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Highlighting the 'blood-nerve barrier' in virology research
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Summary. - The blood-nerve barrier (BNB) shields peripheral nerves from the blood in order to maintain
the homeostasis of the nervous system. In the field of infectious diseases, little information is currently avail-
able concerning the BNB. Recently documented evidence in virology suggests that elevated permeability of
the BNB by immune cells and the natural absence of the BNB in the olfactory mucosa play significant roles in
neuroprotection as well as neuropathogenesis. Importantly, the BNB can behave more flexibly than previously
thought. In the near future, drug delivery via manipulation of the BNB will shed light on new therapeutic and
prophylactic strategies for serious and intractable nervous system infections.
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1. Introduction

The blood-nerve barrier (BNB), equivalent to the blood-
brain barrier of the central nervous system, shields peripheral
nerves from the blood, which may contain harmful substances
and cells, to maintain the homeostasis of the nervous system
(Ubogu, 2013). Thus, the BNB establishes an immunoprivileged
site. In principle, the BNB is organized within the endoneurium
by microvascular endothelial cells with electron-dense rich
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intercellular tight junctions and lacking fenestrations (Fig. 1).
The perineurium protects the endoneurium from passive diftu-
sion of epineurial interstitial fluid components. Active research
on the biological functions and pathological involvement of the
BNB, in addition to its potential application to drug-delivery
systems, however, are far behind corresponding studies of the
blood-brain barrier (Bentivoglio and Kristensson, 2014). Con-
sequently, the BNB has attracted comparatively little scientific
attention from researchers working in virology. Here, based on
recently reported evidence, this review discusses the dynamic
actions of various agents in the blood on peripheral nerves
under conditions of elevated BNB permeability or the complete
absence of the BNB, and propose that the BNB will assume
greater importance in virology research in the near future.

2. Immune cells can modulate the BNB in response to
viral infection

Herpes simplex virus type 2, the major causative agent
of genital herpes in humans, infects the mucosal tissue and
successively intrudes into innervating neurons of dorsal
root ganglia to establish latency. In a recent study, intranasal
vaccination with mutant virus harboring a deletion in the
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thymidine kinase gene conferred robust protection against
intravaginal challenge with the wild-type virus in mice (Iijima
and Iwasaki, 2016). Intranasal immunization generated a cir-
culating memory CD4 T cell pool, but did not establish tissue-
resident CD4 T cells in the genital mucosa. Following vaginal
challenge with the wild-type virus, mice that were immunized
in advance with the mutant virus exhibited insufficient control
of viral replication in vaginal mucosa. Nevertheless, viral rep-
lication was efficiently blocked in innervating neurons of the
dorsal root ganglia. Specifically, circulating memory CD4 T
cells migrated rapidly to the dorsal root ganglia and spinal cord
in response to vaginal challenge. Interferon-y locally secreted
by virus-specific CD4 T cells increased the permeability of
the BNB, enabling circulating antiviral antibodies to access

neurons. In addition, the blood level of virus-specific anti-
bodies (IgG2b and IgG2c subtypes) positively correlated with
protection against wild-type virus. Together, these results dem-
onstrate that circulating memory CD4 T cells, interferon-y,
and antiviral IgG antibodies cooperatively protect peripheral
neurons against neurovirulent virus, thus serving a critical
function at the border of the peripheral nervous system, the
BNB (Iijima and Iwasaki, 2016).

3. Olfactory mucosa lacks the BNB

The olfactory mucosa exhibits unique morphological fea-
tures not found in other peripheral nerve tissues. First, the den-
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Anatomy of a typical peripheral nerve
Within the endoneurium, the BNB is formed from the unfenestrated endothelial lining of microvessels with specialized intercellular tight junctions. Axons

are myelinated, except in a fraction of sensory and autonomic nerves.

dritic nerve terminals of olfactory neurons are directly exposed
to the external environment, i.e., the nasal cavity, so that they
can acquire odor stimuli. Second, olfactory neurons form the
epithelial structure in concert with sustentacular and basal cells.
The olfactory neuroepithelium itself is avascular in postnatal
humans (Sangari et al., 2000). Third, beneath the olfactory epi-
thelium is the lamina propria, which is rich in vasculature. An
ultrastructural study revealed fenestrations in the endothelial
lining of capillaries, mainly in the deeper zone of the lamina
propria (Grevers and Herrmann, 1987). Accordingly, unmy-
elinated axons of olfactory neurons (Blinder et al., 2003) pass
through the fenestrated vasculature-rich space and projects to
the olfactory bulb (Fig. 2). Such olfactory organization points to
an anatomical defect of the BNB. The functional absence of the
BNB in the olfactory mucosa has been documented experimen-
tally: in mice, the olfactory mucosa is labeled, within 50 seconds,
with intravenously administered horseradish peroxidase (Balin

et al., 1986). Bismuth, a neurotoxic xenobiotic metal, readily
diffuses from the fenestrated blood vessels of the olfactory
mucosa after intraperitoneal injection and accumulates in the
vicinity of these microvessels (Ross et al., 1996). Interestingly,
the metal travels along the olfactory route centripetally to the
olfactory bulb, and further to olfactory-related nuclei such as
the amygdala and entorhinal cortex. Collectively, these obser-
vations indicate that both biological and pathological factors
circulating in the blood can come into direct contact with axons
of olfactory neurons.

