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ABSTRACT Human coronaviruses (HCoVs) are recognized respiratory pathogens for
which accumulating evidence indicates that in vulnerable patients the infection can
cause more severe pathologies. HCoVs are not always confined to the upper respira-
tory tract and can invade the central nervous system (CNS) under still unclear cir-
cumstances. HCoV-induced neuropathologies in humans are difficult to diagnose early
enough to allow therapeutic interventions. Making use of our already described ani-
mal model of HCoV neuropathogenesis, we describe the route of neuropropagation
from the nasal cavity to the olfactory bulb and piriform cortex and then the brain
stem. We identified neuron-to-neuron propagation as one underlying mode of virus
spreading in cell culture. Our data demonstrate that both passive diffusion of re-
leased viral particles and axonal transport are valid propagation strategies used by
the virus. We describe for the first time the presence along axons of viral platforms
whose static dynamism is reminiscent of viral assembly sites. We further reveal that
HCoV OC43 modes of propagation can be modulated by selected HCoV OC43 pro-
teins and axonal transport. Our work, therefore, identifies processes that may govern
the severity and nature of HCoV OC43 neuropathogenesis and will make possible
the development of therapeutic strategies to prevent occurrences.

IMPORTANCE Coronaviruses may invade the CNS, disseminate, and participate in
the induction of neurological diseases. Their neuropathogenicity is being increas-
ingly recognized in humans, and the presence and persistence of human coronavi-
ruses (HCoV) in human brains have been proposed to cause long-term sequelae. Us-
ing our mouse model relying on natural susceptibility to HCoV OC43 and neuronal
cell cultures, we have defined the most relevant path taken by HCoV OC43 to access
and spread to and within the CNS toward the brain stem and spinal cord and stud-
ied in cell culture the underlying modes of intercellular propagation to better under-
stand its neuropathogenesis. Our data suggest that axonal transport governs HCoV
OC43 egress in the CNS, leading to the exacerbation of neuropathogenesis. Exploit-
ing knowledge on neuroinvasion and dissemination will enhance our ability to con-
trol viral infection within the CNS, as it will shed light on underlying mechanisms of
neuropathogenesis and uncover potential druggable molecular virus-host interfaces.
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Human coronaviruses (HCoVs) are positive-stranded RNA viruses from the Corona-
viridae family in the order Nidovirales that cause respiratory tract infections (1). In

vulnerable patients, the infection can cause more serious pathologies, such as pneu-
monia, bronchiolitis, and meningitis (2–4). The medical importance of these endemic
respiratory viruses circulating worldwide was long neglected until the emergence of
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severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome epi-
demics (5–8). It is now becoming clear that these viruses are not always confined to the
upper respiratory tract and can indeed invade the central nervous system (CNS) under
still unclear circumstances (5–10). The neuroinvasive potential of coronaviruses was
further documented when RNA from endemic prototype HCoV strains OC43 and 229E
was detected in human brains (11, 12). SARS-CoV particles were even found in the
brains of infected patients (9). Along with their neuroinvasive properties, the neuro-
pathogenicity of HCoV is being increasingly recognized in humans, as several recent
reports associated cases of encephalitis (10), acute flaccid paralysis (13), and other
neurological symptoms (14–21) with complications of acute HCoV infection. Recovery
from acute infection seems not to guaranty complete clearance of the virus, as HCoV
can be detected in the brains of asymptomatic healthy patients, suggesting persistence
after the onset of infection (11, 12, 22). This notion is indeed supported by the findings
that HCoV can chronically infect mouse brain (23, 24) and neural cell cultures (25, 26).
The constant presence of the virus in the CNS and, perhaps, the concomitant inflam-
mation were proposed to cause long-term or chronic sequelae related to the devel-
opment or aggravation of chronic neurological diseases (11, 12, 22, 27–29). Given their
high prevalence (4), long-term persistence, and probable neuropathogenesis, the
burden of HCoV-related diseases is likely currently underestimated.

HCoV-induced neuropathologies in humans are difficult to diagnose early enough
to allow therapeutic interventions. To circumvent these limitations, we developed a
model of HCoV neuropathogenesis by taking advantage of the natural susceptibility of
mice to neuroinvasion by the widely circulating HCoV OC43 human strain. Upon
infection, mice indeed developed neurological symptoms reminiscent of the afflictions
reported in several human patients (10, 13, 19–21), such as encephalitis, transient
flaccid paralysis, and long-term persistence in surviving mice (23, 24, 30–33). Knowl-
edge of the paths and underlying mechanisms governing the propagation of the virus
from the upper respiratory tract to and within the CNS is currently incomplete, which
hinders the elaboration of antiviral countermeasures adapted to this particular host
compartment.

