substantially responsible for the high mortality in both
human and ruminant listeriosis, the identification of neu-
rovirulence factors has not received much attention. The
particular neuropathological pattern of rhombencephalitis
and the absence of other organs involvement in previously
healthy patients and ruminants suggests that LM strains
with neurotropism exist. But with regard to molecular
markers that determine strain variation in neuroinvasion and
neurovirulence research is in the dark. A major handicap is
the lack of an adequate animal or in vitro model to define and
measure neurovirulence.

Older publications describe that in natural ruminant
encephalitis either serotype 1 or 4b prevails depending on
the geographical area [158, 334]. In experimental infection
of sheep, one serotype 4 isolate showed high neurovirulence,
whilst serotype 1 did not induce rhombencephalitis [157].
Similar results have been reported by other authors [267,
268, 335, 336]. In this context, it is worthy of note that
occasionally different subtypes of LM may be isolated from
clinically affected animals during an outbreak [101, 110,
334]. Interestingly, a particular phage type of LM was associ-
ated with an unusually high incidence of rhombencephalitis
during a Swiss outbreak of human listeriosis [156].

PlcB has been proposed as a virulence factor for
encephalitis, but PlcB is not indispensable, since PlcB-
negative mutants were able to cause delayed encephalitis in
the mouse-model [31]. An epidemiological study of human
clinical isolates could associate CNS infections with two
particular ActA subtypes [287]. Wiedmann identified one
particular LM ribotype that was strongly associated with
encephalitis in cattle indicating that this ribotype might
be a host-associated subtype [282], and a recent study
suggests that lineage I strains may have neurotropism in
cattle [337]. These authors observed that encephalitic strains
in cattle posses a specific internalin profile (lacking inlF and
inlG) and a specific actA type (lacking one actA proline-
rich repeat) and therefore speculate that gene-loss events
and deletions may be associated with virulence and tissue
specificity of the different strains. However, the importance
of these genes in neurovirulence and neuroinvasion, whether
by hematogenous infection or axonal migration, is not
known.

8. Are Ruminants a Zoonotic Reservoir for
Human Rhombencephalitis Strains?

The link between ruminant and human listeriosis is not
completely understood. Listeriosis is defined a zoonosis,
but direct transmission between ruminants and humans
rarely occurs and is in most cases associated with nonlife-
threatening cutaneous infections through contact with
infected cattle or after handling of abortive material [201,
202]. However, it appears reasonable to implicate ruminants
as an important natural reservoir for strains causing human
infections given that one epidemic clone responsible for a sig-
nificant proportion of human epidemics has been frequently
isolated from cases of ruminant listeriosis [118, 121, 282, 297,
338]. Furthermore, dairy farms are frequently contaminated
with LM, particularly as compared to other environments,
and its subtype populations in the farm environment
encompass commonly strains that have been associated with
human illness, whether sporadic or epidemic [48, 90, 92, 107,
119, 120, 128, 139, 291, 339–345]. Ruminants, particularly
cattle, contribute to amplification and dispersal of LM into
the farm environment [120]. The bacteria can be shed in the
feces of clinically affected animals, but also healthy carriers
[90, 92, 107, 119, 128, 130, 339, 346, 347]. Raw milk might
contain LM either as a consequence of bacterial shedding in
the milk or due to exogenous contamination from the dairy
farm environment [291, 340, 348–355].

Human listeriosis is principally a food-borne infection
and most reported outbreaks of listeriosis in men are
attributed to the consumption of contaminated products
of animal origin [15, 58, 339, 340, 356–362]. Transmission
may occur indirectly through food products from infected
animals or healthy carriers that are not processed before
consumption as well as raw vegetables that are contaminated
by LM containing manure [363]. Most foods of animal
origin are treated by procedures that effectively kill LM in
raw foods. Therefore, a possible means of transmission of
LM strains from ruminants to humans is their introduction
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and establishment in food processing facilities, and their
ability to produce biofilms and to adhere to inert surfaces
may significantly contribute to the latter [46, 364, 365].
Supporting this hypothesis, one study identified several
LM genotypes that contaminated both dairy-processing and
farm environments [366].

Although all these results strongly implicate ruminants
as a natural reservoir for LM and a source of human
infections, at present, there are no data with regard to the
extent of strain population overlap between human and
ruminant rhombencephalitis. The identical neuropathology
of listeric rhombencephalitis in humans and ruminants,
however, indicates that neurotropic strains common to both
hosts are responsible for the disease.

9. Conclusions

Rhombencephalitis is an apparently uncommon form of
listeriosis in humans, but its prevalence is likely underesti-
mated [13, 80–83]. In contrast, in ruminants it is the most
common clinical expression of listeriosis and at the same
time the most common CNS disorder [50]. The intriguing
distribution and the nature of the lesions are very similar
in listeric rhombencephalitis of people and ruminants [87,
165]. Furthermore, ruminants may shed high numbers of
LM in their feces [90, 92, 107, 119, 128, 130, 339, 346,
347], and dairy farms are frequently contaminated [92, 120].
Until recently, it has been believed that all LM strains are
potentially pathogenic. However, epidemiological evidence
suggests that there are strain-specific variations in virulence
and research has identified strain variation in respect to
virulence in animal and cell culture models, although the
results frequently do not correlate with epidemiological
data. Taken together, these data indicate that neurotropic
strains of LM common to both humans and ruminants
might cause the rhombencephalitis and that ruminants and
their close environment may be their natural reservoir. The
identification of virulent strains causing rhombencephalitis
and their differentiation from avirulent and low-virulent
strains would help to implement effective control and
prevention measures against LM. In the context of the
reported increase of LM infections in humans [8–10] and the
high prevalence of listeric rhombencephalitis in ruminants
[50] there is an urgent need to study host and bacterial
factors, which contribute to listeric rhombencephalitis, and
notably the molecular mechanisms of neuroinvasion, which
are poorly understood. Future research might focus on the
identification of candidate bacterial proteins and the respec-
tive host cell receptors that determine host cell specificity and
tissue tropism. The first steps have been done by identifying
the key-players in the crossing of the intestinal and placental
barrier. Now it is time to search for those that enable the
agent to invade the brain.
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[317] S. Témoin, S. M. Roche, O. Grépinet, Y. Fardini, and P.
Velge, “Multiple point mutations in virulence genes explain
the low virulence of Listeria monocytogenes field strains,”
Microbiology, vol. 154, no. 3, pp. 939–948, 2008.

[318] T. Nishibori, K. Cooray, H. Xiong, et al., “Correlation
between the presence of virulence-associated genes as deter-
mined by PCR and actual virulence to mice in various strains
of Listeria spp,” Microbiology and Immunology, vol. 39, no. 5,
pp. 345–349, 1995.

[319] Z. W. Jaradat, G. E. Schutze, and A. K. Bhunia, “Genetic
homogeneity among Listeria monocytogenes strains from
infected patients and meat products from two geographic
locations determined by phenotyping, ribotyping and PCR
analysis of virulence genes,” International Journal of Food
Microbiology, vol. 76, no. 1-2, pp. 1–10, 2002.

[320] S. Chiu, P. B. Vanderlinde, and G. A. Dykes, “A comparison
of selected methods for measuring the virulence properties of
Listeria spp,” Canadian Journal of Microbiology, vol. 52, no. 4,
pp. 301–307, 2006.

[321] D. Liu, M. L. Lawrence, L. Gorski, et al., “Listeria mono-
cytogenes serotype 4b strains belonging to lineages I and
III possess distinct molecular features,” Journal of Clinical
Microbiology, vol. 44, no. 1, pp. 214–217, 2006.

[322] A. H. Barbour, A. Rampling, and C. E. Hormaeche, “Vari-
ation in the infectivity of Listeria monocytogenes isolates
following intragastric inoculation of mice,” Infection and
Immunity, vol. 69, no. 7, pp. 4657–4660, 2001.

[323] A. M. Lammerding, K. A. Glass, A. Gendron-Fitzpatrick,
and M. P. Doyle, “Determination of virulence of different
strains of Listeria monocytogenes and Listeria innocua by oral
inoculation of pregnant mice,” Applied and Environmental
Microbiology, vol. 58, no. 12, pp. 3991–4000, 1992.

[324] S. M. Roche, P. Gracieux, I. Albert, et al., “Experimental
validation of low virulence in field strains of Listeria mono-
cytogenes,” Infection and Immunity, vol. 71, no. 6, pp. 3429–
3436, 2003.

[325] S. M. Roche, A. Kerouanton, J. Minet, et al., “Prevalence of
low-virulence Listeria monocytogenes strains from different
foods and environments,” International Journal of Food
Microbiology, vol. 130, no. 2, pp. 151–155, 2009.

