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ABSTRACT Herpes simplex virus (HSV) latency in neurons remains poorly under-
stood, and the heterogeneity of the sensory nervous system complicates mechanis-
tic studies. In this study, we used primary culture of adult trigeminal ganglion (TG)
mouse neurons in microfluidic devices and an in vivo model to examine the sub-
types of sensory neurons involved in HSV latency. HSV-infected neurofilament heavy-
positive (NefH�) neurons were more likely to express latency-associated transcripts
(LATs) than infected neurofilament heavy-negative (NefH�) neurons. This differential
expression of the LAT promoter correlated with differences in HSV-1 early infection
that manifested as differences in the efficiency with which HSV particles reached the
cell body following infection at the distal axon. In vivo, we further identified a spe-
cific subset of NefH� neurons which coexpressed calcitonin gene-related peptide �

(NefH� CGRP� neurons) as the sensory neuron subpopulation with the highest LAT
promoter activity following HSV-1 infection. Finally, an early-phase reactivation assay
showed HSV-1 reactivating in NefH� CGRP� neurons, although other sensory neuron
subpopulations were also involved. Together, these results show that sensory neu-
rons expressing neurofilaments exhibit enhanced LAT promoter activity. We hypoth-
esize that the reduced efficiency of HSV-1 invasion at an early phase of infection
may promote efficient establishment of latency in NefH� neurons due to initiation
of the antiviral state preceding arrival of the virus at the neuronal cell body. While
the outcome of HSV-1 infection of neurons is determined by a broad variety of fac-
tors in vivo, neuronal subtypes are likely to play differential roles in modulating the
establishment of latent infection.

IMPORTANCE Two pivotal properties of HSV-1 make it a successful pathogen. First,
it infects neurons, which are immune privileged. Second, it establishes latency in
these neurons. Together, these properties allow HSV to persist for the lifetime of its
host. Neurons are diverse and highly organized cells, with specific anatomical, physi-
ological, and molecular characteristics. Previous work has shown that establishment
of latency by HSV-1 does not occur equally in all types of neurons. Our results show
that the kinetics of HSV infection and the levels of latency-related gene expression
differ in certain types of neurons. The neuronal subtype infected by HSV is therefore
a critical determinant of the outcome of infection and latency.
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Herpes simplex virus 1 and 2 (HSV-1 and HSV-2, respectively) (1) are efficient human
pathogens (2) that cause diseases that range from asymptomatic infections and

cold sores to blinding stromal keratitis and lethal encephalitis. In developed countries,
HSV-1 is the leading cause of infectious blindness and viral encephalitis (1, 3). The HSV
life cycle is initiated by infection of the skin, cornea, or mucosal epithelia, where the
virus replicates. During primary infection the virus invades sensory free nerve endings
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(FNEs) that innervate the infected epithelium (4). HSV particles are then retrogradely
transported to the neuronal cell body, where the viral DNA is released into the nucleus.
HSV DNA persists in the nucleus, and lytic gene expression is repressed through
chromatin control (5). The latency-associated transcripts (LATs) and several microRNAs
(miRNAs) remain highly expressed, serving to further silence lytic gene expression and
promote survival of the infected neuron (4, 5).

Latency in neurons is a major evolutionary advantage for HSV, providing a lifelong
reservoir from which virus can reactivate and spread to new susceptible individuals (3).
In addition, neurons are an immune-privileged and nondividing cell population, facil-
itating persistence and obviating the need for the virus to pass into progeny cells. HSV
latency is, however, a complex and heterogeneous process with many unknowns (6, 7).
First, not all latently infected neurons carry the same amount of viral DNA, and the
HSV-1 genome copy number within an infected ganglion can range from the single-
copy range to more than 1,000 copies per neuron (8). Second, expression of LATs, an
accepted marker of HSV latency, is dispensable for the establishment, maintenance,
and reactivation of HSV latency in neurons (6, 7, 9). Moreover, expression of LATs
changes during the course of infection (10), and yet only 30% of latently infected
neurons express LATs at all (11, 12). Taken together, these data show that HSV latency
is not homogeneous in the neurons that populate sensory ganglia.

Although the clinical landscape is shifting, HSV-1 and HSV-2 have evolved distinct
anatomical tropisms (1). HSV-1 most frequently infects orolabial epithelia and estab-
lishes latency in trigeminal ganglia (TG), while HSV-2 usually infects the genital epithe-
lium and establishes latency in dorsal root ganglia (DRG) (4). TG and DRG are both
sensory ganglia, and neurons therein are specialized in conveying various signals to the
central nervous system. These include signals for pain, temperature, pressure, and
proprioception (13). Sensory neurons within the peripheral nervous system (PNS) have
been classified according to their myelination and speed of nerve impulse conduction
(13), neurotrophic dependency (14), differential expression of neuropeptides (15), type
of sensations conveyed (16), and, more recently, large-scale single-cell RNA sequencing
(17). This diversity of sensory neurons seems to be a likely major contributor to the
heterogeneity of HSV latency. Indeed, HSV-1 LATs are preferentially expressed in
neuropeptide-rich TG neurons in mice (18). This observation was subsequently refined,
pointing to a sensory neuron population recognized by an antibody termed A5 (19). It
was proposed that A5-positive neurons are less permissive for HSV-1 productive
infection than other subpopulations, linking the presence of LATs with the absence of
viral productive infection (20–22). However, the A5 mouse monoclonal antibody is an
IgM which recognizes poorly defined carbohydrates. This antibody is therefore a limited
reagent for further mechanistic investigations.