4. Neurotropic viruses can infect the olfactory mucosa
via viremia

In experimental settings using animals, a certain set of
human arthropod-borne viruses, encompassing La Crosse
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Anatomy of olfactory mucosa
In the lamina propria, unmyelinated axons of olfactory neurons can be directly exposed to various factors derived from microvessels with fenestrated
endothelium. This anatomical organization is compatible with the absence of the BNB in this tissue.

virus, Murray Valley encephalitis virus, St. Louis encepha-
litis virus, and Venezuelan equine encephalitis virus, infect
the olfactory mucosa after intraperitoneal or subcutaneous
challenge, most reasonably via the blood stream, and then
spread centripetally to the brain (Mori, 2015). These findings
support the absence of the BNB in the olfactory mucosa.
A variety of neurotropic viruses are thought to invade the
olfactory neurons from dendritic nerve endings. Viruses,
however, must overcome the hurdle of the mucus layer cover-
ing the luminal surface of the olfactory epithelium (Fig. 2).
Considering the findings above, obtained in experimental
animals, neurotropic viruses with viremic potential may in-
fect human olfactory mucosa through viremia. In particular,
measles virus, Hendra virus, and Nipah virus, all belonging to
Paramyxoviridae, West Nile virus and Japanese encephalitis
virus, belonging to Flaviviridae, and herpes simplex virus
type 1 and human herpesvirus 6 may take this alternative
route, leading to sporadic encephalitis (Tyler, 2009; Berrington
et al., 2009; Zerr et al., 2006). These viruses can spread via the
olfactory pathway to the brain (Mori, 2015). Of note, human
herpesvirus-6 DNA is frequently detected in olfactory bulb/
tract tissues obtained from patient autopsies, in which the
involvement of viremia is undeniable (Harberts et al., 2011).
A recent study in humans provided the first evidence that
influenza virus (seasonal H3N2) enters through the olfactory
route (van Riel et al., 2014). The virus was detected in the
olfactory bulb, olfactory tract, and gyrus rectus (the gyrus
just medial to the olfactory tract). Notwithstanding the
apparent olfactory neuroinvasion, the virus was undetect-
able in other parts of the brain, respiratory tract, and other
organs. A plasma sample proved negative for the viral RNA,
excluding viremia. By contrast, in a ferret model using highly
pathogenic avian influenza H5N1 virus, viremia preceded

the nervous system infection (Edenborough et al., 2015).
Moreover, the H5N1 virus reached the olfactory bulb 7 days
or later after intranasal infection, providing logical sup-
port for the idea of viremic transmission into the olfactory
mucosa (Jang et al., 2009). Clinically, viremia induced by
pandemic influenza A/H1N1/2009 virus is associated with
the hemagglutinin D222G/N substitution, and importantly,
with high disease severity and mortality (Tse et al., 2011).
Taken together, these findings indicate that depending on
genotype, influenza viruses may gain entry into the human
olfactory system via viremia.

5. Circulating antiviral antibodies can directly access
olfactory neurons

In a ferret experimental system, homologous vaccination
efficiently hindered the CNS invasion by the H5N1 virus via
the olfactory pathway, whereas prophylactic administration
of oseltamivir provided less neuroprotection (Siegers et al.,
2016). In that study, ferrets were intramuscularly vaccinated
twice with AS03A-adjuvanted H5N1 A/Indonesia/5/05 split
vaccine, followed by intranasal challenge with the homolo-
gous H5N1 virus. In theory, an inactivated vaccine should
predominantly induce circulating IgG antibodies against the
virus. These antiviral IgG antibodies could leak from fenes-
trated vessels of the nasal mucosa (Grevers and Herrmann,
1987) and then diffuse to the luminal surface of olfactory
epithelium to neutralize the infectivity of the virus. However,
such indirectly recruited antiviral antibodies might be insuf-
ficient to completely abrogate viral infectivity, because a small
amount of infectious virus would remain in the nasal cavity
at early time points; consequently, a small fraction of cells in
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the olfactory neuroepithelium might become infected (Siegers
et al., 2016). Given the absence of the BNB in the olfactory
mucosa, the nearly complete protection of olfactory neurons
against the virus may be mediated by abundant virus-specific
IgG antibodies coming directly from the bloodstream (Mori,
2016). By contrast, oseltamivir, a neuraminidase inhibitor,
blocks the viral enzyme's ability to cleave sialic acid residues on
the surface of infected cells, thereby inhibiting progeny virus
release. This antiviral event should take place in the olfactory
bulb (Fig. 2), which the drug can barely reach because of the
presence of the blood-brain barrier.

Another study in a ferret model demonstrated that pro-
phylactic intravenous transfer of the influenza virus H1
stalk-reactive monoclonal antibodies (IgG2b subtype) signifi-
cantly decreased the viral titer in the olfactory bulb following
challenge with pandemic influenza HINI virus (Krammer
et al., 2014). This straightforward observation supports the
hypothesis that due to the lack of the BNB, circulating IgG
antibodies, raised against a viral antigen, directly contact the
olfactory neurons to exert their antiviral functions.

Antibody-mediated neuroprotective actions against vi-
ruses have been described (Levine et al., 1991; Griffin and
Metcalf, 2011), although their precise mechanisms remain to
be elucidated. Virus neutralization by antibodies may not be
essential for neuroprotection (Srivastava et al., 2015).

6. Perspectives

At present, little information regarding the BNB is available
in the field of virology. Further accumulation of knowledge
concerning the role of the BNB in physiology, pathology, and
microbiology will open the door to novel prophylactic as
well as therapeutic strategies for intractable nervous system
infectious diseases. This is a rather urgent problem given the
possibility of future outbreaks of emerging and reemerging
infections, exemplified by serious influenza among humans.
Antibody therapy as well as vaccination will confer neuropro-
tection against multiple viruses that favor the olfactory system.
Furthermore, drug delivery via artificial manipulation of the
BNB has recently been reported and will be applied in various
ways (Sauer et al., 2014; Yang et al., 2016).
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