In our study, we defined the path taken by HCoV OC43 (34, 35) to access and spread
to and within the CNS and studied the underlying modes of intercellular propagation
to better understand its neuropathogenesis in both humans and mice. We present
herein data showing the initial colonization of the brain at the olfactory bulbs before
the spreading proceeds to the highly susceptible regions, such as the piriform cortex
and other regions associated with olfaction, and then globally through the CNS. We
obtained evidence supporting a critical role of the olfactory neuroepithelium during
the neuroinvasion process, as chemically induced degeneration of the olfactory sensory
neurons by zinc sulfate (ZnSO4) (36, 37) almost completely denied access of HCoV OC43
to the CNS. Confocal microscopy revealed virus material along axons both in brain
sections and in neuronal cell cultures. We demonstrate that axonal transport is a valid
propagation strategy that the virus may use to facilitate locally the infection of neuronal
cells. This mode of neuron-to-neuron propagation shared mechanistic properties with
the passive diffusion of released particles, although several dissimilarities were also
noted. We describe for the first time the presence along axons of viral platforms whose
static dynamism suggests a specialized structure polarizing locally viral release toward
neighboring neurons, thus potentially fueling neuropropagation within the CNS. Our
work, therefore, identifies processes that may govern the severity and nature of HCoV
OC43 neuropathogenesis.

RESULTS
HCoV OC43 invades the CNS through the neuroepithelium and initiates neu-

ropropagation at olfactory bulbs. Intranasal inoculation of HCoV OC43 has success-
fully been used in mice to mimic infection of humans by aerosol droplets (33, 38, 39).
To assess neuroinvasion, we took advantage of the partially immature CNS of 15-day-
old mice, which results in an increased efficiency of intranasal inoculation (Table 1). We
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examined sagitally sectioned whole heads of intranasally infected mice. Viral antigens
were detected as soon as 3 days postinfection (dpi) (Fig. 1A) in dendrite-associated cilia
and the cell body of olfactory sensory neurons (OSN) (Fig. 1B and C), which reside in the
olfactory epithelium in the nasal cavity. The number of infected cells further increased
at 4 dpi (Fig. 1D to F). This amplification coincided with the dissemination of the virus
from the initial infection from mostly the olfactory bulb and piriform cortex at day 3
postinfection (p.i.) to other regions of the CNS at day 4, including the hippocampus and
brain stem, and, finally, toward the spinal cord.

Given the initial infection in the olfactory bulb and by analogy to other neuroinva-
sive viruses (40–44), we hypothesized that HCoV OC43 could access the CNS through
the olfactory neuroepithelium, the subepithelial nerves surrounding the upper respi-
ratory tract, or the bloodstream. Fifteen-day-old C57BL/6 mice (which are the best
compromise to minimize swelling of the tongue while retaining high susceptibility to
neuroinvasion [Table 1] [38]) were subjected to different types of inoculation, all using
the same neuroinvasion-compatible dose of 104.25 50% tissue culture infective doses
(TCID50)/10 �l HCoV OC43 (as defined by the control intranasal inoculation; see below).
In the first group, intracerebral injection served as a positive neuroinvasion control. In
the second, intranasal inoculation was used to achieve more realistic levels expected
upon more natural delivery. To facilitate the contact of the virus with subepithelial
nerves, the epithelial barrier was bypassed in the third group by injecting the inoculum

TABLE 1 Efficiency of neuroinvasion in C57BL/6 mice at different ages

Day postinoculation
No. of positive CNS samples/
total no. tested % neuroinvasion

