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1. Introduction

The basic steps of the infectious cycle of any pathogen—entry into, spread within, and exit
from the host—offer crucial insights into how pathogens cause disease. As a result, a full
understanding of the stages of a microorganism's life cycle may inform the rational design of
therapeutics to prevent or ameliorate consequent disease.

Measles virus (MV) is one of the most transmissible microorganisms known; it continues to
result in hundreds of thousands of infections annually throughout the world, many of which
have serious pathogenic consequences that can result in death. Despite the tremendous progress
that has been made in deciphering the basis of MV pathogenesis and in the creation of effective
attenuated vaccines, how MV causes disease—including rare, but serious, central nervous
system (CNS) complications--remains poorly understood. It is our view that defining the
pathogenesis of MV in the CNS necessitates an understanding of the interaction of the virus
with the host in trafficking to and spreading within the CNS. This is the focus of this review.

1.1 Measles virus: genome and proteins

MYV is a member of the Paramyxoviridae, within the Morbillivirus genus. Its genome consists
of ~16,000 bases of non-segmented, single-stranded negative sense RNA, meaning that the
viral genome is transcribed immediately upon entry into the cell. Virions are spherical and
enveloped, and the envelope is derived from the host cell as the viral particle buds from the
plasma membrane. The viral genome encodes 8 proteins, the function of which are briefly
noted below. Inserted into the envelope of the virion are the two MV glycoproteins,
hemagglutinin (H) and fusion (F). These proteins mediate attachment to cellular receptors and
fusion of the virion with the target cell or fusion of an infected cell with an adjacent uninfected
cell. The matrix protein (M) lies immediately underneath the virion envelope and serves in
virus assembly and budding. The two polymerase proteins, large (L) and phosphoprotein (P),
are closely associated with the genome, which is encapsidated by the nucleocapsid (N) protein.
The nonstructural proteins V and C, encoded within the P cistron, are also packaged within the
virion; these proteins have recently been shown to play a role in counteracting host antiviral
immune responses (reviewed in Griffin, 2001).

1.2 Measles virus pathogenesis

MV is a human-restricted pathogen that spreads among individuals by release of aerosol
droplets. An infected individual will undergo a latent period of 10 to 14 days followed by a
few days of fever, cough, coryza, and rash. Primary infection occurs in the upper respiratory
tract, but MV will secondarily infect lymphoid cells (reviewed in Griffin, 2001; Rall, 2003;
Schneider-Schaulies etal., 2003; Sips etal., 2007). Although the immunological response made
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by most infected, immunocompetent individuals is sufficient to clear the virus and provide life-
long protection, a period of transient immunosuppression is a notorious characteristic of MV
infection, and is likely the basis of most of the complications and the subsequent fatalities
following acute infection (reviewed in Dhib-Jalbut and Johnson, 1994; Griffin et al., 2008;
Rall, 2003). Additional consequences of acute infection include diarrhea, pneumonia, and
encephalitis.

1.2.1 Immunosuppression—Immunosuppression following MV infection can last for
weeks, extending beyond the classical MV symptoms. The chief risk of immunosuppression
isthat it renders infected individuals more susceptible to secondary infections, though precisely
how this occurs is not fully understood. In humans, MV-induced immunosuppression is
characterized by a loss of delayed type hypersensitivity responses to recall antigens [e.g.,
tuberculin (Tamashiro et al., 1987)], a limited response of lymphocytes to mitogens when
cultured ex vivo (Hirsch et al., 1984), and impaired responses to new antigens (Coovadia et al.,
1978). To date, a number of mechanisms have been proposed based on animal and cell culture
studies, all of which could be pertinent in the natural infection. For example, Griffin and
colleagues showed that MV infection of antigen-presenting cells suppresses interleukin-12
(IL-12) production, which then in turn skews the CD4+ T cell response toward a Th2 profile
(Karp etal., 1996). This altered CD4+ T cell response leads to inappropriate priming of T cells
and a failure of T cells to proliferate following interaction with MV-infected dendritic cells
(Fugier-Vivieretal., 1997; Servet-Delprat et al., 2000). These studies correlate well with serum
profiles in MV-infected macaques and humans that also show a skewing toward Th2-like
cytokines (Atabani etal., 2001; Moss et al., 2002; Polack et al., 2000). In addition to influencing
the Th1/Th2 balance, acute MV infection may precipitate immunosuppression by causing an
overall lymphopenia, due to effects on T cell proliferation and progression through the cell
cycle (Naniche et al., 1999; Niewiesk et al., 2000; Niewiesk et al., 1999; Schnorr et al.,
1997), as well as specifically inhibiting immune function via the production of unidentified,
immunosuppressive molecules from infected T cells (Sun, et al., 1998). A detailed discussion
of MV-induced immunosuppression can be found in other chapters within this volume.

1.2.2 CNS Complications following Acute MV Infection—Approximately 1 in 100,000
acutely infected individuals later go on to develop CNS complications. These diseases differ
in terms of immune status of the affected host, onset of symptoms, presence of MV within the
CNS, host survival rate, and neuropathological findings. These are briefly discussed below.

1.2.2.1 Subacute sclerosing panencephalitis (SSPE): is a slow, progressive disease that is
invariably fatal, and can occur from 1 to 15 years following acute MV infection (Dubois-Dalcq
et al., 1974). Children are far more likely to develop this complication than adults (reviewed
in Johnson, 1998). The disease initially manifests as subtle cognitive losses, progressing to
more overt cognitive dysfunction, followed by motor loss, seizures and eventual organ failure
in virtually all affected individuals. The rate of SSPE occurrence ranges from 1 in
10,000-300,000 acute MV infections (reviewed in Rima and Duprex, 2005; Takasu et al.,
2003). Neurons are predominantly infected, though at late times of infection, oligodendrocytes,
astrocytes, and endothelial cells may also be involved (reviewed in Rima and Duprex, 2005).
SSPE affects both gray and white matter and is histologically characterized by the presence of
cellular inclusion bodies, inflammation, glial activation, loss of blood-brain barrier integrity,
and neuronal loss (reviewed in Dhib-Jalbut and Johnson, 1994; Rall, 2003). A serologic
hallmark of SSPE, as compared to the other CNS complications, is the elevation of measles-
specific antibodies in the blood and cerebrospinal fluid (CSF)(Dubois-Dalcq et al., 1974).