In this study, we explored how adult sensory neuron heterogeneity may affect acute
infection, latency-associated transcription, and establishment of HSV-1 latency. Our
approach was to classify sensory neurons by their expression of neuronal intermediate
filaments, known as neurofilaments (23, 24). Neurofilaments are the major cytoskeletal
component of myelinated neurons. In the PNS, neurofilaments are heteropolymers
composed of four subunits, neurofilament heavy, medium, and light (NefH, NefM, and
NefL, respectively) and peripherin. The known function of neurofilaments is to confer a
threshold thickness to axons, which contributes to the process of myelination (23, 24).
In this manner, neurons expressing neurofilaments have bigger cell bodies, a higher
axon caliber, and a higher speed of conduction. On the other hand, neurofilament-
negative neurons have small cell bodies and thin axons, and Schwann cells wrap these
axons without myelination, forming Remak bundles (24, 25). In this study, we used
microfluidic chambers in conjunction with murine TG neurons and recombinant vi-
ruses, as well as in vivo latency and reactivation models. With these systems, we have
garnered evidence for a new hypothesis regarding the relationship between neurofila-
ments, HSV infection, and latency. In NefH-positive (NefH�) neurons, HSV-1 particles are
slow to infect the neuronal cell bodies, but many neurons of this type exhibit high LAT
promoter activity during latency. In contrast, HSV-1 rapidly infects the cell bodies of
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NefH-negative (NefH�) neurons, and relatively few neurons of this type show LAT
promoter activity during HSV-1 latency. Our approach has therefore elucidated how the
heterogeneity of the PNS correlates with the range of outcomes following infection
with HSV.

RESULTS
Establishment and characterization of microfluidic neuronal cultures. An im-

portant question in HSV-1 pathogenesis is whether the intrinsic neuronal heterogeneity
within peripheral nervous system tissues influences the establishment of viral latency.
To begin to address this, we developed a protocol with which adult mouse TG neurons
could recapitulate their compartmentalization within microfluidic devices. In this sys-
tem, neurites sprout into a compartment distal from the cell bodies, eventually forming
a dense, polarized, axonal network (26). Growth of the majority of neuronal subtypes of
the TG was promoted by providing a combination of neurotrophic factors (nerve
growth factor [NGF], brain-derived neurotrophic factor [BDNF], glial cell-derived neu-
rotrophic factor [GDNF], and soluble GDNF family receptor �1 [GFR�1]). This allowed all
subtypes of neurons to contribute to the axonal compartment and created a robust
trophic environment, a critical factor in the establishment of HSV-1 latency (27). Adult
sensory neurons are uniformly positive for the microtubule �3-tubulin (�3-Tub) but
differ in their expression of neurofilaments and are thus categorized as neurofilament
heavy protein positive (NefH�) or negative (NefH�) (17). Enumeration of the popula-
tions of sensory neurons present in the microfluidics devices was possible upon
comparison of NefH� neurons to total (�3-Tub-positive [�3-Tub�]) neurons in the cell
body chamber (Fig. 1A). Our culture conditions routinely yielded a ratio of NefH�/
NefH� neurons of �30:70 after 3 days in culture, which is representative of these
subpopulations in human and murine TG (19, 28) Within the distal axon compartments
(Fig. 1B), we observed that NefH� axons also represented �30% of the total surface
covered by all �3-Tub-positive axons. Thus, we considered our microfluidic cultures to
be an accurate representation of the TG neuron population in vivo and a well-suited
model of polarized neurons for our studies.

LAT expression is higher in NefH� than NefH� neurons. HSV-1 latency in TG
neurons requires infection at the distal axon and silencing of the viral genome within
the neuronal nucleus, after which point LAT expression becomes detectable. To deter-
mine which neuronal subpopulations are expressing LAT, we utilized KOS/62, an HSV-1
strain in which �-galactosidase (�-Gal) expression is driven by the LAT promoter (10,
29). It should be noted that the region immediately downstream of the LAT promoter
is replaced with the �-Gal gene, so that despite accurately reporting LAT promoter
activity, KOS/62 is at least partly a LAT-negative virus. Following infection, �-Gal
expression in the cell bodies was assessed by immunofluorescence (IF) microscopy. By
5 days postinfection (dpi), �-Gal-positive (�-Gal�) neurons were readily seen (Fig. 2,
micrograph). Surprisingly, although NefH� neurons were the minority population in
these cultures, the majority of the �-Gal� neurons were NefH� (�80%; Fig. 2, graph).
This indicated that NefH� neurons favor robust LAT promoter activity.