13 8/12 66
15 8/12 66
17 2/12 17
19 1/12 8

FIG 1 HCoV OC43 neuroinvasion of the CNS initiates at the olfactory bulb. Representative histological examination
(confocal imaging) of viral spreading after intranasal infection of PBS-PFA-perfused 15-day-old C57BL/6 mice with
104.25 TCID50 (10 �l) of the rOC/ATCC reference virus (6 mice were tested) was performed. Detection of viral N
protein (green) at 3 (A to C) and 4 (D to F) days postinfection in the nasal cavity (region 1), the olfactory bulb (region
2), (the piriform cortex region 3), the hippocampus (region 4), and the brain stem (region 5) is shown. Blue
represents cell nuclei detected with DAPI (4=,6-diamidino-2-phenylindole). Successive magnifications of the insets
are shown to the right of the wide views in panels A (A ¡ B ¡ C) and D (D ¡ E ¡ F).
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directly into the tongue of the mice. At 5 days postinoculation, the brains were
harvested, total RNA was extracted, and the virus RNA copy number per gram of tissue
was determined by quantitative real-time reverse transcription-PCR (RT-PCR) using the
gene encoding the membrane (M) protein as a target. Upon intranasal inoculation, 68%
of the mouse brains tested were found to be positive for HCoV OC43 (Fig. 2A). As
expected, the range of the absolute virus RNA copy number varied considerably from
levels barely higher than the background (here determined by real-time RT-PCR from
sham-infected naive brains) to very high levels reminiscent of those observed upon
intracerebral injection. Subepithelial injection in the tongue led to a surprising 38%
positive brains. However, the absolute viral RNA copy number remained strikingly lower
than what was seen for intranasal inoculation; thus, the subepithelial nerves cannot be
considered major contributors of the neuroinvasion observed upon intranasal inocu-
lation.

We were not able to detect viral RNA from any blood samples from neuroinvaded
animals at 5 days postinoculation (Fig. 2B). Viral RNA was detected in the livers of only
3 out of 9 animals whose brains were HCoV OC43 positive. Detection in the liver
appeared not to be directly associated with high titers in the brain, as many mice with
high titers in the brain were negative in the liver, and one liver-positive mouse had a
low titer in the brain. In another experiment, 15-day-old mice were intranasally exposed
to HCoV OC43 for up to 5 days. Olfactory bulbs, cortex, brain stem, spinal cord, and

FIG 2 The olfactory bulb is the primary site of HCoV OC43 neuroinvasion. (A) Fifteen-day-old mice were inoculated with HCoV OC43 by
the intracerebral (I.C.), intranasal (I.N.), or intralingual (I.L.) route. At 5 days postinoculation, the brains were harvested and the M RNA copy
number was assessed by quantitative RT-PCR. Each circle represents a probed brain for a single mouse. The percentages of brains
containing M RNA are shown underneath. (B) In addition to the brain, blood and livers were also collected from the same mice inoculated
intranasally and probed for M RNA. (C) Mice inoculated intranasally were sacrificed after 1 to 5 days and probed for M RNA. (D) Zinc sulfate
(ZnSO4) instillation 3 days before intranasal virus inoculation significantly abrogated neuroinvasion. Results are from two independent
experiments. *, P � 0.05; **, P � 0.01.
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blood harvested at 1 to 5 days postinfection were analyzed for the presence of viral
RNA (Fig. 2C). Some virus RNA was detected in blood at day 1, but the amount quickly
waned to reach undetectable levels by day 2. Virus RNA was detected in the CNS of two
mice at day 2 but only in the olfactory bulb, suggesting rapid neuroinvasion by the
olfactory route. Surprisingly, the olfactory bulb, cortex, and brain stem of all mice were
found to be positive for virus RNA by day 3, although the titers were systematically
higher in the olfactory bulb. The infection globally resolved by day 5 in two mice (with
a notable more durable presence in the brain stem for one of these mice) but endured
in the other three mice.

We next chemically induced the destruction of the neuroepithelium through ZnSO4

exposure (36, 37). This procedure was previously shown to damage the nerve endings
of the olfactory neuroepithelium (45). ZnSO4-treated mice were found to be resistant to
neuroinvasion by HCoV OC43 at 5 days p.i. (Fig. 2D). Overall, these data support a direct
route of neuroinvasion through the olfactory neuroepithelium and propagation
through the CNS along a predictable path toward the spinal cord.

HCoV OC43 is found to be associated with axons both in vivo and in vitro. The
sequential nature of HCoV OC43 neuropropagation suggests a nonstochastic pathway
of propagation within the CNS. Interestingly, immunostaining on brain sections of
intracranially infected mice revealed the presence of the HCoV OC43 nucleocapsid (N)
along axons, as defined by the marker �III-tubulin (46), in several areas of the brains,
such as the hippocampus, diencephalon, and cortex (Fig. 3A). Although it is more
difficult to detect, accumulation of spike glycoprotein, the structural glycoprotein
forming the virus crown, could also be noticed along nucleocapsid-positive axonal
structures (Fig. 3B).