Importantly, evidence from brain biopsies of SSPE patients indicates that infected neurons do
not release budding virus (Paula-Barbosa and Cruz, 1981). Based on extensive sequencing
studies of MV from these specimens and from cells persistently infected with MV isolates from
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SSPE patients, it has been proposed that the failure of infected neurons to produce complete
extracellular virus may be due to defects in protein expression caused by extensive point
mutations in the envelope associated genes, H, F and M (Cattaneo et al., 1988; reviewed in
Dhib-Jalbut and Johnson, 1994; Rima and Duprex, 2005), though what role these viral proteins
play in neuronal spread of MV—and how mutations may affect MV biology in infected
neurons--are not known.

1.2.2.2 Post-infectious encephalomyelitis (PI1E): occurs more frequently than SSPE,
affecting ~1 in 1,000 infected individuals. Symptoms of PIE normally appear 5 to 14 days after
the characteristic MV rash but can predate the rash (reviewed in Johnson, 1998). This
complication is thought to be an autoimmune reaction, perhaps to myelin basic protein
(Johnson, et al., 1984). MV antigen and nucleic acids have not been detected in PIE brain
biopsies by immunohistochemistry or in situ hybridization (Johnson, et al., 1984; reviewed in
Dhib-Jalbut and Johnson, 1994; Norrby and Kristensson, 1997) supporting the notion that this
is an autoimmune disease. Additional hallmarks of PIE include perivascular inflammation and
demyelination (reviewed in Norrby and Kristensson, 1997). Unlike SSPE, intrathecal
production of MV antibodies has only been found in a few cases of PIE. Affected individuals
present with seizures, deafness, ataxia, and movement disorders. There is a ~25% mortality
rate associated with PIE, and survivors are likely to suffer from frequent neurologic sequelae.

1.2.2.3 Measles inclusion body encephalitis (MIBE): a rare CNS complication following
acute MV infection, has been described in children and adults receiving immunosuppressive
drugs and therefore is thought to chiefly affect immunocompromised hosts. The neurologic
disease appears 3 to 6 months after the acute MV rash (reviewed in Dhib-Jalbut and Johnson,
1994; Johnson, 1998). As the name suggests, MIBE is characterized by inclusion bodies in
both neurons and glia, with accompanying neuronal loss but an overall lack of inflammation
(reviewed in Dhib-Jalbut and Johnson, 1994; Johnson, 1998; Norrby and Kristensson, 1997;
Rall, 2003). Measles antigen is present in the brain, and virus has been isolated directly from
the brains of affected individuals (Johnson, 1998). MIBE differs from SSPE in the absence of
elevated serum and cerebrospinal fluid neutralizing antibodies (reviewed in Dhib-Jalbut and
Johnson, 1994; Rima and Duprex, 2005). The disease course is relatively short, lasting from
days to weeks, causing seizures, motor deficits, and stupor, often leading to coma and death
(reviewed in Johnson, 1998).

Importantly, despite the fact that only a small percentage of acute MV infections will go on to
develop CNS complications, a few studies have detected MV RNA in various organs, including
brain, upon autopsy of elderly individuals who died of nonviral and non-CNS causes
(Katayama et al., 1998; Katayama et al., 1995). These findings suggest that MV may persist
in the brains (and other organs) of healthy individuals, and that the frequency with which MV
invades the CNS cannot be determined by summing the occurrence of the above described
CNS complications.

2. Understanding MV CNS complications: results from brains of infected
individuals and persistently infected cell lines

The development of a robust live attenuated vaccine has profoundly decreased the infection
rate in vaccinated populations. Vaccination has not been associated with SSPE, and only wild-
type virus sequences have been isolated from SSPE tissues. However, vaccine strains have
been isolated from the CNS of immunocompromised patients with MIBE (Bitnun et al.,
1999; reviewed in Rima and Duprex, 2005), implying that the attenuated vaccine strain can
traffic to the brain under conditions of poor immune surveillance.
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Both SSPE and MIBE are characterized by mutations that apparently render the virus defective,
though spread in neurons may still occur. As noted above, it has long been hypothesized that
these mutations are the reason why infectious virus is not released from infected brain cells,
especially since the mutations map to the envelope-associated proteins M, F and H (Baczko et
al., 1988; Billeter et al., 1994; reviewed in Johnson, 1998). In SSPE, M protein expression is
reduced, likely through one of two mechanisms: either a steeper gradient of transcription
(Cattaneo et al., 1987a; Cattaneo et al., 1987b) or increased read-through across the P-M
junction of the MV genome (reviewed in Rima and Duprex, 2005). In support of these data,
hyperimmune antibody responses in SSPE are directed to all MV proteins with the key
exception of M (reviewed in Rima and Duprex, 2005).

Mutations in F have been described for both SSPE and MIBE cases (Baczko et al., 1988;
Billeter et al., 1994; reviewed in Johnson, 1998). Interestingly, in all SSPE cases, mutations
in F characteristically consist of the loss of the C-terminal pentadecapeptide, a sequence that
is strictly conserved among morbilliviruses and is therefore thought to play an essential role
in F protein function. This region contains the basolateral sorting signal of F (Maisner et al.,
1998; reviewed in Rima and Duprex, 2005), suggesting that mis-sorting of F may contribute
to altered MV spread and lack of complete MV assembly in neurons of SSPE patients.
Interestingly, a study of 10 SSPE cases by immunohistochemistry and in situ hybridization
suggests that MV likely spreads transneuronally, an observation subsequently validated by in
vitro model studies (Lawrence et al., 2000; Oldstone et al., 1999). The analysis of these infected
brains revealed that MV infection in neuronal processes was predominantly dendritic, though
there were signs of occasional axonal involvement as well (Allen et al., 1996). Whether
mutations in viral proteins influence how MV is transported within neurons is currently under
investigation.