[326] A. Jensen, L. E. Thomsen, R. L. Jørgensen, et al., “Processing
plant persistent strains of Listeria monocytogenes appear to
have a lower virulence potential than clinical strains in
selected virulence models,” International Journal of Food
Microbiology, vol. 123, no. 3, pp. 254–261, 2008.

[327] C. N. Larsen, B. Nørrung, H. M. Sommer, and M. Jakobsen,
“In vitro and in vivo invasiveness of different pulsed-field gel
electrophoresis types of Listeria monocytogenes,” Applied and
Environmental Microbiology, vol. 68, no. 11, pp. 5698–5703,
2002.

[328] S. H. Kim, M. K. Bakko, D. Knowles, and M. K. Borucki,
“Oral inoculation of A/J mice for detection of invasiveness
differences between Listeria monocytogenes epidemic and
environmental strains,” Infection and Immunity, vol. 72, no.
7, pp. 4318–4321, 2004.

[329] D. Liu, M. L. Lawrence, M. Wiedmann, et al., “Listeria mono-
cytogenes subgroups IIIA, IIIB, and IIIC delineate genetically
distinct populations with varied pathogenic potential,” Jour-
nal of Clinical Microbiology, vol. 44, no. 11, pp. 4229–4233,
2006.



Interdisciplinary Perspectives on Infectious Diseases 21

[330] D. Liu, M. L. Lawrence, A. J. Ainsworth, and F. W. Austin,
“Toward an improved laboratory definition of Listeria mono-
cytogenes virulence,” International Journal of Food Microbiol-
ogy, vol. 118, no. 2, pp. 101–115, 2007.
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Prion disorders are infectious, neurodegenerative diseases that affect humans and animals. Susceptibility to some prion diseases
such as kuru or the new variant of Creutzfeldt-Jakob disease in humans and scrapie in sheep and goats is influenced by
polymorphisms of the coding region of the prion protein gene, while other prion disorders such as fatal familial insomnia,
familial Creutzfeldt-Jakob disease, or Gerstmann-Straussler-Scheinker disease in humans have an underlying inherited genetic
basis. Several prion strains have been demonstrated experimentally in rodents and sheep. The progression and pathogenesis of
disease is influenced by both genetic differences in the prion protein and prion strain. Some prion diseases only affect the central
nervous system whereas others involve the peripheral organs prior to neuroinvasion. Many experiments undertaken in different
species and using different prion strains have postulated common pathways of neuroinvasion. It is suggested that prions access the
autonomic nerves innervating peripheral organs and tissues to finally reach the central nervous system. We review here published
data supporting this view and additional data suggesting that neuroinvasion may concurrently or independently involve the blood
vascular system.

1. Background

Other than by direct invasion following traumatic and
iatrogenic incidents, infectious agents can gain access to
the brain by two mechanisms: using peripheral nerves as
physical conduits (neural neuroinvasion) or via the blood
(haematogenous neuroinvasion). Documented examples of
the first include viruses, such as lyssaviruses or herpesviruses,
and some bacterial infections such as listeriosis. Examples of
the second include lentiviruses or flaviviruses and meningi-
tides and thromboembolic encephalitides of bacterial aetiol-
ogy.

The precise nature of the infectious agent of the transmis-
sible spongiform encephalopathies (TSEs) or prion diseases
is still to be determined, although the most widely accepted
theory (the “protein-only” hypothesis) is that they are caused
by an infectious proteinaceous agent. This agent, usually
termed “prion” and often designated as PrPsc, hypothetically
originates as a result of an aberrant misfolding process
of the cellular, normal host prion protein (PrPc). TSEs
are a group of neurodegenerative disorders that can affect
animals and humans and include, amongst others, scrapie in

sheep and goats, bovine spongiform encephalopathy (BSE),
chronic wasting disease (CWD) in cervids, transmissible
mink encephalopathy (TME), and Creutzfeldt-Jakob disease
(CJD) and its variant form (vCJD) in humans. Common
to other protein misfolding neurological disorders, like
Alzheimer’s disease, TSE-affected individuals progressively
accumulate disease-associated abnormal forms of PrPc,
generically designated PrPd, in the brain and, in many
instances, in other tissues. Regardless of the precise nature of
the infectious agent, and although TSEs can be experimen-
tally or iatrogenically reproduced by a variety of routes, it
is believed that most natural infections are acquired by the
alimentary route, so that the first barrier that the infectious
agent encounters is the gastrointestinal epithelium. Once this
barrier has been crossed, TSE agents could theoretically reach
the brain by the same two pathways as any other infectious
agent.

In this review we will present the findings that have led to
the prevailing hypothesis of neuroinvasion in animal TSEs,
that is, the neural route. We will also discuss whether such
findings and recent data are compatible with an alternative or
complementary pathway, that is, the haematogenous route.
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Emphasis will be laid on data from experimental TSE models
in rodent species and sheep, although findings arising from
natural infections in several species will also be considered.

One precaution to be taken when interpreting studies
on pathogenesis is to consider carefully the techniques
employed. In the case of TSEs, some of those studies, par-
ticularly early ones, were carried out by bioassay of selected
tissues in laboratory animal species. While this approach is
the only one that can demonstrate actual infectivity, it cannot
determine which tissue structure or cell-type is infected
because of the difficulties in fine dissection procedures and
the risk of cross-contamination between tissues at necropsy.
More recent and often comprehensive studies use PrPd as a
surrogate marker of infection, albeit the correlation between
the two is not always precise. The disease-specific form of
the prion protein can be detected in the brain and viscera
of TSE affected animals by a number of techniques, some
of which, like ELISA or Western blot, employ extraction in
detergents and incomplete enzymatic degradation to reveal
protease-resistant PrP (PrPres). However, these techniques
still lack definition of the precise structures harbouring the
surrogate marker because sample dissection is done on fresh
or frozen tissue. PrPd detected by immunohistochemistry
(IHC) circumvents issues of potential contamination and
can be precisely ascribed to specific tissues, structures, and
cells, and even to the intra- or extracellular compartments.
Moreover, IHC is able to detect diverse morphological
types of PrPd which, depending on the protocol used, can
include both protease-resistant and protease-sensitive forms.
By using a panel of PrP antibodies, the integrity of the protein
(full length or truncated, and their location) can also be
determined.

2. Neural Neuroinvasion: The Prevailing View

2.1. Spread of Infectivity along Nerves. A number of studies
have provided evidence in support of anterograde and
retrograde transport of prion infectivity along peripheral
nerves, and of transynaptic spread of infectivity within the
central nervous system (CNS). The most easily interpretable
paradigms arose from experiments based on cranial and
peripheral nerve challenges. Thus, intraocular injection
results in spread of infectivity along retinal ganglion axons
and once within the brain follows transynaptic dissemination
through the visual pathways [1, 2]. Similarly, following
intralingual inoculation, infectivity ascends rapidly and
retrogradely via the XII cranial nerve reaching the hypoglos-
sal nucleus within two weeks [3]. Curiously, evidence of
transport along the olfactory nerves following intranasal
exposure is still lacking [4, 5], and only the most recent
experiments done by Bessen et al. [6] showed that only
one hamster clinically affected out of five had traces of
PrPd concomitantly within the olfactory sensory epithelium
and in the glomerular layer of the olfactory bulbs. This
result suggests that some transport of infectivity by olfactory
nerves is possible although it is unclear if it would occur
anterogradely from the CNS or retrogradely from the
olfactory epithelium.

Estimates of the speed of axonal transport of prions vary
from 0.5–3 mm/day along peripheral or cranial nerves, or
within the central nervous system [7, 8]. Although these
estimates face the significant confounding factor of the rate
at which infectivity or PrPd is amplified or accumulated
in the reporter cell or tissue, the data suggest that rates of
spread of infectivity do not precisely correspond with either
slow or fast axonal transport mechanisms. Nevertheless,
neurotropic viruses also show a similar broad range of
transport velocities; herpesviruses, for example, travel at
rates of fast axonal transport [9], while the calculated velocity
of rabies virus may be as low as 12 mm/day [10]. It is difficult
therefore to conclude how prion infectivity may spread along
neuronal processes simply from crude estimates of transport
velocity.