To get a deeper insight into this axonal association, the localization of HCoV was
investigated in infected neuronal cell cultures. A very similar accumulation of virus
material could be detected along �III-tubulin-positive axonal structures both in in-
fected cells of the LA-N-5 cell line (Fig. 4A), a neuroblastoma cell line previously used
as a convenient model of human neurons (33, 47, 48), and in primary mouse neuronal
cell (PMNC) cultures (Fig. 4B). Sequential staining for the surface spike (with polyclonal
serum, before permeabilization) and total spike (with monoclonal antibody, after
permeabilization) revealed strong colocalization on LA-N-5 axons (Fig. 4C, top), indi-
cating that most spike proteins thus detected are indeed extracellularly associated with
the plasma membrane of these structures. Coimmunostainings of spike proteins along
with other structural viral proteins were performed to further characterize these
spike-positive structures (Fig. 4C). Colocalization of N proteins with surface spike was
found to be inconclusive because of the massive amount of N observed along the
axons. Nevertheless, the strong colocalization of surface spike with total envelope (E)
and surface hemagglutinin-esterase (HE), two other structural proteins, suggested that
the aggregated signal of spike detected on axons (henceforth termed “spike platforms”)
represents viral proteins coalescing in assembled particles.

HCoV OC43 spike platforms are static but temporally dynamic. A kinetic analysis
performed on synchronously infected LA-N-5 axons revealed that detection of spike at
the cell body precedes detection along the axons (Fig. 5A and B), suggesting trafficking
toward the axon. We next sought to determine by live cell imaging whether the surface
spike platforms are mobile or not along axons. Given the difficulty with obtaining a
stable infectious recombinant virus bearing a fluorescent tag on a structural protein (49,
50), we instead relied on immunostaining in LA-N-5 axons of progeny particles. Surface
spike was stained by indirect immunofluorescence at 24 h postinfection (568 nm, red).
At the concentration used (1/200), the polyclonal antibody was not found to be
neutralizing (Fig. 5C). Serial images were taken every 5 s to generate nearly continuous
15- to 20-min videos, a compromise for the observation of both fast (�1��m/s) and
slow (�0.1-�m/s) axonal transport events. Under these settings, spike platforms were
easily perceptible. Unidirectional movement was rarely observed and never resulted in
constant progression to either end of the axonal structure (Fig. 5D; see also Videos S1
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and S2 in the supplemental material). Globally, the platforms exposed at the surface
of axons were rather static structures that remained roughly in the same area during
the span of image acquisition. Similar results were obtained in PMNCs (Video S3) and
using the nonneutralizing 3-2B.2 monoclonal antibody on LA-N-5 cells (Videos S4 and
S5). Restaining of the infected cells 1.5 h after the initial acquisition with a different
monoclonal antispike antibody (488 nm, green) revealed dim green platforms that
probably recently formed, given the lack of an older red signal (Fig. 5E, bottom,
arrowheads). Several dually colored and brighter platforms (at least 1.5 h old since the
time that they emitted a red signal) were observed, but many dimmer platforms
emitted only a green signal. Our interpretation is that these platforms arose during the
hour between the two stainings, hence representing a pool of newly formed structures.
The fate of the viral platforms could be characterized using a ratiometric approach in
which infected LA-N-5 cells were stained first with the polyclonal antispike antibody
(red, 568 nm), chased for the indicated period of time at 37°C, and then subjected to
a monoclonal antispike antibody (green, 488 nm) (Fig. 5F). To control for possible

FIG 3 HCoV OC43 spike and nucleocapsid proteins are associated with axons in vivo. Brains were
collected from PFA-perfused mice 5 days after intracerebral inoculation, sagitally sectioned, and stained
for either �III-tubulin and nucleocapsid protein N (A) or spike glycoprotein and nucleocapsid (B) and then
analyzed by confocal microscopy. Note that in panel B the image is a representative image taken in the
hippocampal region of the brain. The insets on the right represent zoomed images of the areas delimited
by the blue dotted boxes.
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passive shedding of the bound antibodies, the same procedures were performed on
infected cells fixed before the initial staining. Single-platform 568/488-nm ratios were
quantified and plotted by normalization to the value at time zero. While the ratios from
fixed cells remained quite stable throughout the chase period, they steadily decreased
in nonfixed cells (Fig. 5G). The same downward trend was observed on both cell bodies