NefH� neurons have low HSV-1 early-infection efficiency. We hypothesized that
the initial phases of HSV-1 infection may differ during invasion of NefH� and NefH�

sensory neurons. To test this, temperature-shift infections were performed to synchro-
nize infection, such that early-infection efficiency from the distal axon compartment
could be compared between neuronal subtypes. HSV-1 KOS first arrived at cell bodies
20 min after infection (Fig. 3, micrographs, left), in agreement with the documented fast
axonal transport of HSV-1 to the cell body (using an average speed of 2 �m/s and a
maximal distance of 2,000 �m) (30–33). Surprisingly, �85% of infected neurons were
NefH� at 20 min postadsorption, while only �15% of infected neurons were NefH�

(Fig. 3, graph). This percentage of infected NefH� neurons represented half of the
expected frequency based on their proportional presence in the culture (Fig. 1). At 150
min postadsorption, �70% of infected neurons were NefH�, while �30% were NefH�

(Fig. 3, micrographs, right, and graph). The proportions of neurons infected at this later
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time point therefore matched the expected 70:30 NefH�/NefH� ratio (Fig. 1). To
confirm this result we repeated these infections using a green fluorescent protein
(GFP)-mOrange-tagged HSV-1 strain, strain 17, which showed similar trends (data not
shown). Altogether, these results suggest that the early stages of HSV-1 infection are
less efficient in NefH� neurons.
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FIG 1 Trigeminal ganglion neuronal subpopulations are identifiable by neurofilament heavy expression. (A)
Representative images from the cell bodies compartment of microfluidic devices containing explanted,
polarized, adult mouse TG neurons. Neurons polarizing over 3 days in culture were fixed within the devices
and immunostained for �3-tubulin (�3-Tub) (blue; upper left) to demarcate all neurons and for neurofilament
heavy (NefH; magenta; upper right) to identify NefH� neurons. The merged image is shown at the lower left.
The graph represents the percentage of NefH� versus NefH� neurons counted from tiles obtained from the
central channel in eight replicate chambers. (B) Representative images of TG axons in the distal axon
compartment of the microfluidic device depicted in panel A. (Top) �3-Tub (blue); (middle) NefH (magenta);
(bottom) merged image.
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The A5 antibody identifies the NefH� and CGRP� neuronal subtypes. We next
sought to test whether LAT promoter activity was higher in NefH� neurons than in
NefH� neurons in vivo. First, however, we needed to account for the anatomy of the
PNS, in that most NefH� neurons end as FNEs, while the majority of NefH� neurons do
not (34). Only a specific subset of NefH� neurons end as FNEs in the skin and cornea,
with those being the lightly myelinated NefH� calcitonin gene-related peptide �

(CGRP�; here referred to as CGRP)-positive (CGRP�) TG (A�) neurons that function in
mechano/nociception (35, 36). As A� neurons express the neuropeptide CGRP (17), we
used a transgenic mouse line in which GFP is expressed in its CGRP� neurons (37, 38).
The mice used in this mouse model, here termed CGRP-GFP mice, were bred as
heterozygous for the GFP allele and show no detectable phenotype (37). This allowed
us to place sensory TG neurons into four categories: NefH� CGRP�, NefH� CGRP-
negative (CGRP�), NefH� CGRP�, and NefH� CGRP� neurons (Fig. 4A).

Curiously, NefH� CGRP� (A�) TG neurons are intermediate to large, similar in size to
those neurons which are recognized by the A5 antibody, which is reactive to a cell
surface carbohydrate (19). Previously published studies showed that the highest LAT
promoter activity during latency was in A5-positive (A5�) neurons (19). We therefore
needed to determine whether NefH� CGRP� and A5� neurons represent the same
neuronal subpopulation. We characterized these subpopulations using IF microscopy of
cultures of adult TG neurons from CGRP-GFP mice (Fig. 4B, micrographs). A5 immuno-
reactivity coincided with that of NefH and CGRP, and when quantitated, more than 90%
of the A5� neurons were also NefH� and CGRP� (Fig. 4B, graph). This demonstrates
that these markers identify the same neuronal subtype, allowing 2 alternate ap-
proaches to identify this important subpopulation.

Corneal innervation is heterogeneous. One of the most widely used in vivo
models of HSV-1 infection is the corneal infection model. In this system, the corneal
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FIG 2 LAT expression is primarily observed in NefH� neurons following axonal HSV-1 infection. TG
neurons cultured in microfluidic devices for 3 days were infected at the distal axon compartment with
KOS/62 (MOI � 10). At 5 dpi, the cultures were fixed and immunostained for expression of the LAT
promoter-driven �-galactosidase (�-Gal; yellow), �3-Tub (blue), and NefH (magenta). In the right micro-
graph, the blue arrowheads point to �-Gal� NefH� neurons and magenta arrowheads point to �-Gal�

NefH� neurons. The graph represents the percentage of NefH� and NefH� neurons positive for �-Gal
(LAT) expression. The threshold for �-Gal positivity was set using mock-infected chambers. Data are for
8 chambers and are from 3 independent experiments. ***, P � 0.001.
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epithelium is scarified before HSV-1 infection, allowing virus direct access to the nerves
innervating the cornea. The innervation of the corneal epithelium has been well
studied, and based on this literature, we have synthesized a model of corneal epithe-
lium innervation (Fig. 5A) (39–41). This model predicts that the majority of innervating
FNEs are NefH� CGRP�, terminate at the surface of the cornea, and are greatly
branched. The NefH� CGRP� neuronal termini lie in the middle-outer layer of the
epithelium. The NefH� CGRP� FNE population innervates the innermost layer of the
corneal epithelium. To address this model directly, we stained the corneal epithelium
of CGRP-GFP mice for �3-tubulin (Fig. 5B). In agreement with the model, CGRP� FNEs
were the most abundant and the most branched FNEs. Despite our inability to stain
directly for NefH in these tissues, we observed two different types of CGRP� FNEs. One
type had a straight morphology (CGRP � long; Fig. 5B), and according to the literature,
these FNEs are most likely NefH� CGRP� FNEs (39–41). The second type had a short
unbranched morphology (CGRP� short; Fig. 5B), and these FNEs are most likely NefH�

CGRP� FNEs (39–41). This result suggests that the model proposed is an accurate
representation of corneal innervation in mice. Together, these results present evidence
of the heterogeneity of corneal epithelium innervation, which likely has a critical impact
on HSV-1 infection and the establishment of latency following corneal infection in
humans and animal model systems.

LAT promoter activity is highest in A� (NefH� CGRP�) neurons. Given this
model of corneal epithelium innervation, we wished to assess which neurons sup-

β3-Tub

NefH

NefH+NefH-
0

20

100
**

%
 o

f c
el

l b
od

ie
s 

H
SV

-1
+

HSV-1

20 min 150 min

**

20 min
NefH+NefH-

150 min

100μm

Cell bodies compartment

40

60

80

HSV-1
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devices for 3 days were infected synchronously at the distal axon compartment with KOS (MOI � 200).
Cultures were fixed and processed at two time points: 20 min (left) and 150 min (right) postadsorption.
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and NefH� cell bodies positive for KOS at the early and late time points. The threshold for KOS detection
was set using mock-infected chambers. Data are for 7 chambers for 20 min postadsorption and 7
chambers for 150 min postadsorption from 2 independent experiments. **, P � 0.01.
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ported the highest LAT promoter activity. We infected CGRP-GFP mice with KOS/62 and
analyzed LAT expression by �-Gal IF in the TG tissue at �21 dpi. By IF, the majority of
neurons with LAT promoter activity were NefH� (Fig. 6A), in agreement with in vitro
results (Fig. 2). Moreover, the NefH� CGRP� neurons comprised nearly 60% of �-Gal-
expressing neurons in the TG (Fig. 6A and B). We also found a notable amount of NefH�

CGRP� neurons with LAT promoter activity (�25%; Fig. 6B). This was very unexpected,
since these neurons do not innervate the corneal epithelium (Fig. 5A). The presence of
latent HSV in these neurons likely reflects infection of the conjunctiva, interneuronal
HSV-1 spread, or possibly, round-trip infection (42). Together, these results suggest that
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NefH� neurons are more likely to harbor genomes with high LAT promoter activity in
vivo, especially in the A� (NefH� CGRP�) neurons that innervate the innermost layer of
the corneal epithelium.

HSV molecular reactivation occurs from both NefH� and NefH� neurons. LAT
expression peaks during HSV-1 latency, but several studies have shown that HSV
latency can occur without LAT expression, and it has even been proposed that LAT
expression occurs in only 30% of latently infected neurons (11, 12). Thus, the higher
frequency of detectable LAT promoter expression in NefH� CGRP� TG neurons may
reflect either a preferential establishment of HSV-1 latency in these neurons or the fact
that NefH� CGRP� neurons simply promote higher expression of LAT. To test whether
NefH� CGRP� TG neurons are a bona fide HSV-1 reservoir, we infected CGRP-GFP mice
with HSV-1 KOS, and at 21 dpi we harvested and dissociated TG neurons in the absence
of trophic support. These dissociated neurons were cultured with trichostatin A and
were monitored for 24 h to assess phase I (early) molecular reactivation, as judged by
VP16 expression (43). In this scenario, the cultures maintain neuronal identity without
the complication of secondary infection. IF revealed that VP16 was expressed in two
different subpopulations: NefH� CGRP� neurons, the most abundant and most ar-
borized neurons in the corneal epithelium, and also in NefH� CGRP� neurons (Fig. 7).
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These results show that upon corneal epithelium infection, HSV-1 is capable of estab-
lishing latency in, and at least molecularly reactivating from, different subpopulations
of TG neurons, especially NefH� CGRP� and NefH� CGRP� neurons.