3. The big questions

4. Tools

Years of research on MV CNS complications have provided key insights into MV neuronal
spread, and have identified future areas of study concerning the relationship between viral
spread and pathogenesis. For example: how does MV move from the site of entry to the
perinuclear space and then again to the site of viral egress? Once present at the synaptic
membrane, what cellular and viral proteins mediate MV trans-synaptic spread? Is the
mechanism of interneuronal spread related to the pathogenesis of MV within the brain? The
establishment of permissive animal and cell culture models, coupled with advances in
manipulating the viral genome, and the advent of cell biology resources to explore intracellular
trafficking have been essential for key developments over the past few years. A discussion of
these recent observations serves as the basis for the remainder of this review. We first describe
some of these important technical advances, and then discuss how they have been applied to
MYV neuronal spread.

4.1 Transgenic mouse models

To date, two human receptors for MV have been identified: CD46 (Dorig et al., 1993; Naniche
et al., 1993) and signaling lymphocyte activation molecule (SLAM; Erlenhoefer et al., 2001;
Hsu et al., 2001; Tatsuo et al., 2000). While this is still an evolving field, and many believe
that other receptors will be identified in the future, the general consensus is that CD46 is
principally a receptor for vaccine strains, such as Edmonston, whereas SLAM, though
restricted to hematogenous cells, permits entry of wild type MV. As the mouse and rat
homologues of CD46 and SLAM do not confer susceptibility to MV infection (Dorig et al.,
1993; Manchester et al., 1994; Naniche et al., 1993; Ono et al., 2001b), transgenic mice
expressing human CD46 or SLAM were established, with the hypothesis that expression of
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these human proteins would overcome the initial barrier to viral entry (Mrkic et al., 1998;
Oldstone et al., 1999; Rall et al., 1997; Sellin et al., 2006; reviewed in Manchester and Rall,
2001). Important for neuron-focused studies, these transgenic mice also provide a source of
primary neurons for ex vivo experiments to complement observations made in vivo (Lawrence
et al., 2000; Makhortova et al., 2007). A brief introduction to some of the transgenic model
systems follows.

NSE-CD46 mice, developed in the laboratory of Michael Oldstone, were engineered to express
the BC1 isoform of human CD46 under the control of the neuron-specific enolase (NSE)
promoter, restricting CD46 expression to CNS neurons. These mice can be infected intranasally
(i.n.) or intracranially (i.c.) with a vaccine strain of MV (e.g., Edmonston); as predicted, only
CD46-expressing neurons are initially permissive for infection. Adult immunocompetent mice
mount an aggressive T cell response and survive infection, whereas NSE-CD46+ neonatal
mice, or adults on an immunodeficient background succumb to CNS disease. CD46+ primary
hippocampal neurons can be cultured from transgenic embryos, providing a parallel in vitro
culture system to corroborate and extend the in vivo observations (Lawrence et al., 1999;
Lawrence et al., 2000; Makhortova et al., 2007; Patterson et al., 2002; Patterson et al., 2003;
Rall et al., 1997).

Another CD46 transgenic model that was developed in Oldstone's lab is the Y AC-CD46 mouse,
in which CD46 is expressed from its own promoter, more closely mirroring expression in
humans. Indeed, CD46 distribution is found throughout the mouse, and this model has been
used for both CNS and immunosuppression studies. Importantly, in this model, all four major
isoforms of CD46 are expressed to levels and in locations similar to those seen in humans.
Furthermore, overall expression of CD46 was shown to be greater than that previously reported
for other transgenic mouse models, including the NSE-CD46 mice (Oldstone et al., 1999;
Patterson et al., 2001).

Mrkic et al. engineered mice to express CD46 on a mouse background lacking the interferon-
a receptor [IFNAR—/—; (Duprex et al., 2000; Ludlow et al., 2007; Mrkic et al., 1998)]. IFNAR
—/— mice can be infected intranasally with MV, though replication of MV is limited.
Engineering mice to express the MV receptor CD46 on the IFNAR—/— background resulted in
higher levels of MV infection in the respiratory tract with subsequent inflammation, providing
a more relevant model for the acute MV infection seen in humans.

A perplexing observation from the establishment of a number of other CD46 transgenic mice
was that, despite CD46 expression and ability to infect such cells when cultured ex vivo, little
ifany infection was observed in vivo. For example, Blixenkrone-Moller et al. generated a CD46
transgenic mouse that expressed a genomic copy of CD46 on a BI/6 x SJL mouse background
(Blixenkrone-Moller et al., 1998). Despite apparently robust CD46 expression, MV replication
could not be detected following intraperitoneal (IP) or IN inoculation, though kidney and lung
cell cultures from these mice were permissive. An important observation made by these authors
was that, in these cultures, MV did not reach full replication levels as compared to MV-infected
Vero cells. Furthermore, while IC challenge of CD46 transgenic mice did result in limited CNS
infection, infection was also observed in non-transgenic mice, suggesting that factors other
than CD46 play a role in mediating MV uptake into murine cells, and that key intracellular
factors are needed to achieve optimal levels of MV replication. This work was supported by
the findings of Horvat et al. and Evlashev et al. who found that cells from CD46 transgenic
mice showed cell-type specific susceptibility to MV infection, indicating a role for host factors
other than CD46 in mediating productive MV infection (Evlashev et al, 2001; Horvat et al.,
1996).
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Thus far, four different SLAM-expressing transgenic mouse models have been created (Ohno
et al., 2007; Sellin et al., 2006; Shingai et al., 2005; Welstead et al., 2005). However, to date,
only one group has used these mice to look at MV CNS infections. Sellin et al. engineered
mice to ubiquitously express SLAM. Wild-type and vaccine strains of MV could infect
transgenic mice, either by IC or IN routes, but vaccine strains were less virulent (Sellin et al.,
2006).