FIG 4 HCoV OC43 forms a viral platform at the surface of axons in neuronal cell culture. LA-N-5 cell (A)
and murine primary mixed neuronal cell (B) cultures were infected at an MOI of 0.2 and 0.1, respectively.
Fixed cells (on ice) were surface stained for spike glycoprotein using a specific polyclonal rabbit antibody,
fixed again, permeabilized, stained for the axonal marker �III-tubulin, and analyzed by confocal micros-
copy. (C) Surface spike was labeled on live LA-N-5 cells before fixation and then permeabilized (or not
for E staining) and stained back for either total spike (using a monoclonal mouse antibody), total E,
surface HE, or total N protein. The insets above or beside panels A to C represent zoomed images of the
areas delimited by the blue dotted boxes.
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FIG 5 Spike platforms on LA-N-5 axons are static along axons yet temporally dynamic. (A, B) Kinetics of spike association with
axons. LA-N-5 axons were synchronously infected (MOI � 3) and then chased for the indicated time period before fixation,
permeabilization, and staining for total spike using a specific monoclonal antibody. Samples were analyzed by confocal
microscopy (A), and the percentage of infected cells harboring spike on their axons was then determined (B). The error bars
represent the range from the means from two independent experiments. (C) Effect of the rabbit polyclonal antibody on virus
propagation. LA-N-5 cells were infected at an MOI of 0.02 and cultured for 72 h in the presence of different dilutions of either
a preimmune serum or the polyclonal antispike antibody. (D, E) Live cell imaging of viral platforms on axons. Infected (MOI �
0.25) LA-N-5 cells were incubated for 20 h, and then surface spike platforms (red) were immunolabeled using a polyclonal
rabbit antibody followed by a red-emitting secondary antibody (Alexa Fluor 568 [AF568]). (D) Movement along the axon was
assessed by live cell confocal microscopy. (E) After an hour of live cell imaging, surface spike platforms were reimmunolabeled
using a specific mouse monoclonal antibody followed by a green-emitting secondary antibody (Alexa Fluor 488 [AF488]). (F)
Schema representing the quantification of the fate of the platforms. (G) Ratiometric quantification of the phenomenon
observed in panel E. As a control, cells were fixed immediately after the initial staining with the rabbit polyclonal antibody
(red) and reimmunolabeled after the indicated time period. Red/green signal ratios were plotted from whole fields or only cell
bodies or axons, as indicated. (H) Overall fluorescence decay, as observed in panel E. The absolute fluorescence signal per
infected cell was plotted relative to that at time zero for each individual channel. In panels G and H, the error bars represent
the standard deviation from the mean from 3 independent experiments.
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and axons. To verify if this decline was caused by a loss of the old spike platform red
signal and/or the emergence of newer green platforms, the nonratiometric absolute
signal per infected cell in both channels was also plotted (normalized relative to
the signal at time zero; Fig. 5H). Again, no variation in signal was observed on fixed
infected cells. In contrast, the signal from the 568-nm channel decreased over time,
indicating a loss and/or release of viral material, while that from the 488-nm channel
remained stable. The stability of the 488-nm signal is indicative of a steady-state balance
between the efflux/influx of old and new spike glycoproteins. Overall, these data suggest
that spike platforms are spatially static structures that dynamically self-renew.

HCoV OC43 undergoes cell-to-cell propagation. We hypothesized that the dy-
namic viral platforms along axons may enable cell-to-cell propagation. Systems were
herein designed to appreciate both the impact of free virus diffusion and cell-to-cell
propagation. First, HCoV OC43 propagation was monitored in a lateral coculture
system. Cells of interest were seeded on two distinct sets of coverslips. Susceptible cells
on effector coverslips were infected at a low multiplicity of infection (MOI) of 0.01 with
the recombinant reference HCoV OC43 (rOC) from the American Type Culture Collec-
tion (ATCC) (rOC/ATCC) for 2 h, washed extensively, and then combined in a small petri
dish with a second coverslip with naive target cells (Fig. 6A). In this dish, both effectors
and targets shared the same fluidic environment but did not have any direct cell
contacts. Supernatants were harvested and cells were fixed at different time points, as
indicated in Fig. 6B and C. The amount of released infectious virus particles and the
percentage of infected cells were determined, respectively, by virus titration and
immunofluorescence. Virus propagation was monitored in both human neuronal
(LA-N-5) and nonneuronal epithelial (HRT-18) cell lines (51, 52). In both LA-N-5 (Fig. 6B)
and HRT-18 (Fig. 6C) cells, the early 2.4% (LA-N-5 cells) and 0.3% (HRT-18 cells) of
infected effector (indicative of proximal propagation) cells at 24 h rapidly progressed to
reach 79% in LA-N-5 cells and 9% in HRT-18 cells by 72 h of incubation, which
represented a 26- to 33-fold increase. Virus titers followed a similar trend. Colonization
of distal target cells occurred but was delayed compared to the spread among effectors
and coincided with the emergence of high virus titers. These data support the notion
of the passive long-range diffusion of virus particles in both neuronal and epithelial
cells, but also that cell proximity may somehow compensate for the low viral titers.