The numerous intranerve transmission studies provide
conclusive evidence that infectivity can be transported into
the CNS along or within axons. There is also evidence that
infection may also be transported out of the CNS along
axons. Experimental rodent infections with the agents of
scrapie and TME have shown that infection can spread from
the thoracic segments of the spinal cord to their corre-
sponding spinal [7] and to the sciatic [8] nerves. Similarly,
intracerebral challenge of deer with cattle BSE results in
PrPd in the enteric nervous system (ENS) in the absence
of lymphoid tissue involvement and only after widespread
PrPd accumulation in the brain [11]; such findings are most
probably due to anterograde transport of infectivity from the
CNS along nerve fibres.

2.2. Involvement of Lymphoid Tissues and Peripheral Nerves in
TSEs. As early as 1967, studies of mouse scrapie after sub-
cutaneous injection suggested that lymphoreticular system
(LRS) tissues of hamsters such as the spleen and lymph
nodes acquired infectivity prior to the brain [12]. In contrast,
Kimberlin and Walker [13] did not find a similar role
for the spleen when a different route was used. In those
studies, intragastric administration of the scrapie strain 139A
into mice concluded that agent replication in the Peyer’s
patches (PPs) occurred as fast as in the cervical lymph
nodes, and earlier than in the spleen and CNS. Furthermore,
splenectomy in those animals had no effect on incubation
periods, in contrast to previous observations obtained after
intraperitoneal inoculation with the same scrapie strain [14,
15]. These results, obtained in murine models, formed the
pillars of the current neuroinvasion dogma, which suggests
that after intraperitoneal infection neuroinvasion is initiated
from the spleen and involves the sympathetic nervous system
[14, 15], whereas neuroinvasion after intragastric infection
is initiated directly from the intestines (via the PPs) and
involves the enteric nervous system (ENS; [13]).

Several time course studies were initiated to investigate
the spread of infectivity from the LRS to the CNS, [14,
16, 17]. Such studies reported a common neuroinvasion
pathway for the intraperitoneal, intravenous (tail vein), and
subcutaneous routes (scruff of the neck and foot pad),
suggesting that neuroinvasion occurred through the spleen
(and presumably visceral lymph nodes), along autonomic
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nerves such as the splanchnic nerves to the mid-thoracic
spinal cord, from where it would disseminated gradually to
the rest of the CNS (brain and lumbar spinal cord). Although
direct evidence for the initial spleen-thoracic spinal cord
pathway was lacking because of difficulties in sampling small
autonomic nerves and ganglia in mice, indirect evidence
based on detection of infectivity in the stromal fraction
of the spleen, in which nerve endings are abundant, was
provided [18]. At the same time, centrifugal spread from the
spinal cord and brain to peripheral nerves was demonstrated
[7, 19].

Working with orally or intraperitoneally inoculated
hamsters, Baldauf et al. [20] provided strong evidence
for an alternative route of access of the 263 K strain to
the brain that bypassed the spinal cord. It was proposed
that the fibres of the vagus nerve would be the most
likely direct pathway, although other cranial nerves and a
blood- or even a cerebrospinal fluid- (CSF-) borne access
were not ruled out. Similar to previous data obtained by
Western blot analysis [21], spleens of infected hamsters did
not consistently show PrPres thus questioning mandatory
lymphoid tissue replication prior to neuroinvasion. Further
evidence from experimental scrapie rodent models [22–
26] confirmed the early involvement of the enteric and
abdominal ganglia not only by doing infectivity assays but
also by detecting the PrPd by IHC or paraffin-embedded
tissue blot. Spatio-temporal studies on PrPd deposition
revealed that the dorsal motor nucleus of the vagus nerve
(DMNV) and the intermediolateral columns (IMLC) of
the thoracic spinal cord were the first two CNS target
sites to accumulate PrPd. These authors suggested that
the infectious agent reached the CNS retrogradely from
the ENS by two different circuits: the splanchnic nerves
circuit and the vagus nerve circuit as illustrated in Figure 1.
The splanchnic circuit involved the cranial mesenteric
and celiac ganglia and the IMLC followed by the dorsal
root ganglia. The vagus nerve circuit involved the DMNV
by passing the nodose ganglion. Subsequent experiments
demonstrated the presence of infectivity in the vagus nerve
and the cranial mesenteric ganglia by hamster bioassays
[22].

Using 263 K infection of hamsters, Diringer [27]
described a low level of “viraemia” lasting for at least 40
days, with detectable amounts of infectivity in the CNS,
purportedly in capillary endothelial cells, but no sustained
replication elsewhere. Experiments using the same hamster
scrapie model discouraged consideration of haematogenous
dissemination of infectivity by describing replication in the
spleen and thoracic spinal cord earlier than in the brain
[14, 28]. Evidence for a high and persistent “viraemia” was
only available for some specific TSE models, such as the K.Fu
strain of CJD in mice [29]. Similar to experiments in mice,
the topographical PrPd distribution using the hamster model
of 263 K did not reveal any evidence for haematogenous
spread of infection to the brain [22]. Consequently, neuroin-
vasion in most studied rodent TSE models was thought to
be crucially dependent on a non-blood-related compartment
connecting the lymphoid tissue and the CNS, that is, the
peripheral nervous system (PNS).
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Figure 1: Schematic representation of the most generally accepted
hypothesis of the routes of neuroinvasion in TSEs. Permission was
obtained for reproducing this figure originally published in [22].
DRG, dorsal root ganglia; NG, nodose ganglion; CMGC, celiac and
mesenteric ganglion complex; GI tract, gastrointestinal tract.

2.3. Support to Neural Neuroinvasion Gained from Transgenic
and Mutant Rodent Models. An important contribution
towards determining neuroinvasion pathways has been the
use of transgenic, knockout, or mutant mice. From the early
1990s, such approaches have emphasised the role of key
immune cell components in the up-take and replication
of infectivity in the periphery and their contribution in
transporting infectivity to the CNS [26]. In this respect,
Klein et al. [30, 31] found no effect on susceptibility to
disease or on spleen infectivity when mice deficient in
T-lymphocytes were challenged with scrapie. In contrast,
neuroinvasion was impaired in mice that were immunode-
ficient only in B-lymphocytes. Further investigations using
scrapie-infected TNFα−/− mice lacking mature follicular
dendritic cells (FDCs) but not B lymphocytes [32, 33]
concluded that accumulation of infectivity and PrPres/PrPd

in spleen and subsequent neuroinvasion were dependent
upon mature FDCs. Parallel research towards investigating
the role of macrophages in TSE pathogenesis concluded that
macrophages were involved in the clearance of infectivity
[34]. Complementary studies using transgenic mice overex-
pressing PrPc highlighted the importance of determining PrP
interacting molecules or receptors which might be crucial for
the normal function of FDCs and the interaction with B cells
[26]. Although extensive research has focused on FDCs as
cells for prion replication, current research highlights the role
of dendritic cells, B-cells and macrophages in the transfer of
infectivity from the gut to lymphoid organs [35, 36].

It is the interpolations between data obtained from all
different animal models that have led to the most accepted
view on absorption and transport of the infectious agent
to the autonomic nervous system after oral exposure to
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Figure 2: Diagrammatic representation of the possible pathways of absorption of TSE agents from the gut lumen and their transport to the
ENS. Permission was obtained for reproducing this figure originally published in [26].

prions. Figure 2 provides a diagrammatic representation of
the possible ways by which the ENS can become infected
after oral/intragastric exposure. Many studies have focused
on the role of M cells [25], dendritic cells [37], and possibly
enteroendocrine cells as important candidates for the up-
take or absorption of infectivity from the gastrointestinal
tract. The infectious agent would then be transported to the
lymphoid follicles of the PPs, where it would replicate in a
B-cell and FDC-dependent manner. Subsequently, infectivity
would reach nerve endings in and around the follicles and
retrograde transport of the infectious agent would occur
from the nerve endings towards the neuronal somata of
the submucosal and myenteric plexuses. Alternatively, the
agent could be transported from the gut lumen through
the absorptive epithelium of the villi and could infect nerve
endings of the lamina propria before being transported to the
enteric plexuses [39].

Further support for the role of enteric neurons in the
disease is their high PrPc mRNA levels [40]. In parallel,
several rodent models have been produced in order to further
support the idea that sympathetic nerves are responsible for
transporting infectivity from the spleen to the spinal cord.
Apparently this transfer of infectivity, which is facilitated in
highly innervated spleens (as reviewed by [41]), occurs in a
PrPc-dependent fashion [42] and its rate is limited by the
splenic sympathetic innervation [43]. The fact that mice with
hyperinnervated spleens showed shorter incubation periods
and higher infectivity titres and PrPd accumulation [43, 44]
supports this statement, whereas the fact that denervated
mice still develop scrapie [41] and, similarly, the failure
of splenectomy to prevent disease implies that alternative
routes participate in the neuroinvasion process and that
spleen innervation might not be a prerequisite. In this
respect, a major role of parasympathetic nerve fibers like
the vagus nerve has been suspected for decades. However,
similar evidence supporting the role of the vagus nerve in

the pathogenesis of prion diseases is lacking as data from
vagotomised rodent models is not available.