4.2 Other animal models

Other investigators have focused on rodent-adapted MVs to infect non-transgenic (i.e., wild-
type) mice, rats, or hamsters (Castro et al., 1972; Duprex et al., 1999a; Griffin et al., 1974;
Moeller-Ehrlich et al., 2007; Schubert et al., 2006; Johnson and Swoveland, 1977; Johnson
and Norrby, 1974; Roos et al., 1978). Such studies have been ongoing since the 1970s and
have allowed researchers to study MV in a small animal model prior to the identification of
the human MV receptors. Importantly, despite the mutations that occurred in adapting MV to
rodents, the pathogenesis of such strains is remarkably similar to that seen following MV
infection of humans or transgenic mouse models.

Efforts to create animal models to study MV infection and pathogenesis have not been limited
only to mice. For example, MV-infected cotton rats recapitulate the immunosuppression seen
in MV-infected humans (Niewiesk, 1999; Niewiesk et al., 1999; Wyde et al., 1992), even with
wild-type (“clinical” ) isolates (Wyde et al., 1999). Furthermore, studies on rat brain slices
grown in culture and infected with MV have revealed important clues about how MV spreads
through an infected brain (Ehrengruber et al., 2002). Interestingly, the generation of a
transgenic CD46-expressing rat demonstrated that, although MV was taken up by CD46-
expressing cells, subsequent intracellular blocks in MV replication prevented robust infection
of the animal (Niewiesk et al., 1997). Ferret models have also been used by some researchers
as an SSPE model of MV infection in the CNS (Brown et al., 1985; Brown et al., 1987; Mehta
and Thormar, 1979; Thormar et al., 1983).

Finally, while rhesus macaques have been chiefly used to study immune responses to MV,
immune suppression induced by MV, and efficacy of possible vaccines against MV (de Swart
etal., 2007; Pan et al., 2005; Pasetti et al., 2007; Polack et al., 2000), some investigators have
used tissues collected from infected monkeys to model human CNS diseases (Albrecht et al.,
1977; Steele et al., 1982).

How results from all of these model systems have been used to advance our understanding of
MV inter-neuronal spread and neuropathogenesis will be discussed in Section 7.

4.3 In vitro culture systems and techniques in cellular transport studies

4.3.1 Primary neuron cultures and neuron-like cell lines—The ability to culture
primary neurons from various CNS substructures (e.g., hippocampus, corteX, dorsal root
ganglia, cerebellum) of transgenic mice has been a powerful tool in dissecting aspects of intra-
and inter-neuronal MV transport. These cultures are validated as neurons in their expression
of characteristic neuronal markers such as MAP-2 and NeuN, their ability to form synapses in
culture, and the fact that, once plated, these cells are mitotically inactive. While in general quite
pure neuron cultures can be obtained (90-95%), contaminating glial cells, culture-to-culture
variability, difficulty in establishing these cultures and a fairly short lifespan in culture (10-14
days, typically), are some of the disadvantages.

Cells lines such as NT2 (human teratocarcinoma cells that can be terminally differentiated into
neuronal cells by retinoic acid treatment), human astrocytoma cells, and mouse neuroblastoma
cells offer an alternative that is free of the complexities and challenges of primary neuron

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2009 December 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Young and Rall

Page 7

cultures (Duprex et al., 2000; Duprex et al., 1999b; Lawrence et al., 2000; Ludlow et al.,
2005; McQuaid et al., 1998). The ease of using these established lines of CNS cells is balanced
by concerns about whether these cells accurately reflect primary CNS cell biology.

4.3.2 Slice cultures—The introduction of organotypic monolayer cultures of nervous tissue
has added an “intermediate” technique to the neurologist's toolbox, falling between the
complexity of a whole animal model and the culturing of cell lines or pure primary cultures
that do not recapitulate the cellular heterogeneity of the CNS. Advantages to organotypic brain
slice cultures are the ability to take cells from a defined region of the brain, the ability to use
phase microscopy on the monolayer of resulting brain cells, the relevance of culturing primary
cells without performing single cell dissociation, and the power of studying heterogeneous cell
populations and how such diverse cells impact viral spread (Gahwiler, 1981). This approach
has been used to assess the spread of rMV-EGFP through neurons of cultured rat brain slices
(Ehrengruber et al., 2002) as well as the spread of SSPE isolates through hamster cerebellum
slices (Sheppard et al., 1975).

4.3.3 Reagents to study the role of motor proteins in viral spread—The constant
advancement of our understanding of the cellular cytoskeleton and how organelles, signaling
complexes, and proteins are transported within cells has greatly advanced our understanding
of how viruses are transported within cells (Jouvenet et al., 2004; reviewed in Leopold and
Pfister, 2006; Mackenzie et al., 2006; reviewed in Ploubidou and Way, 2001; Rietdorf et al.,
2001; Ward and Moss, 2004). For example, the development of dominant negatives to
genetically manipulate the cellular transport system, as well as the increased availability of
genetically altered mice with defined motor protein deficiencies, have enabled a dissection of
what cellular proteins are utilized by viruses to enable transport. Although pharmaceutical
approaches to ablate specific microtubule motors or microtubules themselves are broadly used
(e.g., vanadate, colchicine, cytochalasin, nocodazole, etc.), the harsh and somewhat
nonspecific consequences of using these cytotoxic reagents was always a limitation that can
now be obviated with more precise and less caustic genetic strategies.

For example, the generation and characterization of mice via ENU-mutagenesis containing a
single point mutation in dynein heavy chain has helped to define the role of dynein in the spread
of mouse-adapted scrapie prions from the periphery to the CNS of infected mice (Hafezparast
etal., 2004). These loa (“legs at odd angles™) mice are viable as heterozygotes, and are currently
being used by a number of neurovirology labs to assess the role of dynein in virus transport
(Ahmad-Annuar et al., 2003; Hafezparast et al., 2004; Hafezparast et al., 2003).

Another tool to define viral-cytoskeletal interactions are dominant negative constructs. For
example, overexpression of p50 dynamitin, a member of the multi-protein complex dynactin
which acts as an accessory factor to dynein, specifically disrupts dynein function (Ahmad et
al., 1998; Burkhardt et al., 1997; Echeverri et al., 1996). This approach was used by Dohner
et al. to show that herpes simplex virus type 1 (HSV-1) utilizes dynein following its entry into
a cell to travel to the nucleus (Dohner et al., 2002). Similar reagents have been established for
kinesins, motors that govern intracellular retrograde transport (Verhey et al., 1998; Verhey et
al., 2001).