To further characterize cell-to-cell propagation, methylcellulose was used to in-
crease the density of the culture medium. A similar approach is commonly used to limit
diffusion of particles when performing titration by plaque-forming assays of a broad
array of viruses (53–56). A single-cycle assay over a period of 16 h in the semifluid
medium resulted in an �99% decrease in the inoculum infectivity (Fig. 6D), thus
confirming that methylcellulose successfully hinders particle diffusion. Next, propaga-
tion of HCoV OC43 under such restrictive conditions was assessed for 72 h and
quantified by immunofluorescence from several low-magnification fields. Semifluid
medium decreased substantially the propagation in LA-N-5 cell (Fig. 6E) and PMNC (Fig.
6F) cultures, yet residual propagation attributed to cell-to-cell propagation endured
nonetheless. A similar trend was observed for HRT-18 cells (Fig. 6G), indicating that
cell-to-cell propagation is not solely observed in neuronal cells. A closer look revealed
virus propagation in the vicinity of colonized areas (Fig. 6H). Plotting the percentage of
infected cells within these colonies compared to that within whole fields indicated that
semifluid medium has, in fact, little (although a significant) effect on virus propagation
locally while preventing the distal spread (Fig. 6I). Overall, these data suggest that HCoV
OC43 indeed undergoes virus particle diffusion but that some productive cell-to-cell
propagation occurs as well.

HCoV OC43 neuron-to-neuron propagation can be modulated. The sensitivity of
cell-to-cell propagation versus that of free diffusion of particles to various cues was
compared in this system. Given that sialic acid has been shown to influence HCoV OC43
infection (57–59), the effect of various recombinant sialic acid binding lectins was
compared (Fig. 7A). CCA (from Cancer antennarius) did not affect either mode of
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propagation, whereas MAA (from Maackia amurensis) impacted both types of propa-
gation very similarly. SNA-1 (from Sambucus nigra) had an exacerbated negative impact
on cell-to-cell propagation compared to free virus diffusion. Inversely, free virus diffu-
sion was more affected by the wheat germ agglutinin (WGA). We also tested the effect

FIG 6 HCoV OC43 sustains cell-to-cell propagation. (A) Schematic representation of the coculture system. (B, C) Propagation of HCoV OC43 in a coculture
system in which two coverslips seeded with either infected cells (effector, MOI � 0.01) or naive target LA-N-5 cells (B) or HRT-18 cells (C) are placed side
by side in a dish. Effector and target cells were cultured for up to 72 h postinfection. At the indicated time interval, supernatants were collected for
titration of infectious virus (dotted black lines; refer to the y axis to the right) and cells were fixed and processed for immunofluorescence (colored lines;
refer to the left y axis). The propagation of the infection, defined as the percentage of infected cells, was plotted separately for effector and target cells.
(D to I) Cell-to-cell propagation assays. (D) HRT-18 cells were incubated with a fluid or semifluid inoculum (MOI � 1 for both) for 16 h, and infected cells
were revealed by immunofluorescence. The resulting infectivity, defined as the percentage of infected cells, was normalized according to the fluid
condition, which represented 100%. LA-N-5 cell cultures (E), primary mouse neuronal cell (PMNC) cultures (F), and HRT-18 cell cultures (G) were infected
at an MOI of 0.01 and then overlaid with fluid or semifluid medium for 16 to 72 h. Cells were then fixed and immunostained. The propagation efficiency
was plotted as the ratio between the percentage of infected cells at 72 h and the percentage of infected cells at 16 h. (H) A representative example of
a wide field of infected LA-N-5 cells cultured in fluid and semifluid media. Colonies of infected cells are delimited by yellow dashed lines. (I) The
percentages of infected cells in the whole field versus within colonies were compared. Error bars represent the standard deviation for the mean from
3 independent experiments (B, C, F) and 13 independent experiments (E), the range from the mean from 2 independent experiments (G), and the range
from the mean for �12 fields or �40 colonies from 3 independent experiments (I).
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of recombinant HCoV OC43 hemagglutinin-esterase (HE) protein (Fig. 7B), which re-
moves acetyl groups from O-acetylated sialic acid to presumably free aggregated
particles at the surface, thus promoting both virus entry and exit (51, 60–63). The
recombinant wild-type (WT) HE protein severely impaired propagation under both