2.4. Neuroinvasion in Experimental Sheep Models. The first
studies on sheep scrapie pathogenesis date back to the
late 70s, at which period bioassay in rodents was the only
tool available to test for the presence of infectivity in
non-CNS tissues. Using such tools Hadlow et al. [45, 46]
demonstrated that scrapie infectivity replicates in the PPs
and other secondary lymphoid tissues before reaching the
CNS. Interestingly, blood was postulated as the vehicle of
infection for those peripheral LRS tissues, even though no
infectivity was detected in blood from naturally scrapie-
infected sheep at the time. Later, sheep experiments traced
infectivity by PrPd or PrPres detection, [47–51] implicating,
in addition to the PPs and other LRS tissues, the PNS, and
the ENS in the spread of infectivity to the CNS.

Cell types supporting infectivity and PrPd accumulation
are generally found throughout all lymphoid tissues, with
the exception of the thymus, and usually also in neurons
of the ENS [49, 53–55]. PrPd accumulation in LRS tissues
is found in association with mature FDCs of the light zone
and tingible body macrophages (TBMs) of the light and
dark zones of secondary follicles (Figure 3). Ultrastructural
studies confirmed that PrPd within the germinal centre
of follicles locates mainly in association with the plasma
membrane of FDCs and lysosomes of TBMs [56]. At early
stages of infection, PrPd has been associated with dendritic
cells or macrophages in the dome of the PPs in addition
to cells of lymphoid tissues [53] or in the lacteals [38, 39].
The demonstration of initial PrPd accumulation in the gut-
associated lymphoid tissue (GALT) and tonsil [49, 53] of
sheep with preclinical natural scrapie strongly supported the
hypothesis of infectivity crossing the mucosal barrier of the
gastrointestinal tract by M-cell transcytosis followed by den-
dritic cell/macrophage transport, as illustrated in Figure 2.
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(a) (b) (c)

(d)

Figure 3: Scrapie infection in lymphoreticular tissues in ARQ/ARQ Suffolk sheep. (a) PrPd accumulation is associated with both FDC and
macrophages in clinically affected sheep as shown by single IHC for PrP antibody R145. Peyer’s patches of the distal ileum. (b) PrPd within
TBMs is N terminally truncated whereas PrPd associated with FDC is not [52]. TBM and FDC can be distinguished in tissue sections by using
N or C terminal PrP antibodies. FDCs (brown), labelled by the N terminal antibody FH11, are in light zone whereas TBMs (purple), labelled
by the C terminal antibody R145, are both in dark and light zones of secondary lymphoid follicles: double IHC for FH11 (brown, DAB
substrate) and R145 (purple, VIP substrate). In spleen, nerve endings located in the marginal zone ((c), IHC for PgP9.5) do not colocalised
with PrPd deposition ((d), IHC for R145). (a)–(d) x20.

In a series of experiments, van Keulen and colleagues
described the temporal spread of PrPd accumulation, in the
GALT, non-GALT LRS, ENS, PNS, and CNS. They postu-
lated that scrapie pathogenesis occurred in three different
phases (Figure 4). In the first phase, after oral exposure to
infection, the scrapie agent would be taken up by M cells
followed by trancytosis to dendritic cells or macrophages,
which would transport infection towards the secondary
lymphoid follicles of the PPs and then drained to regional
lymph nodes. A second phase of lymphatic dissemination
would take place once infectivity is circulating the lymph
(and blood) and therefore non-GALT LRS tissues would
become involved. The fact that most data available on LRS
examinations in sheep scrapie models describe infectivity
of all lymphoid tissues at more or less the same time is
highly suggestive of blood being an early contributing factor
to dissemination of infection. Finally, neuroinvasion would
arise in a third phase as a result of infection of nerve
endings in the gut, GALT, and non-GALT LRS tissues and its
retrograde spread through sympathetic and parasympathetic
pathways.

Several sheep studies, encompassing sheep of different
PrP genotypes, agree on the ENS being the first neural
tissue in which PrPd can be demonstrated [49, 51, 57, 58].
In the latter study, the authors identified the duodenum
and ileum as the initial ENS sites to accumulate PrPd

and suggested subsequent spread towards the upper and
lower gastrointestinal tract [51]. Infection of the different
plexuses of the ENS could arise from various origins ([59];

reviewed by [60]): (i) fine nerve fibres underneath the villous
epithelium could bring infection to the submucosal plexus;
(ii) nerve endings at follicles of the PPs could also take
infection to the submucosal plexus, (iii) indirect contact by
means of lymph or active transport between the PPs and the
ENS. In other studies, Heggebø et al. [59, 61] demonstrated
PrPd accumulation in the marginal zone of the spleen, which
is a highly innervated area. Therefore, as suggested for rodent
models, retrograde transport from sympathetic nerve fibres
connecting the spleen with the spinal cord could support
neuroinvasion in sheep scrapie. Interpretation from all these
studies postulated that entry to the DMNV was either by
a retrograde spread of PrPd from the ENS along efferent
parasympathetic fibres of the vagus nerve or by anterograde
spread from other nuclei such as the nucleus of the tractus
solitarii. The fact that neurons of the trigeminal and nodose
ganglia accumulate PrPd later than the brain [51] would
suggest that these ganglia become affected as a result of
descending transport.

The interval between infection and first PrPd detection
in peripheral tissues of naturally exposed sheep will depend
on age of exposure and dose but experimental data show
that strain and genotype also markedly influence rates of
PrPd accumulation. Sheep of ARQ/ARQ genotype naturally
infected with scrapie or experimentally infected with BSE
[54, 55] accumulate PrPd in LRS tissues more slowly than
do naturally or experimentally exposed VRQ/VRQ sheep
[49, 53]. It is not clear whether these effects are solely strain
or genotype effects or a combination of both.
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Figure 4: Pathogenesis of sheep scrapie. Permission was obtained for reproducing this figure originally published in [53]. For abbreviations
see text.

Comprehensive pathogenetic studies have been per-
formed on sheep infected with BSE, including infectivity
assays [62] and tissue distribution of PrPd deposition by
immunohistochemistry [55, 60, 62, 63]. Despite spatio-
temporal differences reported between them, these studies
complement each other as all had in common the type of
inoculum, dose, and host PRNP genotype. Bellworthy et
al. [62] demonstrated BSE infectivity in a wide range of
tissues of ARQ/ARQ sheep including the PPs as early as 4
months postinfection, the spleen at 10 m after dosing, and
other LRS tissues, CNS, and liver at 16 m postinoculation. In
common with rodent studies, bioassay detecting infectivity
was more sensitive than IHC in detecting presence of PrPd.
Resistance to oral BSE infection was observed in sheep of
ARQ/ARR and ARR/ARR PRNP genotypes, which can be
overcome if the intracerebral route is used [64], although the
resulting magnitude of PrPd accumulation is lower than in
ARQ/ARQ sheep inoculated by the same route [63], and LRS
dissemination is only observed in sheep of the last genotype
[65]. Importantly, no influence of the genotype or of the
route of inoculation was observed on the signature of the BSE
agent in terms of intracellular truncation of BSE PrPd and
proteinase-K cleavage site of BSE PrPres. These experiments
suggest that the pathogenesis of experimental sheep BSE can
differ depending on the route of inoculation and the host
PRNP genotype.

Van Keulen et al. [60] showed the progressive accumu-
lation of PrPd in 11 sheep orally dosed with cattle BSE and
killed at 6 months postinfection and thereafter at 2-3-month
interval. As with natural scrapie in VRQ/VRQ sheep, BSE-
infected ARQ/ARQ Texel sheep developed clinical disease
after peripheral accumulation of PrPd within the lymphoid
tissues and autonomic nervous system. The first LRS tissues

to accumulate PrPd were the GALT, followed by the GALT-
draining lymph nodes and the spleen, and at a later stage,
the non-GALT lymph nodes. Similar data were found in an
earlier study albeit with some subtle differences. Jeffrey et
al. [54] described first involvement of the retropharyngeal
lymph nodes prior to the PPs in Romney sheep at 4 months
post infection. Furthermore, PrPd deposition in CNS with
no apparent LRS or PNS involvement up to 22 months
postinoculation was observed in 40% (2/5) of clinically sick
sheep [55]. In the Texel sheep, by 9 month postinoculation,
PrPd was present in ENS neurons followed by the coeliac-
mesenteric ganglion and the first two target sites in the CNS:
the IMLC in the T7-L1 segments of the spinal cord and
the DMNV in the brain. By 12-13 months dissemination
to all non-GALT tissues had taken place. Colocalization of
PrPd and CD68-positive macrophages was apparent in the
marginal zone of spleen, suggesting a possible active trapping
and phagocytosis of PrPd from circulating blood with
potential for neuroinvasion as this is a compartment highly
innervated by sympathetic autonomic fibres (Figure 3(c)).
From 12-13 months postinoculation onwards spread within
the ENS and IMLC affected all gastrointestinal tissues
examined and all thoracic and lumbar spinal cord levels,
respectively. It was not until 19 months postinoculation that
sheep showed clinical signs of disease and PrPd deposition in
the cerebral cortex.