4.4 Reverse genetics for MV

The establishment of a reverse genetics system for vaccine strains of MV has also furthered
our understanding of MV replication in neurons, and in MV intra- and inter-neuronal spread
(Devaux et al., 2007; Radecke et al., 1995; Schneider et al., 1997). Future studies using this
approach will be key to identifying what roles each of the viral proteins play in neuronal
infection, and will define whether some viral proteins may be dispensable for neuronal
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infection. Moreover, given the speculation that point mutations found in SSPE isolates might
make these viruses more neuropathogenic, reverse genetics offers an opportunity to directly
test these hypotheses in a controlled setting. Already, MV reverse genetics has been used to
address the role of the H protein of rodent brain-adapted MV in conferring neurovirulence to
MV Edmonston in non-transgenic mice (Duprex et al., 1999a). Moreover, Maisner's group
engineered viruses with altered basolateral sorting signals in F and H and showed that these
domains are important for MV propagation through lymphoid cells, in addition to their
previously described role in MV spread through epithelial cells (Runkler et al., 2008).
Furthermore, the ability of SSPE-associated viral genes to confer certain phenotypes on wild-
type or vaccine strains of MV has been tested through reverse genetics approaches. For
example, a recombinant MV expressing the M gene of an SSPE isolate was found to replicate
less efficiently and led to a CNS infection in YAC-CD46 transgenic mice with a longer course
than that seen following infection with MV Edmonston. This MV expressing SSPE M also
showed defects in viral assembly and subsequent budding of progeny virus from infected cells
(Patterson et al., 2001). Finally, the power of reverse genetics has provided us with a bit of
experimental convenience in that we can now molecularly tag MV with marker proteins such
as GFP to more easily follow MV infections in vivo, in brain slices, and in cell culture (de
Swart et al., 2007; Duprex et al., 1999b; Duprex et al., 2000; Ehrengruber et al., 2002; Ludlow
et al., 2007; Plumb et al., 2002; Schubert et al., 2006).

5. Access to the CNS: Lessons from CDV, PV, and WNV

Despite this broad palette of tools that are available to study MV-neuron interactions, many of
the reagents and strategies have been developed only recently, and—as a result—we have more
questions than answers about how MV gets to the CNS, spreads within CNS cells, and mediates
neurological disease. How MV gains access to the CNS from the periphery is not known,
though it has been previously proposed that MV spreads into the brain by infecting endothelial
cells during secondary viremia (Esolen et al., 1995). Alternatively, there is speculation that
MV may infect the CNS by infiltration of infected lymphoid cells, e.g., via the turnover of
microglial cells by infected infiltrating macrophages. Despite a lack of certainty regarding MV
neuroinvasion, clues about how MV spreads to the CNS can be gained by looking at the spread
of other neurotropic viruses from the periphery to the CNS.

Two routes of CNS infection have been proposed for a related morbillivirus, canine distemper
virus (CDV)—the hematogenous route and anterograde trafficking via the olfactory nerve.
Like MV, CDV can infect lymphocytes during the systemic phase of infection, thus providing
an opportunity for infected lymphocytes to traffic across the blood-brain barrier and release
infectious virus to initiate infection within the brain parenchyma. Importantly, the work by
Rudd et al. suggested that entry of CDV into the CNS can also occur via the olfactory bulb
and suggested that this may be acommon mechanism of entry for neurotropic paramyxoviruses
(Rudd et al., 2006).

Similar portals of entry have been proposed and tested for both polio virus (PV) and West Nile
virus (WNV). One hypothesis is that these virus cross the BBB; the second is that PV or WNV
is transmitted via peripheral nerves (Ohka et al., 1998; Samuel et al., 2007). Yang et al.
demonstrated that circulating PV crosses the BBB at a high rate that is independent of polio
virus receptor (PVR) expression (Yang et al., 1997). More recently, studies in transgenic PVR-
expressing mice have shown that PV is transported through the sciatic nerve by fast retrograde
axonal transport. Furthermore, PV accesses the sciatic nerve from its intramuscular inoculation
site by a process dependent on PVR (Ohka et al., 1998), and the mechanism by which PV is
transported retrogradely along the sciatic nerve is thought to be an interaction of the PVR
cytoplasmic domain with dynein light chain Tctex1 (Ohka et al., 2004). As with polio, axonal
transport of WNV can also occur, mediating entry into the CNS. However, WNV can spread
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to the CNS even when the sciatic nerve has been transected, suggesting that WNV likely uses
multiple routes to access the brain (Samuel et al., 2007). One of these routes of WNV entry
has been shown to be dependent on Toll-like receptor 3 (TLR3)-mediated inflammation and
subsequent opening of the blood-brain barrier (Wang et al., 2004). Thus, as for CDV (Rudd et
al., 2006), multiple non-mutually exclusive routes of spread are available for PV and WNV
entry into the CNS. How MV penetrates into the CNS—and perhaps more importantly—how
often this occurs in a human population, remain to be determined.

6. MV spread and transport in non-neuronal cells

6.1 MV spread in non-neuronal cells

MV infection is intiated when H binds to one of its cellular receptors, CD46 or SLAM (Dorig
et al., 1993; Naniche et al., 1993; Tatsuo et al., 2000). The receptor used correlates with the
source of the MV H protein: wild type isolates typically use SLAM (Erlenhoefer et al., 2001,
Ono et al., 2001a; Ono et al., 2001b; Tatsuo et al., 2000), whereas attenuated vaccine strains,
such as Edmonston and the strains derived from it, preferentially use CD46. Receptor selection
is not exclusive, however: SLAM has been shown to be an effective receptor for MV entry for
vaccine strains, as well, and conversely a few wild type strains have the ability to bind to CD46
(Erlenhofer et al., 2002). It has been suggested that the receptor usage of a given MV isolate
may depend on the cell line used to isolate and amplify the virus rather than the wild-type or
vaccine strain status of the MV isolate (Manchester et al., 2000). Furthermore, genetic and
structural studies of MV H proteins have illustrated that the H binding domains to CD46 and
SLAM are spatially distinct (Colf et al., 2007; Erlenhofer et al., 2002), providing support for
the idea that H can interact with both CD46 and SLAM, albeit with different affinities for each.
In any case, given that SLAM expression is limited to lymphoid cells (McQuaid and Cosbhy,
2002), it is likely that other MV receptors await discovery.