DISCUSSION

Sensory neurons are a heterogeneous population (17), and this study has elucidated
how this heterogeneity affects the activity of the LAT promoter. The Margolis group has
examined this previously (10, 18, 19), and our results concur with and extend their
observations. Our results in vivo show that NefH� CGRP� TG neurons are more prone
to express LAT during latency. This is consistent with the hypothesis that these are the
most frequent latently infected neuronal subpopulation. NefH� CGRP� TG neurons
largely overlap the group previously identified as A5� TG neurons (19), with �90% of
A5� neurons being NefH� CGRP� neurons. These neurons are the least permissive
subpopulation in TG, express high levels of LATs (22), and likely represent a crucial
category of neurons for HSV latency. The mechanism behind this pattern of HSV-1
infection in these neurons, however, remains obscure. The current study provokes the
hypothesis that early-infection efficiency in TG neurons impacts the balance of lytic and
latent infection directly or indirectly in concert with the generation of the antiviral state.
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This study also elucidates the innervation of the corneal epithelium and how the
anatomic distribution of specific subpopulations likely plays a critical role in determin-
ing the outcomes of HSV infection during human corneal infection and especially when
using murine corneal models.

Our experiments with microfluidic chambers showed that NefH� neurons are more
likely to exhibit high LAT promoter activity, as judged by the LAT promoter-regulated
expression of �-Gal in strain KOS/62 (10, 29). While �-Gal is only a surrogate readout for
LAT expression, there are some similarities, in that both the LAT intron and �-Gal are
stable in sensory neurons (44–46). Given that �-Gal has been estimated to have a
half-life of 24 to 48 h in neurons (44), it seems reasonable to attribute the differential
presence of �-Gal at latency time points to differential LAT promoter activity. Another
caveat of our study (and previous studies [19, 22]) is that KOS/62 is a LAT-deficient
HSV-1 strain. LAT is used by HSV-1 to decrease viral protein production, facilitate HSV-1
entry in latency, induce neuronal survival, and induce an efficient reactivation (re-
viewed in references 7 and 8). It seems reasonable, therefore, to hypothesize that the
absence of LAT in KOS/62 would mostly impact neurons with higher LAT promoter
expression. Assuming this to be so, the survival and establishment of latency in NefH�

neurons would therefore be compromised by KOS/62, strengthening our results that
actually showed a higher number of NefH� neurons expressing the LAT promoter.

Microfluidic chamber experiments also showed that HSV-1 early-infection efficiency
is lower in NefH� neurons. There are a number of possible explanations for these data.
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FIG 7 HSV-1 is capable of establishing latency in multiple neuronal populations. Representative images
of dissociated TG neurons from adult CGRP-GFP mice infected corneally with KOS/62 (1 	 106 PFU/eye)
for �21 days. Neurons were seeded without trophic support and in the presence of trichostatin A to
ensure full reactivation from all latently infected neurons. Twenty-four hours later, neurons were
immunostained for MAP2 to label all neurons (blue), VP16 (yellow), and NefH (magenta). CGRP� neurons
were identified by GFP emission (green). Yellow arrowheads point to VP16� neurons. Yellow asterisks
mark nonspecific staining or infected, syncytial neurons that were excluded from quantitation. The graph
represents the percentage of neurons of each subpopulation that were VP16 positive. The threshold for
VP16 detection was set using a culture of mock-infected neurons. Data are for 12 TG from 2 independent
experiments. ***, P � 0.001.
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First, NefH� and NefH� have different carbohydrate signatures (19), and it is possible
that HSV-1 binding and adsorption are slower in NefH�. It seems unlikely that this is
due to differential Nectin-1 (HSV receptor) expression, since transcriptome sequencing
(RNA-seq) data show that Nectin-1 levels are comparable between NefH� and NefH�

neurons (17). Since we used cold adsorption synchronization of HSV infection at 4°C, we
also considered the caveat that a lower temperature might differentially affect uptake
into NefH�/NefH� neurons. RNA-seq, however, also suggests that cold receptors are
highly expressed in NefH� neurons (17), suggesting that this population would be the
most affected by low-temperature exposure. Infection and transport of the HSV capsid
and tegument, however, appear to be normal in these neurons.

Another hypothesis to explain the low infection efficiency in NefH� neurons is that
the expression levels of neurofilaments affect early events in neuronal infection.
Microtubules and actin filaments are obligate components of the axonal cytoskeleton,
but neurofilaments are dispensable (47); their only known function is to confer thick-
ness to the axon. Neurofilaments are the most abundant component of the cytoskel-
eton of myelinated neurons (23, 24), organizing the internal structure of the axons and
cell bodies, thereby affecting their physiological properties. It is plausible that the
presence of neurofilaments could significantly alter the transport of HSV and the
efficiency of establishment of latency. In squid axons (30), HSV-1 particles are trans-
ported retrogradely with a uniform high speed, but squid axons are homogeneous and
do not express neurofilaments. There is greater heterogeneity in mammalian sensory
neurons, and correspondingly, there is greater variation observed in the retrograde
transport of HSV. That said, fast retrograde axonal transport still appears to be the
dominant pathway to the cell bodies (31–33). In our study, we observed that HSV-1
took less time to reach the cell bodies of NefH� neurons than those of NefH� neurons.
If the efficiency of uptake into these cells were equal (discussed above), this would
implicate the slow transport of HSV-1 in NefH� neurons. In fact, neurofilaments are
actually the paradigm of slow axonal transport using dyneins and kinesins in a
stop-and-go manner (48, 49). Indeed, transgenic mice overexpressing human or mouse
NefH show reduced total axonal retrograde transport rates (50, 51). HSV-1 may move
slowly in NefH� axons because it competes with neurofilaments for the same axonal
transport machinery or because it is physically delayed in NefH� axons by neurofila-
ments that fill spaces that are necessary for HSV-1 transport. The fact that some NefH�

cell bodies are infected at 20 min postadsorption supports the neurofilament-delayed
retrograde transport of HSV-1 hypothesis. Trigeminal sensory neurons differentially
express neurofilaments, with moderate expression in A� neurons (lightly myelinated
neurons) and heavy expression in A� neurons (highly myelinated neurons) (13), which
could potentially result in differentially delayed retrograde transport of HSV.

In human HSV infections, skin biopsy specimens show that HSV-1 and HSV-2 infect
cells within the epidermis, largely sparing the dermis (52–54). The epidermis is inner-
vated by specific neurons ending as FNEs, while the dermis is innervated by specific
neurons associated with Merkel cells, encapsulated mechanoreceptors, or hair follicles
(34). These facts suggest that sensory neurons are differently exposed to and infected
by HSV, making neuroanatomy a key parameter during HSV infection. For our study of
HSV-1 LAT promoter activity during latency, we have used the corneal scarification
model in mice. First, we placed sensory neurons into four different groups in a Punnett
square fashion, based on the presence or absence of NefH and CGRP (Fig. 4), and then
we studied their anatomical location in the corneal epithelium (Fig. 5). Surprisingly,
NefH� CGRP� neurons were the most likely to activate the LAT promoter and to yield
reactivatable virus, a finding which is somewhat at odds with their location deep within
the corneal epithelium. It is possible that corneal scarification artificially allows HSV to
directly access these FNEs. This also highlights a key difference between certain corneal
infection models, whether or not scarification is performed. In addition, such models
also use different virus strains; HSV-1 McKrae is the favored strain for nonscarification,
and almost all other HSV-1 strains require scarification for robust infection (55, 56).
Moreover, these models likely allow viral access to distinct subpopulations of neurons.
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Scarification may therefore promote infection of a different set of neurons relative to
human corneal infections. It was also surprising to see NefH� CGRP� neurons with
prominent LAT promoter activity, since these are mostly associated with hair or
encapsulated mechanoreceptor structures in the dermis (34). These neurons are un-
likely targets for direct infection by HSV-1 in corneas since they do not form FNEs
therein. As shown above, however, this subtype does get infected, most likely through
round-trip infection of the periocular skin or through the conjunctiva. The NefH�

CGRP� neurons are the most abundant, branched, and anatomically exposed neurons
in the corneal epithelium (39–41) and epidermis (15, 57). Their abundance, position,
and shape would predict that they are highly infected by HSV in the cornea. Surpris-
ingly, these cells have the lowest numbers of LAT-positive cells in vivo. This may be
because scarification damages these nerves and renders them less viable. Alternatively,
these NefH� nerves may not support latent infection due to their fast infection. As
discussed in detail below, HSV could arrive at the cell body prior to establishment of the
antiviral state, promoting lytic rather than latent infection. The overall finding of
high-frequency LAT promoter activity in NefH� neurons in vivo is consistent with data
from our microfluidic chambers. This is an important consistency, since the chambers
normalize for anatomic variances and support the notion that it is an intrinsic property
of NefH� neurons that promotes LAT promoter activity and latency rather than the
localization of the FNEs.

While LAT promoter activity is favored in neurons expressing NefH, HSV-1 is none-
theless capable of establishing latency in NefH� and NefH� neurons, as evidenced by
the early-phase reactivation assay. More importantly, the data suggest that the LAT
promoter is mainly expressed in a specific subpopulation of sensory neurons (NefH�

CGRP� neurons) during latency. The unique anatomy of these neurons and their slower
early infection may give them sufficient time to mount an antiviral response, as timing
is a critical determinant of the outcome of infection by neurotropic viruses. The low
early-infection efficiency of HSV-1 in NefH� neurons may allow more time for devel-
opment of an antiviral response from the infected axon and for signals to be trans-
mitted to its own cell body prior to arrival of the capsid. Similarly, low early-infection
efficiency would give the cell bodies of NefH� neurons time to respond to the beta
interferon secreted from surrounding infected neuronal and nonneuronal cells (58, 59).
The low expression of HSV genes in these neurons may promote rapid expression of
LAT and repression of gene expression through chromatin association, antiviral activity,
and miRNAs. In NefH� neurons, HSV-1 infects rapidly from FNEs to the cell body and
would promote higher viral protein production. This may favor latency with low LAT
promoter activity once HSV gene expression has been repressed, most likely by
chromatin control, miRNAs, and intrinsic/innate immunity (58, 60). These models
remain to be formally proven but provide a framework for ongoing experiments.