2.5. Neuroinvasion in Other Natural TSEs. The mechanism of
neuroinvasion in cattle affected with BSE remains uncertain.
Although PrPd accumulation [66] and infectivity [66–70]
has been reported in the GALT and ENS of cows orally
challenged with exceedingly high doses of BSE, in natural
BSE cases there is no known involvement of any viscera
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or the PNS. A recent report of two animals that were
part of a sequential kill experiment after oral exposure to
a high dose of BSE agent concluded that BSE infectivity
is retrogradely transported from the gastrointestinal tract
to the CNS by two pathways [71]: (i) via the coeliac
and mesenteric ganglion complex, through the splanchnic
nerves towards the thoracolumbar spinal cord, and (ii)
via the vagus nerve. Such conclusions arise from finding
PrPd accumulation within the DMNV, coeliac and caudal
mesenteric ganglia, and spinal cord segments but only
in one of the reported cows. In this same experiment,
authors anticipated that the presence of PrPd in the
CNS prior to the dorsal root ganglia and possibly other
peripheral nerves, that is, sciatic nerve, could be due to
a secondary retrograde spread from the periphery to the
CNS. Although the authors suggested a neural rather than
lymphoreticular neuroinvasion-based pathway, importantly,
none of the two cows had ENS involvement or showed
PrPd in the vagus nerve even though several sections were
examined.

The pathogenesis of CWD in cervids seems to vary
between elk and deer [72]. Lymphoreticular dissemination
occurs in preclinically affected deer but neuroinvasion has
been reported in elk with no LRS involvement (reviewed
by [73]). It is suspected that such differences might be
partially defined by the species and the PRNP genotype.
Accumulation of PrPd in the PNS has been demonstrated in
mule deer with CWD [74], suggesting a similar pathogenesis
to that reported for small ruminants with scrapie.

The mechanisms of neuroinvasion in transmissible mink
encephalopathy (TME) have been extensively investigated
in hamster models. Early studies described two biologically
distinct strains in hamsters infected with TME, the hyper
(HY) and the drowsy (DY) strains [75]. Both strains cause
neuropathology in the CNS but only the HY disseminates
within the LRS compartment. In a large number of exper-
iments and using a variety of routes, Bartz et al. [3, 8, 76]
have demonstrated that LRS involvement is not required
for prion neuroinvasion, and that it occurs via peripheral
or cranial nerves. Recent investigations [6] conclude that
neuroinvasion is dependent on LRS involvement for specific
routes of entry such as the nasal cavity but not for others
such as the tongue (oral cavity). These different routes
of ascending infection result in different CNS targeting
[76].

For obvious reasons, the pathogenesis of CJD in the
natural host is the least studied amongst prion diseases. The
pathogenesis of sCJD differs from that of vCJD. Accumu-
lation of PrPd is widespread in neural and lymphoreticular
tissues in vCJD, whereas it is mostly restricted to the CNS
in sCJD [77]. Consequently, tonsil and spleen biopsies are
optimal tissues for preclinical vCJD diagnosis. Deposition of
PrPd in the posterior roots of spinal cord with absence of ENS
involvement in sCJD patients is thought to be due to cen-
trifugal spread of infectivity [78]. Interestingly, some sCJD
patients with prolonged clinical periods displayed detectable
PrPres in skeletal-muscle and spleen homogenates by Western
blot analysis [79]. Unfortunately, no IHC examination was
performed in those positive samples. Thus PrPres deposition

found in muscles could have been associated with peripheral
nerves, muscle spindles, or myocytes and in spleen may have
been associated with peripheral nerves or lymphoid follicles.

2.6. Caveats in the Prevailing View of Neural Neuroinvasion.
Although the onset of PrPd accumulation in the LRS
generally occurs significantly before that in the CNS, the
consistency and time of appearance of such depositions
varies depending on age, PRNP genotype, TSE strain, or
source and route of inoculation. Thus, it is known that
lymphoid follicles of the GALT undergo involution with age,
and this is believed to have an effect on susceptibility to
infection after oral exposure. In the case of TSEs, however,
it has been shown that such physiological involution may be
modulated by the infection itself, so that it does not seem to
occur in the GALT that accumulates PrPd [66, 80, 81]. As far
as the PRNP genotype is concerned, some earlier studies [82,
83] described lack of, or minimal, involvement of LRS tissues
in sheep of the VRQ/ARR and VRQ/ARQ PRNP genotypes
naturally infected with scrapie. Equally, a small proportion
of scrapie-infected goats (4/72) were found to accumulate
PrPd only in the brain and not in any of 10 LRS tissues
examined; all those four animals carried the methionine
allele at codon 142 [84]. Examples of the effect of the TSE
agent strain or source include natural BSE [69], sporadic CJD
[85], experimental CH1641 infection of sheep [38, 39], and
Nor-98 [86], in all of which PrPd accumulates in the CNS
without prior replication in LRS tissues. Therefore, to explain
the neural neuroinvasion pathway, infection of the ENS
and other nerve terminals of the autonomic nervous system
would have to occur without previous LRS amplification.

Replication of infectivity in the GALT and non-GALT
LRS tissues may often be demonstrated early in the disease
process. However, nerve endings in such tissues may not
necessarily become infected or if infected may not result in
retrograde transport to the CNS. Peripheral nerve terminals
can be found in the PPs of the intestine and could pick
up infectivity by contact with PrPd-containing TBMs and
FDCs. However, while a rich network of nerves is present
in the T-cell areas of the PPs—in which there is no
PrPd accumulation—, nerves are very rarely found in the
secondary follicles [59, 80, 87, 88], where FDCs, the principle
cells which amplify infection in viscera, are located. Similarly,
nerves cannot readily be detected in secondary follicles
of other LRS tissues, particularly lymph nodes, and it is
therefore difficult to see how infectivity could be transferred
from the LRS to the PNS. Moreover, morphological analysis
in confocal microscopy concluded that neuroimmune con-
nections in PPs, spleens, and mesenteric lymph nodes from
preclinical scrapie infected mice are established between
dendritic cells in T-cell areas and peripheral nerves rather
than arising from FDC in B-cell areas [36]. Although ovine
noradrenergic fibres are relatively close to FDCs in the
spleen [89, 90], no direct contact has been established, and
patterns of immunolabelling for PrPd resembling nerve-like
structures have not been reported. Innervation of lymphoid
tissues is affected by the age-related involution process [91],
so that a general increase in nerve density of the intestine
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during early phases of life may contribute to an increased
susceptibility of young animals to oral infection [80].

Following subcutaneous challenge, scrapie infectivity
may reach the local lymph nodes via the afferent drainage
and leave via efferent drainage to reach the blood. Recent
studies done in sheep indicate that infectivity reaches the
contra-lateral lymph nodes and lymph nodes distant to
the site of inoculation almost as quickly as the ipsi-lateral
nodes, suggesting that all of them were exposed more or less
simultaneously (Chianini et al. unpublished observations).
Similarly, naturally and orally challenged sheep with scrapie
generally show early and widespread involvement of all LRS,
including those that drain the head or limbs and are not
anatomically linked to the alimentary system. The speed with
which all lymph nodes become infected is not consistent with
one lymph node or a group of lymph nodes being initially
infected and subsequently amplifying infectivity for spread
to other nodes.

The transcytosis and absorption of PrPd within a scrapie
brain homogenate placed within the gut lumen was followed
across the gut mucosa of sheep using IHC. PrPd within the
homogenate was rapidly translocated (within 15 minutes)
to mucosal and submucosal lymphatics [39]. From such a
location infectivity would rapidly reach the vascular system.
In this experiment no evidence to support transport of the
homogenate across the dome and thus directly into PPs could
be found; yet this model produced accelerated infection of
PPs resulting in PrPd accumulation within 30 days, compared
with more than 8 months for the corresponding natural
disease. Thus, another possibility would be that germinal
centres of LRS tissues are most exposed to infectivity via
blood.