In non-neuronal cells, MV buds from the apical surface, resulting in the release of free virus
or in cell fusion (reviewed in Griffin, 2001; Figure 1A). Transport of the viral nucleocapsid to
the plasma membrane is dependent on levels of M protein and its accumulation at the cell
surface (Runkler et al., 2007). Apical budding occurs despite the preferential homing of MV
glycoproteins F and H to the basolateral membrane through a tyrosine-based sorting signal
(Blau and Compans, 1995; Maisner et al., 1998; Moll et al., 2001). Appropriate budding is
achieved by restricted expression of M at the apical surface which retargets some of F and H
in polarized cells (Naim et al., 2000; Riedl et al., 2002). The interaction of the cytoplasmic
tails of F and H with M mediates virus assembly (Cathomen et al., 1998a; Cathomen et al.,
1998b). However, the predominant presence of the glycoproteins F and H at the basolateral
membrane has been hypothesized to play a key role in MV spread through an infected
individual. The tyrosine-based sorting signals in F and H are not only required for basolateral
sorting but are also required for the fusogenicity of the F/H complex in polarized epithelial
cells (Maisner et al., 1998; Moll et al., 2001). Consequently, it has been proposed that the
basolaterally expressed F/H complex promotes cell-cell fusion, thus allowing the virus to
spread to underlying tissues and facilitating systemic MV dissemination (Moll et al., 2004).
This hypothesis emphasizes that the two modes of MV spread in non-neuronal cells—apically
released budding virus and basolaterally-mediated cell-cell fusion—are both important
components of MV systemic dissemination.

It should be noted that the “classical” MV spread in nonneuronal cells (extracellular progeny
virus budding and cell-cell fusion) is dependent on MV glycoproteins. Thus, MV H interaction
with its receptor likely triggers F protein fusogenic activity, initiating viral infection (Griffin,
2001; Lamb and Kolakofsky, 2001). As we point out later, these events may be substantially
altered upon MV infection of neurons.
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6.2 Use of microtubules and their associated motor proteins to achieve viral transport within
an infected cell

6.2.1 Introduction to microtubules—How are the glycoproteins and RNP complexes
shuttled through a cell to achieve appropriate assembly and egress? Microtubules are part of
the cellular cytoskeleton and play a critical role in mediating movement of cellular proteins
and even organelles to their proper destinations. In neurons, their role is even more critical, as
neurons rely on microtubules for neurite extension, synaptic vesicle trafficking, and synapse
formation (Zhai and Bellen, 2004). Microtubules are long, hollow cylindrical polymers of
tubulin that assemble with a head-to-tail orientation (reviewed in Henry et al., 2006). The plus-
end of microtubules typically extends to the plasma membrane and away from the nucleus, or
towards the axon or dendrite and away from the cell body in neurons. In nonneuronal cells,
microtubule minus-ends are bound and stabilized at the microtubule organizing center (MTOC)
near the nucleus, whereas in neurons the minus-ends are oriented to the cell body, but lack an
MTOC. The protein motors that move cargo along these microtubules are grouped into two
families: the predominately plus-end directed kinesin family of motors, which move cargo
away from the cell body (anterograde transport), and the minus-end directed dynein family of
motors, which move cargo to the cell body (retrograde transport), often as part of the lysosomal
pathway. Cytoplasmic kinesin (or conventional kinesin) consists of 2 heavy chains and 2 light
chains. The heavy chains contain the motor domains which allow for the generation of force
and subsequent movement along the microtubule. Furthermore, the heavy chains facilitate
dimerization and cargo-binding. The kinesin light chains may also facilitate binding to cargo
(reviewed in Mandelkow and Mandelkow, 2002). Cytoplasmic dynein binds to microtubules
via its 2 heavy chains, but other components of this complex (including 6 light chains, 2 light
intermediate chains, and 2 intermediate chains) mediate cargo binding and contribute to the
specificity of the cargo that is transported. Furthermore, cytoplasmic dynein associates with
another protein complex dynactin, which acts as a cofactor to facilitate cargo binding and
processivity along the microtubule (reviewed in Leopold and Pfister, 2006; Radtke et al.,
2006).

Viruses of many families utilize the microtubule pathway during infection. Some viruses
associate with microtubules and retrograde motors to move to the nucleus, including murine
polyomavirus, adeno-associated virus, adenovirus, herpes simplex virus 1, and human
immunodeficiency virus (reviewed in Greber and Way, 2006; Radtke et al., 2006). Other
viruses are associated with anterograde transport, as has been shown for both Vaccinia virus
and African swine fever virus transport to the plasma membrane through an interaction of viral
cargo with kinesin-1 (Jouvenet etal., 2004; Rietdorf etal., 2001). Presumably, for these viruses,
interaction with anterograde motors facilitates viral egress. Moreover, recent work with the
alpha-herpesvirus pseudorabies, a large DNA virus, illustrated fast axonal transport through
neurons, a process mediated by microtubule motors (Smith et al., 2001). However, little is
known about how neurotropic RNA viruses, including MV, interact with molecular motors in
neurons.