MATERIALS AND METHODS
Viruses and animals. The wild-type HSV-1 strain KOS and its derivative, KOS/62 (obtained from Todd

Margolis, Washington University School of Medicine, St. Louis, MO), were used throughout this study.
KOS/62 contains a �-galactosidase gene cassette inserted into both copies of the LAT locus, resulting in
a LAT deletion virus with �-galactosidase expression from the LAT promoter (10, 29). All viruses were
propagated and plaqued on Vero cells using standard practices, as previously described (61).

C57BL/6J mice were purchased from The Jackson Laboratory and bred in-house. Calca tm1.1
(EGFP/HBEGF) Mjz mice with a transmembrane GFP sequence inserted in the calcitonin locus were kindly
provided by Mark Zylka (University of North Carolina, Neuroscience Center). Calca tm1.1 (EGFP/HBEGF)
Mjz mice were used as heterozygotes with respect to the GFP-containing locus by crossing them with
C57BL/6J mice. These mice, as heterozygotes, show no detectable phenotype (37, 38). This study was
carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council (62). The protocol was approved by the Dartmouth IACUC
(permit number leib.da.1#2m13a). No surgery was performed, and all efforts were made to minimize
suffering.

Microfluidics culture of adult mouse TG neurons. TG neurons from adult mice were isolated and
cultured largely as previously reported (26). Microfluidic devices (Standard Neuron Device 150 [SND150];
Xona Microfluidics) were attached to 24- by 60-mm coverslips. Devices were incubated with 10% fetal
bovine serum-supplemented Dulbecco modified Eagle medium (HyClone) overnight and then were
coated with poly-D-lysine (BD Biosciences) at 500 �g/ml in Hanks balanced salt solution lacking calcium
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and magnesium (HBSS; HyClone) overnight. The devices were then washed three times with HBSS and
coated with natural mouse laminin (Invitrogen) at a concentration of 18 �g/ml in HBSS overnight. TG
neurons were isolated as described previously, with a few modifications (26). Mice 5 to 10 weeks old were
euthanized using approved methods and transcardially perfused with phosphate-buffered saline (PBS;
HyClone). TG were harvested and enzymatically digested in a solution consisting of 40 U/ml of papain
(Worthington) in HBSS with 2.75 mM L-cysteine (Sigma) and 8% NaHCO3 diluted 1:1,000 (Sigma) for 20
min at 37°C on a rotator. This was followed by a similar incubation in a solution of 5 mg/ml of collagenase
type II (Invitrogen) and 5.5 mg/ml of neutral protease (Worthington) dissolved in HBSS. TG were then
triturated in Neurobasal-A (NB-A) working medium (Neurobasal-A [Invitrogen], 2% B27 [StemCell], 1%
penicillin-streptomycin [Pen-Strep; HyClone]). The resulting homogenate was spun over a two-layer
density gradient made with Percoll and NB-A working medium, as described above. Neurons were
pelleted by a 10-min centrifugation at 1,300 	 g, the upper layers were discarded, and the pellet was
washed three times in NB-A working medium. Neurons were resuspended in minimal volumes of NB-A
complete medium including the antimitotic 5-fluoro-2-deoxyuridine (FUDR; Sigma) for a minimum of 3
days prior to use. NB-A complete medium consisted of Neurobasal-A, 2% B27, 1% GlutaMAX (Invitrogen),
1% Pen-Strep, 25 ng/ml of brain-derived neurotrophic factor (BDNF; Peprotech), 50 ng/ml of nerve
growth factor (NGF; Invitrogen), 50 ng/ml of glial cell-derived neurotrophic factor (GDNF; R&D Systems),
and 100 ng/ml of GDNF family receptor �1 Fc (GFR�1 Fc; R&D Systems). Two TG were used per
microfluidic device.

HSV-1 infections. (i) In vitro. Infections in microfluidic devices were performed based on an average
of 1,000 neurons growing from the cell body compartment to the distal axon compartment (26).
Infection of neurons in culture for 3 days was performed at a multiplicity of infection (MOI) of 10 at the
distal axon in a volume of 200 �l with KOS/62. The chambers were incubated for 1 h to allow viral
adsorption to axons, and then the medium was replaced at the distal axon compartment. Secondary
infection at the cell body compartment was prevented by using human neutralizing antibodies (1:50;
catalog number 14-402E; Lonza, BioWhittaker). Synchronized infections at the distal axon compartment
were performed by prechilling neurons cultivated in the microfluidic devices on ice for 20 min. Distal
axon compartments were then infected for 20 min at 4°C with HSV-1 KOS (MOI � 200) to allow viral
adsorption; finally, the distal axon compartment medium was replaced with 37°C medium and infections
were continued at 37°C for 20 min or 150 min.