A recent study conducted on 67 preclinically infected
sheep exposed to natural or experimental scrapie or BSE
by various routes (oral, subcutaneous, intracerebral, or
intravenous) showed that, regardless of the route, initial PrPd

accumulation consistently occurred in the DMNV followed
by the hypothalamus [92]. These findings are difficult
to reconcile with a unique neuroinvasion ENS/PNS axis
pathway. An alternative explanation would be that infection,
which is present in blood, reaches the vagus nerve from its
terminals in any organ or tissue compartment. Head et al.
[93] have published the topographical brain distribution of
amyloid plaques and lesion profiles of a linked human blood
donor (orally infected) and blood recipient (intravenously
infected). An almost identical severity and distribution of
plaques and vacuoles were found both in donor and recipient
thus supporting a common CNS portal of entry regardless of
the route of exposure.

3. Haematogenous Neuroinvasion:
The Alternative Hypothesis

3.1. Evidence for Infectivity in the Blood. Despite the fact
that intravenous infection systematically resulted in shorter
incubation periods than the intraperitoneal and subcuta-
neous routes, Kimberlin and Walker [16] were unable to
find evidence of blood infectivity by bioassay. However,

after further studies with the same 139A scrapie strain,
a short “viraemic” phase immediately after injection was
observed, leading Millson et al. [94] to conclude that the
haematogenous spread of the agent was the likely means
by which infection spread to the spleen and lymph nodes.
Subsequent rodent blood bioassay experiments showed that
a “viraemic” or “prionaemic” phase was evident early in the
incubation period [27]. In the case of infection taking place
by the oral route, it has been proposed that prionaemia could
take place in two phases: an early one immediately after
cell-mediated or cell-free uptake of infection from the gut
lumen into the lymphatic system, and a second phase after
amplification in LRS tissues [92].

An important series of experiments directed towards
establishing the risk of transmission from blood products
have provided the most comprehensive data on the presence
of infectivity in blood. Infectivity demonstrated in the blood
of BSE-infected sheep [92, 95, 96, 99], of natural scrapie
cases [95, 100, 101], and of CWD-infected deer [102] agrees
with data suggesting that vCJD can be transmitted by blood
transfusion from donors incubating the disease. Descrip-
tions of five transfusion-related vCJD cases have confirmed
transmission of infection by blood-derived products [103–
107]. Moreover, sheep experiments have shown that scrapie
and BSE may be transmitted with blood collected early in
the incubation period, even before any other evidence of
infection is apparent [92, 95, 96], although the likelihood of
transmission increased together with the incubation period
in the blood donors. This would imply that infectivity in
blood is an early and permanent (maybe even progressive)
event rather than a transient one, in contradiction with the
results on PrPres detection in the blood of hamsters by protein
misfolding cyclic amplification [108].

3.2. Evidence That Infectivity in Blood May Establish Tissue
Infection. Haematogenous dissemination of infection may
have relevance for more than one aspect of TSE pathogenesis.
Experiments with blood transfusions in sheep demonstrated
how the route, oral (BSE donors) versus intravenous (BSE
recipients) can affect peripheral pathogenesis (Figure 5).
Although a similar scenario might be predicted for vCJD, it
remains to be established if spleens of vCJD patients infected
after receiving blood fractions contain higher PrPd mag-
nitudes than those from patients infected by consumption
of BSE-contaminated products. Accumulation of PrPd can
be demonstrated in placenta [109], mammary gland [110],
salivary glands [111], and kidney [96, 97, 112] of TSE-
affected sheep. In the latter, with both scrapie [112] and
BSE (S. Sisó, personal observations) infections, PrPd can
be detected in mesenchymal cells between collecting ducts
and loops of Henle in the renal pelvis in the absence of
inflammation, suggesting that mesenchymal cells become
infected from blood after filtration in the glomeruli or by
extravasation from the vasa recta. Also in sheep, PrPd in the
mammary gland [110, 113] and infectivity in milk [113, 114]
also most probably derive from the blood, as it does in
scrapie-affected goats, in which accumulation of PrPd in the
mammary gland only occurred in animals with widespread
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Figure 5: Magnitude of PrPd accumulation in LRS tissues of
sheep as part of the blood transfusion experiment [95]. BSE donor
sheep showed the highest levels of PrPd accumulation in palatine
tonsil and mesenteric lymph node (MsLN) but the lowest in the
spleen. In contrast, the spleen in BSE-transfused sheep showed
significant higher magnitudes of PrPd. Graphic representation
including scrapie data has been modified from [96, 97].

LRS involvement regardless of the involvement or otherwise
of neural tissues [115]. In the gut loop experiments described
previously [39], in which PrPd was detected rapidly in
lymphatics, PPs of the intestine became infected at an early
disease stage: as no evidence was obtained for the inoculum
being transported across the dome to the PPs, the most likely
source of scrapie infection of FDCs is thought to be from
blood.

3.3. Evidence That Infectivity in Blood May Establish Brain
Infection. In the brains of BSE-infected sheep, the distri-
bution of PrPd was found to be similar irrespective of the
route of inoculation being intravascular, intracerebral, or
alimentary [63], suggesting common patterns of neuroin-
vasion and CNS spread. The findings of vascular amyloid
PrPd deposition in the basement membrane of endothelial
cells of the hypothalamus [51] were an early indication that
infectivity could reach the brain from the blood. However,
such vascular PrPd plaques are a relatively rare finding
in TSEs [116], which would not justify haematogenous
neuroinvasion being a frequent event or having an important
role.

It is generally accepted that access of infectious agents to
the brain via the blood is hampered by a defensive mech-
anism: the so-called blood-brain barrier. However, there
are specific structures in the brain, the circumventricular
organs (CVOs) which, having fenestrated capillaries, are
more permissive than other brain areas to the passage of
large molecules and provide a two-way communication
between CNS and the rest of the body. Recent studies
have shown that PrPd accumulation in the CVOs of sheep
was an early and consistent event that was not affected
by the route of challenge or TSE strain, suggesting that

CNS entry of infectivity can occur through these structures
[92]. No evidence has been obtained that arrival of PrPd

in the CVOs is cell-mediated, as white blood cells were not
observed in these organs at preclinical or clinical stage of
disease; it is therefore possible that TSE agents are present
in plasma as cell-free, soluble molecules. This hypothesis
would be reinforced by the above-mentioned findings of
PrPd in kidneys of scrapie-affected sheep [96, 97, 112], which
suggest that PrPd arrives in the renal papillary interstitium
by filtration or extravasation of soluble molecules. Similarly,
CVOs could initially up-take soluble infectivity present in
plasma (or in CSF) and act as receptors, supporters, and
transporters of infectivity. The variability in severity of
PrPd accumulation observed between examined CVOs may
suggest different participation of these organs in terms
of acquiring and amplifying infectivity. Hypothetically, the
sensory CVOs may be more susceptible to initial infection,
and the secretory CVOs in releasing it to extracranial
structures; that is, infectivity present in the pituitary gland
may be transported into the adrenal gland.

Once infection is established in the sensory CVOs further
spread to neighbouring neural structures through efferent
connections could occur (Figure 6). Thus, for example,
PrPd in the hypothalamic paraventricular nucleus and in
the bed nucleus of the stria terminalis could result from
spread from the subfornical organ and from the organum
vasculosum of the lamina terminalis rather than from
the DMNV. The involvement of the DMNV and the area
postrema is often simultaneous [98, 115] making it difficult
to determine if the mechanism of entry of infection at
this level of the brain is through the vagus nerve or from
the blood, or from both. If the access was from blood
through the area postrema, or through CVOs in general, it
is possible that neurons of these organs would be infected
and would start to accumulate PrPd as soon as any circulating
infectivity in blood reaches them. However, it might also be
possible that neurons of neighbouring structures, such as the
DMNV or the hypothalamus, to which CVOs are connected,
amplify infectivity or accumulate PrPd more rapidly than
CVO neurones, resulting in an earlier detection in those
structures.