FIG 7 Modulation of cell-to-cell and free virus infection. All experiments were performed using the same
general procedures. LA-N-5 cells were infected, overlaid with semifluid or fluid medium with the
indicated supplements, cultured for 72 h in fluid or semifluid medium, fixed, and immunostained to score
the infection efficiency by immunofluorescence. Different cues were applied. (A, B) Various sialic
acid-binding lectins (A) or recombinant WT HE or mutant HE S40T protein (devoid of acetylesterase
function) (B) was added to the overlay medium. (C) The overlay media were supplemented with a
nonneutralizing (3-2B.2) or a neutralizing (4-3E.4) monoclonal antibody, a control isotype, or preimmune
rabbit serum, which served as a control for antispike serum. (D) LA-N-5 cells were seeded at 7,000 or
14,000 cells/cm2 before infection. (E) LA-N-5 cells were infected (MOI � 0.01) with various HCoV OC43
variants encoding the indicated spike mutants before the overlay medium was applied. Data were
plotted as either the ratio between the infectivity for infected cells and the infectivity for the untreated
controls (A to C) or between the percentage of infection at 72 h and the percentage of infection at 16
h (D and E). The error bars represent the range from the mean from two experiments (D) or the standard
deviation from 3 (A to C) or 3 or 4 (E) experiments. *, P � 0.05; ns, not significant.
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conditions, whereas the HE S40T recombinant protein defective for acetylesterase
activity did not. Similarly, both types of propagation were sensitive to the clone 4-3E.4
blocking antibody, recognizing the hypervariable region of spike (spanning approxi-
mately between amino acids 450 and 600) (Fig. 7C). The impact of the neutralizing
antibody was less drastic in semifluid medium; however, we cannot exclude the
possibility that the semifluid medium per se interfered with the neutralizing process.
Doubling of the cell density tended to stimulate propagation but did so only under
semifluid conditions, as no benefit was seen under fluid conditions (Fig. 7D), presum-
ably because of the higher frequency of cell-to-cell contacts.

The major influence of the HCoV OC43 spike glycoprotein on virus propagation was
demonstrated in previous studies (24, 26, 33, 47, 64). The fast propagation through the
CNS of the spike amino acid 183 to 241-encoding (rOC/S183–241) protein coincided with
exacerbated neurovirulence (47, 64), whereas the attenuated spike G758R-encoding
(rOC/SG758R) protein was found to reach the brain stem with delayed kinetics (24, 33).
In all these studies, the prototypical variant (herein termed WT) obtained from the
American Type Culture Collection (ATCC) always appeared to be moderate in both
propagation and neurovirulence, hence generally considered a convenient intermedi-
ate point of comparison. To verify if the two modes of propagation are influenced
equivalently by the crucial viral factor spike, the propagation of these three variants was
compared under both fluid and semifluid conditions (Fig. 7E). The rOC/S183–241 virus
propagated 2 to 3 times faster than rOC/ATCC under both conditions, suggesting a
more rapid and/or efficient replication cycle that benefits equivalently both free-
particle diffusion and neuron-to-neuron transfer. In contrast, rOC/SG758R failed to
propagate under semifluid conditions, while its propagation remained very comparable
to that of rOC/ATCC under fluid conditions, indicating that a single mutation on the
spike glycoprotein is sufficient to abrogate specifically cell-to-cell propagation. There-
fore, although they were similar in several molecular aspects, cell-to-cell propagation
and free virus diffusion remain two different processes that have distinct genetic
determinants.

Axonal transport enables HCoV OC43 neuron-to-neuron propagation. To verify
if cell-to-cell propagation in neurons relies on axonal transport, we tested the effect of
the microtubule-disturbing agents vinblastine (destabilizing) and paclitaxel (stabilizing)
(Fig. 8A) on HCoV OC43 propagation under both fluid and semifluid conditions. Under
fluid conditions, these drugs did not affect virus propagation in LA-N-5 cells over the
range of concentrations tested during the 72 h of incubation, indicating a minimal
effect of these drugs on the virus general egress. In sharp contrast, both drugs decreased
virus propagation in a dose-dependent manner under semifluid conditions, indicating
that microtubules are preferentially required for neuron-to-neuron propagation (Fig.
8B). None of the drugs affected propagation in the epithelial HRT-18 cell line (Fig. 8C),
excluding a nonneuronal pleiotropic effect. Significantly fewer spike platforms could be
observed on the axonal structures of infected LA-N-5 cells upon a 24-h treatment with
paclitaxel (Fig. 8D and E), confirming interference with axonal transport. The neuron-
specific requirement for microtubules under semifluid conditions indicates that axonal
transport plays an important role during neuron-to-neuron HCoV OC43 propagation.