6.2.2 MV and the cytoskeleton—It has been known for some time that actin plays a key
role in MV trafficking within cells. Actin is packaged within MV virions (Tyrrell and Norrby,
1978), and treatment of infected cells with the actin-disrupting agent cytochalasin B resulted
in disruption of MV virion formation (Stallcup et al., 1983). Electron microscopy studies of
cytoskeletal preparations of MV-infected cells showed that the growing end of actin filaments
protruded into budding virions. The authors suggested that the vectorial action of actin
promotes MV budding and may also be involved in the transport of nucleocapsids to the cell
surface (Bohn et al., 1986). Furthermore, actin was associated with transcriptionally silent MV
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nucleocapsids in vitro, supporting a role of actin in the budding of mature (i.e., not
transcriptionally active) MV nucleocapsids. The same study showed that tubulin promoted MV
RNA synthesis in in vitro RNA synthesis assays and could be co-immunoprecipitated with
MV L, implying a further requirement for tubulin in MV replication (Moyer etal., 1990). These
points, in addition to the large body of work illustrating the essential role of microtubules in
facilitating large-distance transport within cells (reviewed in Greber and Way, 2006), strongly
support the notion that MV engages the microtubule network to be transported long distances
within infected neurons. Ongoing work in a number of MV-focused laboratories is addressing
this hypothesis, recognizing the fact that it is hard to imagine a neurotropic virus achieving
transport from one end of a neuron to the other without hijacking the cell's railroad—the
microtubule system.

6.2.3 Transport of other viruses in neurons—The best-studied viruses, with regard to
neuronal transport and spread, are the alphaherpesviruses, including herpes simplex virus 1
(HSV1) and pseudorabies virus (PRV). Cell imaging studies with both viruses have revealed
by time-lapse fluorescence microscopy that these viruses travel retrogradely down the dendrite
to the cell body (Bearer et al., 2000; Feierbach et al., 2007). This intracellular trafficking of
the virus along microtubules can be disrupted by inhibitors of microtubule assembly, such as
colchicine, vinblastine, or nocodazole (Sodeik et al., 1997; Topp et al., 1994). HSV-1 capsids
entering a cell associate with the dynein complex, and overexpression of the dynactin
component dynamitin (p50) blocks the transport of HSV1 to the nucleus (Dohner et al.,
2002). Two somewhat contradictory models have emerged to explain virus transport away
from the nucleus and subsequent viral egress. In the first model, viral capsids and glycoproteins
are transported separately, and assembly takes place somewhere along the axon shaft or at the
axon terminus. The second model proposes that fully assembled enveloped virions are
transported intact down the axon in vesicles (reviewed in Diefenbach et al., 2008; Lyman et
al., 2007). As of last count, five different laboratories—three for HSV, two for PRV—have
demonstrated contradictory findings as to which model is correct, and the controversy
continues as the differences between variables—viruses, types of neurons, kinetics, and
technical differences—are sorted out (reviewed in Diefenbach et al., 2008). In either case, these
two models provide the RNA virologist with an impetus for thought as to how smaller
enveloped RNA viruses achieve egress from an infected neuron.

7. MV spread in neurons

7.1 MV movement within and among neurons

MV-infected CD46-expressing mice illustrated that, in vivo, neurons are the primary cell of
the CNS infected by MV, even in animals where the expression of CD46 was not neuronally
restricted (Oldstone et al., 1999). Similarly, neurons are the main target of MV infection in the
brain of infected SLAM transgenic mice (Sellin et al., 2006), as is the case for infected human
brains (Allen et al., 1996). The Edmonston strain of MV engineered to express EGFP (rMV-
EGFP) spread through brains of infected CD46+/IFNAR—/— neonatal mice by neuronal
processes. Furthermore, the authors detected EGFP-positive cells whose morphology was not
neuronal and that the authors believed to be ependymal cells and neuroblasts (Duprex et al.,
2000). This finding is of significance since it widens the population of cells susceptible to MV
in the CNS of this animal model, and the result is different from the predominant neuronal
infection described in other CD46-expressing animal models and in human cases of MV CNS
complications. Interestingly, the first report describing the generation and characterization of
CD46+/IFNAR—/— mice indicated that IC infection with MV Edmonston also resulted in
infection of ependymal cells, oligodendrocytes, and neurons (Mrkic et al., 1998). One key
difference among these studies and those of other CD46 transgenic mouse models and of
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infected humans is the absence of an intact type I interferon system, which may partially
account for the altered MV tropism.

MYV does not bud from infected neurons nor do MV-infected primary neurons form syncytia
(Fig. 1B), but the presence of nucleocapsids in the axons and at the presynaptic membranes of
infected neurons suggests a contact-dependent, trans-synaptic spread of MV (Lawrence et al.,
2000;0Oldstone et al., 1999). This finding is consistent with data from autopsy specimens of
SSPE cases, where MV budding is not apparent (Paula-Barbosa and Cruz, 1981). Moreover,
spread of MV-Edmonston in a neuronal population is independent of the receptor CD46
(Lawrence et al., 2000); thus, in this model, while CD46 was needed for viral entry, it was
dispensable for neuron-to-neuron transmission.

MV spread via neuron-neuron contact has been confirmed in studies using rat organotypic
hippocampal slices, as well as in tissue culture studies using differentiated human NT2 neurons
(Lawrence et al., 2000; Ludlow et al., 2005; McQuaid et al., 1998). The spread of rMV-EGFP
through hippocampal slices followed neuronal tracts, and no release of extracellular virus
particles was observed. In this study, the interneuronal spread of rMV-EGFP was determined
to be retrograde based on the spread of MV-EGFP from CA1 to CA3 pyramidal cells to granule
cells within the slices and the known synaptic connectivity of these cells. Furthermore, the MV
envelope proteins (F, H, and M) and P proteins were detected in dendrites of infected neurons
(Ehrengruber et al., 2002).

The mutations that accumulate upon MV adaptation to rodents (Rima et al., 1997; Vanchiere
et al., 1995) do not seem to affect neuronal spread, as these rodent-adapted MVs have yielded
data consistent with observations in humans and data from MV-infected CD46-expressing mice
and primary neurons cultured from such mice (Duprex et al., 1999a; Mrkic et al., 1998;
Schubert et al., 2006). For example, the hamster-neurotropic strain (HNT) of MV was used to
infect Balb/c mice, and the resulting infection was limited to neurons and was not cytolytic.
No virus assembly was detected (Van et al., 1979). Other work with HNT supports the lack of
virus assembly following infection of weanling or adult mice (Griffin et al., 1974). The
infection of weanling hamsters with HBS, another rodent-adapted MV isolated from an SSPE
case, also revealed no budding virions in infected brains (Johnson and Swoveland, 1977).