Until recently, the CVOs had received no or very little
attention in any human or animal TSE. McBride et al.
[22] reported absence of PrPd immunodeposits in the area
postrema of hamsters experimentally inoculated with scrapie
by the oral route but investigations did not address the
involvement of other CVOs. Similarly, no CVOs were studied
in mule deer with chronic wasting disease, in which the
hypothalamus was reported to accumulate PrPd before the
medulla but after the DMNV [117]. We routinely examine
the CVOs in current experiments and have retrospectively
examined formalin-fixed brains from earlier studies. So far,
we have found PrPd deposition in CVOs from clinically
affected animals of different species infected with several
strains (Figure 7), such as in mice intracerebrally infected
with ME7, 87V, 79A, 22A, and 301V strains, and deer
[11] and cattle orally infected with cattle BSE, (Sisó et al.
unpublished observations) and in goats with natural scrapie
[115].
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(OVLT) and the subfornical organ (SFO) correlates with PrPd in several nuclei: preoptic (PON) (f, x1), suprachiasmatic (SQN) (g; x4),
supraoptic (SOP) (e, x1), paraventricular (PVN) (d, e), bed nucleus of the stria terminalis (BNST) (d) and perifornical (PFN) (f). Such
correlations are difficult in the vagal complex because of the widespread severe PrPd accumulation (h).

Murine scrapie

BSE in sheep

Murine scrapie BSE in deer Scrapie in goats

BSE in sheep

BSE in cattle

AP

NHME

OVLT

SFO
SCO

PG

Figure 7: PrPd accumulation within CVOs in clinically affected animals with different TSE strains. AP, area postrema; PG, pineal gland;
ME, median eminence; SCO, subcommisural organ; OVLT, organum vasculosum of lamina terminalis; SFO, subfornical organ; NH,
neurophypophysis.
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Figure 8: PrPd accumulation in CVOs and in the porencephalic lesion. Sheep CVOs highlighted with an asterix in pictures (a–f) of low
magnification showed consistent PrPd deposition after intracerebral inoculation with BSE. Note that the porencephalic lesion which is
surrounded by PrPd accumulations (g; x10) has abundant proliferation of newly formed vessels as revealed by a Van-Gieson staining (h;
x20). CVOs: AP, area postrema; PG, pineal gland; ME, median eminence; SCO, subcommisural organ; OVLT, organum vasculosum of the
lamina terminalis; SFO, subfornical organ. Brain structures: DMNV, dorsal nucleus of the vagus nerve; IV, fourth ventricle; Saq, Silvios’
acqueduct; ON, optic chiasm; III, third ventricle; AWC, anterior white commisure. The figure is modified from (Sisó et al. [98]).

A further support for a blood-borne neuroinvasion
pathway was provided by the study of the topographical
distribution of PrPd in the brain of 27 sheep that had
been intracerebrally challenged with BSE and presented
porencephalic lesions resulting from the traumatic injury
[98]. The key findings (Figure 8) were as follows: (i)
same PrPd topography, involving bilaterally the DMNV and
the hypothalamus, as for infections by other routes; (ii)
involvement of CVOs; (iii) focal accumulation of PrPd at
the porencephalic lesions, but extending locally to neigh-
bouring ipsilateral cerebrocortical areas in some cases; and
(iv) absence of PrPd in such lesions in cases that did
not accumulate PrPd anywhere else in the brain. It was
therefore suggested that, rather than a local replication of the
infectious agent at the site of injection, the inoculum would
be completely reabsorbed into the CSF and recirculated in
the blood gaining access back to the brain through the CVOs
and through the porencephalic lesions, where fenestrated
neocapillaries were also abundant as part of the repair tissue
process.

The haematogenous route, therefore, can represent a
parallel or alternative pathway of neuroinvasion to ascending
infection via the ENS and autonomic nervous system by
accessing the CVOs and encephalic lesions of traumatic
or vascular origin. Figure 9 represents schematically the
possible pathways of neuroinvasion to be considered in TSEs.

4. Conclusions

The most widely accepted neuroinvasion mechanism in
prion diseases is thought to involve amplification of infec-
tivity within lymphoid tissues and subsequent retrograde
spread of infection along autonomic nervous system nerves
until it reaches the brain. However, the peripheral patho-
genesis of prion diseases can vary depending on several
factors. In most TSE cases, infection of the lymphoid system
appears to facilitate neuroinvasion, increasing attack rates
and shortening incubation periods, although in some scrapie
cases and in most or all of natural BSE cases and in sCJD,
the lymphoid system does not seem to be involved. In view
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Figure 9: Schematic view of the neuroinvasion process involving the roles of the blood and the CVOs. For abbreviations see text and Figure 7
legend.

of the fact that, regardless of the route of infection and
other factors that affect the peripheral pathogenesis (agent,
PRNP genotype, etc.), the initial accumulation of PrPd in the
brain and its spread appears to follow the same pattern, it
is unlikely that neuroinvasion occurs solely by a mechanism
involving retrograde transport of infectivity along peripheral
nerves, at least those of the ENS/PNS axis, as the prevailing
view suggests.

Alternatively, the observation that PrPd accumulates in
peripheral organs, such as the kidney or the mammary
gland, as does in the LRS tissues themselves, clearly shows a
vascular dispersion of infectivity, which is consistent with an
haematogenous route of neuroinvasion. Additional support
for this alternative pathway derives from the early and
systematic detection of PrPd in the CVOs which, lacking
a blood-brain barrier, could act as portals of entry of
infection.

Whether the haematogenous neuroinvasion pathway is
coincidental with a neural pathway, and the relative impor-
tance of them for different TSEs, remains to be determined.
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[97] S. Sisó, L. González, M. Jeffrey, S. Martin, F. Chianini, and P.
Steele, “Prion protein in kidneys of scrapie-infected sheep,”
Veterinary Record, vol. 159, no. 10, pp. 327–328, 2006.
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The evidence continues to mount that Chronic Lyme Disease (CLD) exists and must be addressed by the medical community
if solutions are to be found. Four National Institutes of Health (NIH) trials validated the existence and severity of CLD. Despite
the evidence, there are physicians who continue to deny the existence and severity of CLD, which can hinder efforts to find a
solution. Recognizing CLD could facilitate efforts to avoid diagnostic delays of two years and durations of illness of 4.7 to 9 years
described in the NIH trials. The risk to society of emerging antibiotic-resistant organisms should be weighed against the societal
risks associated with failing to treat an emerging population saddled with CLD. The mixed long-term outcome in children could
also be examined. Once we accept the evidence that CLD exists, the medical community should be able to find solutions. Medical
professionals should be encouraged to examine whether: (1) innovative treatments for early LD might prevent CLD, (2) early
diagnosis of CLD might result in better treatment outcomes, and (3) more effective treatment regimens can be developed for CLD
patients who have had prolonged illness and an associated poor quality of life.

The evidence continues to mount that Chronic Lyme
Disease (CLD) exists and must be addressed by the med-
ical community if solutions are to be found. Thirty-four
percent of a population-based, retrospective cohort study
in Massachusetts were found to have arthritis or recurrent
arthralgias, neurocognitive impairment, and neuropathy or
myelopathy, a mean of 6 years after treatment for Lyme
disease (LD) [1]. Sixty-two percent of a cohort of 215
consecutively treated LD patients in Westchester County
were found to have arthralgias, arthritis, and cardiac or
neurologic involvement with or without fatigue a mean
of 3.2 years after treatment [2]. Klempner trials’ subjects
presenting with “well-documented, previously treated Lyme
disease. . .had persistent musculoskeletal pain, neurocogni-
tive symptoms, or dysesthesia, often associated with fatigue”
and were ill during a mean of 4.7 years after onset [3].
Fallon trial subjects presenting with “well-documented Lyme
disease, with at least 3 weeks of prior IV antibiotics,
current positive IgG Western blot, and objective memory
impairment,” were ill during a mean of 9 years after onset
[4]. Krupp LD subjects presented with “persistent severe
fatigue at least 6 or more months after antibiotic therapy”
[5].

There is also evidence that symptoms of CLD can
be severe [4–8]. The Klempner trials described the qual-
ity of life for patients with posttreatment chronic Lyme
disease (PTLD) as being equivalent to that of patients
with congestive heart failure or osteoarthritis, and their
physical impairment was “more than 0.5 SD greater than
the impairment observed in patients with type 2 diabetes or
a recent myocardial infarction” [3]. Fallon et al. described
pain reported by patients with Lyme encephalopathy as being
“. . .similar to those of postsurgery patients”, and their fatigue
“was similar to that of patients with multiple sclerosis.”
Limitations in physical functioning on a quality of life scale
were “comparable with those of patients with congestive
heart failure” [4].

Despite the above documented evidence, the 2006 Infec-
tious Diseases Society of America (IDSA) LD treatment
guideline panel questioned the existence of CLD [9]. The
IDSA panel concluded, “Considerable confusion and con-
troversy exist over the frequency and cause of this process
and even over its existence” [9]. The IDSA panel referred to
chronic manifestations of LD as Post-Lyme disease syndrome
(PLDS), PTLD and CLD. There are shortcomings for each
term. The PLDS nomenclature implies that an active LD
has been successfully treated, that any remaining symptoms
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are merely harmless vestiges of previous illness, and that the
patient has been cured. The term PTLD merely implies that
LD has been treated with antibiotics for 10 to 30 days. The
CLD nomenclature implies that chronic manifestations of
LD are present with or without evidence of active infection
that cannot be reasonably explained by another illness.