(ii) In vivo. Mice were anesthetized intraperitoneally with ketamine (90 mg/kg of body weight) and
xylazine (10 mg/kg). The corneas were bilaterally scarified with a 25-gauge syringe needle, and virus was
inoculated by adding 1 	 106 PFU per eye in a 3-�l volume. To reduce the pain caused at the cornea,
the mice were then injected with buprenorphine (0.41 mg/kg).

Early-phase reactivation. The corneas of adult CGRP GFP� or CGRP GFP-negative mice were
infected, using corneal scarification, with HSV-1 KOS (1 	 106 PFU/eye). After 21 days, latently infected
TGs were dissected and dissociated as described above. The resulting adult TG neurons were seeded
onto 12-mm coverslips that had been precoated with poly-D-lysine and laminin, in the absence of any
trophic support and in the presence of trichostatin A (Sigma-Aldrich) diluted to 600 nM in dimethyl
sulfoxide for 24 h.

Immunofluorescence microscopy. (i) Antibodies. The primary antibodies used were anti-�3-
tubulin (1:500; clone TuJ-1 MAB1195; R&D), anti-neurofilament heavy (1:1,000; catalog number 40-1278;
Proteus Bioscience), anti-�-galactosidase (1:100; catalog number 100-4136; Rockland), anti-HSV-1 (1:500;
Dako), anti-A5 (1:5; catalog number FE-A5; Developmental Study Hybridoma Bank), anti-MAP2 (1:200;
catalog number ab32454; Abcam), and anti-VP16 (1:500; clone 1-21; catalog number sc-7545; Santa Cruz).
The secondary antibodies, all of which were from Invitrogen, were Alexa Fluor 350-conjugated goat
anti-mouse immunoglobulin (catalog number A-11045), Alexa Fluor 350-conjugated goat anti-rabbit
immunoglobulin (catalog number A-21068), Alexa Fluor 555-conjugated goat anti-mouse immunoglob-
ulin (catalog number A-32727), Alexa Fluor 555-conjugated goat anti-rabbit immunoglobulin (catalog
number A-32732), and Alexa Fluor 647-conjugated goat anti-chicken IgY (catalog number A-21449). For
detection of �-Gal in TG sections, an amplification step was performed using goat anti-rabbit biotin
conjugate (1:500; catalog number 31820) and Alexa Fluor 555-conjugated streptavidin (catalog number
S-32355), both from Thermo Fisher.

(ii) Neuron cultures. Cultures in microfluidic devices were fixed using 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB) for 10 min. Devices remained attached during the entire process of
staining and microscope analysis. Chambers were washed three times with 0.1 M PB and incubated with
1% bovine serum albumin (BSA) and 1% Triton X-100 in 0.1 M PB for 1 h and then overnight with primary
antibodies diluted in 1% BSA and 1% Triton X-100 in 0.1 M PB. On the next day, the chambers were
washed three times with 1% Triton X-100 in 0.1 M PB for 10 min each time, and then the chambers were
incubated with secondary antibodies diluted in 1% BSA and 1% Triton X-100 in 0.1 M PB for 2 h. Finally,
the chambers were washed with 1% Triton X-100 in 0.1 M PB for 10 min and in 0.1 M PB for an additional
10 min. After the final wash, the chambers were immediately imaged using an automated AxioVision
Observer Z1 (Zeiss) microscope. Image tiles comprising the entire central channels of the microfluidic
devices were acquired, and images were analyzed using ZEN2012 or NIH Fiji software. Phase I reactiva-
tion studies were performed similarly, except that poly-D-lysine- and laminin-precoated 12-mm coverslips
were used. After the final washes, the coverslips were mounted in FluorSave reagent (Calbiochem).
Random tile images were acquired for analysis. A5/NefH staining was performed similarly, but the A5
antibody was used without Triton X-100 permeabilization, after which the NefH antibody was incubated
for an additional 1 h in the presence of Triton X-100.
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(iii) Immunohistochemistry. Mice were euthanized at 21 dpi by approved methods and transcar-
dially perfused with PBS. TG were harvested and fixed ex vivo with 4% formaldehyde (PFA; Fisher
Scientific) in 0.1 M PB for 3 h. They were washed 3 times in 0.1 M PB and incubated in 15% sucrose
overnight at 4°C and in 30% sucrose overnight at 4°C. Cryoprotected ganglia were embedded in
Tissue-Tek OCT compound (Sakura). The tissue was sectioned, using a Leica CM1860 cryostat, into 15-�m
transverse plane sections, which were mounted directly onto charged glass slides (Thermo Scientific) and
allowed to dry for 2 h.TG sections were carefully rehydrated with 0.1 M PBS (3 times) and incubated with
1% BSA and 1% Triton X-100 in 0.1 M PB for 1 h, and immunostaining was performed as described above.
Tissue sections were mounted in FluorSave reagent, a coverslip was applied, and images were acquired
and analyzed.

Statistical analysis. Statistical analysis was performed using GraphPad Prism software. For two-
group conditions, data were analyzed using an unpaired t test. For multiple-group conditions, two-way
analysis of variance followed by a Bonferroni posttest was performed.
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