As mentioned earlier, MV neuronal spread can occur independent of the expression of CD46,
suggesting that H may not be required for MV trans-synaptic spread. Recently, Makhortova
et al. indirectly investigated the role of MV F in trans-synaptic spread by using FIP, fusion
inhibitory peptide (Makhortova et al., 2007). FIP, a synthetic tripeptide (z-D-Phe-L-Phe-Gly),
prevents fusion by multiple viruses, though its strongest activity is against MV (Norrby,
1971; Richardson et al., 1980; Richardson and Choppin, 1983). FIP reduced MV infection and
subsequent spread through primary CD46-expressing neuron cultures, implicating a role for F
in trans-neuronal transport. Furthermore, the neurotransmitter substance P, whose active site
is identical to FIP, also blocked MV neuronal spread. Genetic deletion of the substance P
receptor, neurokinin-1 (NK-1), or pharmacological inhibition of NK-1 decreased MV
replication and subsequent disease in MV-infected mice. Overall, these data suggest that MV
F may interact with NK-1 at the synapse to mediate trans-synaptic spread of MV (Makhortova
et al., 2007). The idea that MV engages a cellular receptor other than SLAM or CD46 is not
new (Andres et al., 2003; Blixenkrone-Moller et al., 1998; Takeda et al., 2007), though the
potential that such a receptor may be bound by MV F, rather than H, broadens this original
hypothesis. As a result of this work, the current model for MV trans-synaptic spread is a
microfusion event at the synapse, illustrated in Fig. 2. In this model, at least the MV RNP and
F glycoprotein are actively transported to the synapse. F engagement of NK-1 may then allow
a membrane fusion event to permit movement of the RNP from one neuron to the next. The
neurotransmitter receptors neurokinin-2 and -3 (NK-2 and NK-3) bind to neurotransmitters of
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the same family as Substance P and, therefore, may also play a role in MV trans-synaptic
spread.

7.2 Effects of immune responses on MV spread in neurons

It has long been known that multiple host factors contribute to the ability of a virus to replicate
in a given cell. The literature contains several examples in which the elicitation or removal of
a host immune response can alter MV replication and subsequent spread. While most of these
studies have measured the consequences of wholesale deletion of a particular immune cell type
(e.g., recombinase activating gene (RAG) knockout (KO) mice that lack functional T and B
cells), intrinsic responses of neurons can also influence the outcome of infection. For example,
expression of the heat shock protein hsp72, which would be induced during a febrile illness,
increased MV gene expression following infection of neonatal hsp72 transgenic mice. The
increased MV RNA levels correlated with a higher mortality rate (Carsillo et al., 2006),
providing an example wherein the cellular response to viral infection increases MV
pathogenesis. Conversely, the removal of the adaptive immune response protein TAP1 (the
transporter associated with antigen presentation) led to enhanced spread of MV into the brains
of infected mice. The HNT strain of MV trafficked from the olfactory bulb into the limbic
system of wild-type and TAP1—/— mice but showed a greater dissemination into the brains of
TAP1-/—mice, as compared to that seen in wild-type mice (Urbanska et al., 1997).

Finally, an association was found between promoter polymorphisms of the innate immunity
protein MxA and the occurrence of SSPE in Japan. The most frequent polymorphisms caused
the MxA promoter to be more responsive to type | interferon than the wild-type promoter
sequence. Therefore, the increased activity of MxA in response to type | interferon positively
correlated with SSPE occurrence, suggesting that MxA may play a role in the establishment
of persistent MV infections in neurons (Torisu et al., 2004), though these studies have been
somewhat controversial (Pipo-Deveza et al., 2006). The analysis of SSPE lesions of affected
individuals revealed that the cells staining positive for MxA were mainly astrocytes located in
a belt around the region of MV antigen-positive cells in affected areas of the brain. Similar to
the conclusions drawn from the Japanese cases of SSPE, the authors suggested that MxA plays
an important role in slowing down viral spread in SSPE and therefore may contribute to the
persistent nature of this MV CNS infection (Ogata et al., 2004; Torisu et al., 2004).

8. Remaining questions

It should be noted that molecular mechanisms of MV neuronal spread are only recently
becoming defined. Ehrengruber's study on the spread of rMV-EGFP in cultured rat
hippocampal slices found that MV spreads through the rat hippocampus in a retrograde
direction, with the MV F, H, M, and P proteins localizing to the dendrite of infected neurons
(Ehrengruber et al., 2002). Lawrence et al. demonstrated by electron microscopy the presence
of MV nucleocapsids at the presynaptic membrane of infected primary hippocampal neurons,
suggesting that MV may, in fact, spread in an anterograde direction, or from the axon of an
infected neuron to the dendrite of a neighboring neuron (Lawrence et al., 2000). However,
these studies could not distinguish between nucleocapsids that were exiting or nucleocapsids
that were entering the neuron. Furthermore, there have been reports in support of both
anterograde and retrograde trafficking of MV in neurons (McQuaid et al., 1998; Urbanska et
al., 1997), which may not be unexpected as the virus must travel to the cell body to replicate
and then back to the periphery of the neuron for egress, regardless of which neuronal process
it uses (the dendrite or the axon) for entry and for exit. While a crystallized view of how the
unique environment of the neuron affects MV replication, spread and, ultimately,
neuropathogenesis awaits further study, the tools and ideas are in place for exciting advances
in the coming years.
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Figure 1.

Immunohistochemistry for MV antigen with hematoxylin counterstain. A) MV-infected Vero
cells form syncytia, or multi-nucleated giant cells. B) MV-infected primary hippocampal
neurons from NSE-CD46 mice do not form syncytia.
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Figure 2.

Model for MV trans-synaptic spread. RNPs and F are transported to the synapse. The
interaction of F with neurokinin-1 triggers a microfuison event, allowing the RNP to cross the
synapse and infect the synaptically connected neuron. Neurokinin-2 and -3 may act as receptors
for MV F, given their homology to neurokinin-1.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2009 December 16.