There is no objective way to rule out an active infection.
Lab tests that can be very helpful in confirming a clinical
diagnosis of Lyme disease (such as the ELISA and Western
blot tests) are not useful in determining whether the infec-
tion has been adequately treated. Common LD symptoms
such as Bell’s palsy, erythema migrans rash, meningitis,
arthritis, or heart block, which are included in the current
surveillance definitions, can be useful in “ruling in” Lyme
disease, but the absence or disappearance of these symptoms
cannot “rule out” an ongoing infection. A population-based,
retrospective cohort study of individuals with a history of LD
revealed that they were significantly more likely to have joint
pain, memory impairment, and poor functional status due to
pain than persons without a history of LD, even though there
were no signs of objective findings on physical examination
or neurocognitive testing [10]. Two recent mouse studies
revealed that spirochetes persist despite antibiotic therapy
and that standard diagnostic tests are not able to detect their
presence [11, 12]. In sum, there are no clinical or laboratory
markers that identify the eradication of the pathogen.

The IDSA panel also questioned the severity of CLD
symptoms. The panel dismissed LD symptoms that persisted
or recurred after their recommended, short-term course of
treatment, stating that they were: “more related to the aches
and pains of daily living rather than to either Lyme disease
or a tickborne coinfection” [13]. The panel came to this
conclusion despite four NIH retreatment trials that validated
the severity of symptoms on 22 standardized measures of
fatigue, pain, role function, psychopathology, cognition, and
quality of life (QOL) [9].

Denying the existence and severity of CLD will continue
to hinder the efforts to find a solution. Even in a prospective
trial of LD, 10 to 16% of patients treated at the time of an
erythema migrans rash remained symptomatic a mean of 30
months after treatment; the results varied depending on the
duration of antibiotics treatment [14]. The actual failure rate
in this prospective at 30 months is uncertain, given that 38%
of the subjects were not evaluable due to poor adherence,
receipt of intercurrent antibiotics, or development of a
second episode of erythema migrans [14]. Patients infected
with many other kinds of common bacteria—such as those
that cause tuberculosis, bronchitis, or UTIs—can experience
relapses after an initial course of antibiotic treatment fails
or proves inadequate. Doctors routinely retreat patients who
relapse in order to achieve a cure and prevent chronic
symptoms. Why should patients with Lyme disease be treated
differently?

The treatment failure rates could be exacerbated by
diagnostic delays. Feder described treatment delays of six
weeks in LD patients initially misdiagnosed with cellulitis
[15]. In his trial, Fallon noted treatment delays averaging
2 years [4] without examining the causes of the delay. In
my own practice, 32% of a consecutive case series of LD

cases (confirmed by an ELISA and 5 or more positive bands
on a IgG Western blot) had an average treatment delay
of 1.8 years. [16] Of these, 60% conformed to Centers
for Disease Control and Prevention (CDC) epidemiological
criteria, presenting with a rash, Bell’s palsy, or arthritis, yet,
still had a diagnostic delay [16]. Patients in this case series
were significantly more likely to fail their initial antibiotic
treatment if they had delayed treatment [16]. Vrethem et
al. concluded that patients treated because of neurological
symptoms of LD were much more likely to present with
persistent neuropsychiatric symptoms (headache, attention
problems, memory difficulties, and depression) three years
after treatment than a control group with erythema migrans
(50% versus 16%, P < .0001) [17].

The diagnostic delays could reflect the failure to consider
CLD in the differential diagnosis of chronic manifestations of
LD. Steere did not include CLD in the differential diagnosis
of patients seen in his university-based clinic. Instead, Steere
diagnosed three-quarters of patients with “fibromyalgia”
or “chronic fatigue syndrome” [18]. Similarly, Reid et al.
did not include CLD as a diagnosis in their university LD
clinic. Instead, he diagnosed these patients with “arthralgia-
myalgia syndrome,” primary depression, asymptomatic deer
tick bites, osteoarthritis, and bursitis [16]. Hassett et al.
diagnosed PTLD in patients with a history of objective
evidence of LD, but withheld it from patients who lacked
such a history. Instead, this group was diagnosed with
“Chronic Multisymptom Illness (MUI) [19]. Their case
definition for Chronic Multisymptom Illness was: “ [having]
at least one or more chronic symptoms from at least 2 of 3
categories of symptoms including musculoskeletal, fatigue,
and mood cognition” that includes fibromyalgia, chronic
fatigue syndrome, and Gulf War syndrome [19].

The risks to the individual and society of CLD have not
been adequately considered [20]. As a group, CLD subjects
in the four NIH trials had a 4% risk of a serious adverse
event in the antibiotic treatment arms [4–6]. Yet, this risk
has not been weighed against the risk CLD patients face
if burdened with a long-term debilitating illness. The risk
to society of emerging resistant organisms also has not
been weighed against the societal risks associated with an
emerging population saddled with CLD [8].

The economic burden of CLD has yet to be addressed.
The mean cost estimate of CLD per patient in the US, of
$16,199 per annum in 2002 dollars [8], reflects the toll on
human health and cost to society. The annual per-patient
cost of CLD is substantially higher than the cost for other
common chronic illnesses: $10,911 for fibromyalgia [21], $
10,716 for rheumatoid arthritis [21], and $13,094 for lupus
[22]. Eighty-eight percent of the cost ($14,327) of Lyme
disease consisted of indirect medical cost, nonmedical cost,
and productivity losses. Cutting medical cost would save, at
most, only 12% or $1,872 per annum. In 2002, the annual
economic cost of LD in the US, based on the 23,000 cases
reported to the CDC that year, was estimated to be $203
million [8]. Considering that the actual number of LD cases
is believed to be 10 times higher than the number of cases
reported to the CDC, the actual annual cost could be $2
billion [23, 24].
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The burden of CLD is also reflected in testimony given by
Connecticut’s chief epidemiologist before the state’s Public
Health Department in 2004: “. . .roughly one percent of the
entire population or probably 34,000 people are getting a
diagnosis of Lyme Disease in Connecticut each year. . .20 to
25 percent of all families [in Connecticut] have had at least
one person diagnosed with Lyme Disease ever and. . .three to
five percent of all families have had someone diagnosed with
Lyme Disease in the past year” [24].

No additional antibiotic trials have been planned for
CLD patients despite the limitations of the Klempner
and Fallon trials. Klempners’ trials were limited by: (1)
uncertainty over whether the initial antibiotic treatment
was effective, (2) ongoing illness despite a mean of three
previous treatments, (3) long onsets of illness averaging 4.7
years, (4) the poor quality of life of the subjects, and (5)
small, underpowered sample sizes of 51 and 78 subjects
[25]. The Fallon trial had similar limitations including: (1)
uncertainty over whether the initial antibiotic treatment was
effective, (2) treatment delays averaging two years, (3) onsets
of illness averaging 9 years, (4) the severe pain, fatigue,
psychopathology, and poor QOL of subjects, and (5) a small
underpowered sample size of 37 subjects. The IDSA panel
did not suggest any further clinical trials to address these
limitations. In an editorial titled “Enough is Enough”, which
was published as a commentary on Fallon’s trial, Halperin,
an IDSA panel member, actually advised against further trials
[26].

There is also an urgent need to address the mixed long-
term outcome in children. Eleven percent of children with
facial nerve palsy had persistent facial nerve palsy causing
dysfunctional and cosmetic problems at 6-month followup
[27]. Fourteen percent of 86 children had neurocognitive
symptoms associated with or after classic manifestations of
Lyme disease on followup [28]. Five of these children devel-
oped “behavioral changes, forgetfulness, declining school
performance, headache or fatigue and in two cases a partial
complex seizure disorder” [28]. Children with prior cranial
nerve palsy have significantly more behavioral changes (16%
vs. 2%), arthralgias and myalgias (21% vs. 5%), and memory
problems (8% vs. 1%) an average of 4 years after treatment
compared to controls [29].

Once we accept the evidence that CLD exists, the medical
community should be able to find solutions. Professionals
should be encouraged to examine whether: (1) innovative
treatments for early LD might prevent CLD, (2) early
diagnosis of CLD might result in better treatment outcomes,
and (3) more effective regimens can be developed for CLD
patients who have had prolonged illness and an associated
poor quality of life.
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