DISCUSSION

The widely circulating respiratory HCoV OC43 is naturally neuroinvasive and can
disseminate within the CNS. In line with many other neuroinvasive viruses (40–42, 44),
HCoV OC43 probably finds its way to the CNS through the olfactory tract, probably
along the olfactory nerve. This is supported by our detection of HCoV OC43 in the OSN
and the olfactory bulb early upon intranasal exposure (Fig. 1A to C and 2C) and the
failed neuroinvasion in ZnSO4-treated mice (Fig. 2D). The rare presence of HCoV OC43
in the liver of intranasally inoculated mice and its undetectable level in the bloodstream
at days 2 to 5 suggest that neuroinvasion occurs independently of the low level of
systemic infection (Fig. 2B). In light of the weak RNA signal in the CNS upon intralingual
infection, we cannot formally rule out the possibility of neuroinvasion by the sensory or
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autonomic circuitry. Indeed, the trigeminal nerve possesses nociceptive neurons, which
are present in the respiratory epithelium of the nasal cavity (65) and can theoretically
be infected by HCoV OC43 to invade the CNS, as suggested for mouse hepatitis virus
(MHV) years ago (43). From the periphery (nasal cavity), the trigeminal nerve mainly
follows a neuronal circuit which ends at the brain stem, which could explain our data
related to intralingual inoculation of the virus. The stronger colonization of the brain
stem than the cortex at day 3 is also consistent with this interpretation, although it is
unclear if the lower RNA titers in the cortex are caused by a delayed infection or a

FIG 8 Axons allow neuron-to-neuron propagation. (A) LA-N-5 cells were treated with the indicated concentration
of vinblastine (Vin) or paclitaxel (Pac) in fluid medium for 72 h and then stained for spike glycoprotein (red),
�III-tubulin (green), and nuclei (blue). Representative pictures taken by confocal microscopy are shown. (B, C)
LA-N-5 cells (B) and HRT-18 cells were infected at an MOI of 0.01 and cultured for 72 h in fluid or semifluid medium
containing the specified concentration of vinblastine or paclitaxel. Infected cells were then fixed and immuno-
stained to determine the percentage of infection. (D, E) Effect of paclitaxel on the axonal association of spike
platforms. (D) Infected LA-N-5 cells (MOI � 0.2) were treated with 250 nM paclitaxel for 20 h, fixed, and
immunostained. (E) Data plotted in the graph are the amount of spike platforms per micrometer of infected axons.
The error bars represent the standard deviation from the mean from 3 independent experiments (B, C) or the
standard deviation for �200 individual axonal structures (E). *, P � 0.05.
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reduced tropism. Nevertheless, neuroinvasion through the OSN appears to be domi-
nant because (i) these cells are clearly the most susceptible to infection in the nasal
cavity and the olfactory bulb is the first CNS tissue colonized upon intranasal inocula-
tion (Fig. 1A and 2C); (ii) microscopy data show a clear hierarchal trend from the
olfactory bulb toward the brain stem and spinal cord (Fig. 1); (iii) the magnitude of
infection both in the amount of infected cells (Fig. 1) and in virus RNA titers (Fig. 2C)
is systematically higher in this zone of the CNS than in the cortex, brain stem, and spinal
cord; and (iv) ZnSO4, reported to destroy olfactory neuroepithelium (45), abrogates
neuroinvasion.

Making use of our animal model and neuronal cell cultures, we herein characterized
a new mechanism of HCoV OC43 propagation that appears to have in vivo relevance for
neuropropagation. From the olfactory bulb, neuropropagation along the various axonal
connections through the CNS is supported by key observations: first, the seemingly
dynamic association of structural viral material along axons both ex vivo and in vitro
(Fig. 3 to 5); second, the existence of a neuron-to-neuron mode of propagation
particularly efficient at a high cellular density (Fig. 6 and 7); and third, the disruption of
neuron-to-neuron propagation by microtubule-disrupting agents (Fig. 8). Nevertheless,
the contribution of freely diffusing particles must not be overlooked. Isolated infected
cells could indeed be observed scattered through the brain at 3 to 4 days post-
intranasal inoculation. The latter type of propagation appeared to be dominant in our
cell culture systems. However, in vitro systems do not necessarily reflect perfectly the
situation prevailing in vivo. For instance, various physical barriers impossible to mimic
in vitro are expected to limit diffusion of free particles in vivo. In culture, particles
sediment on susceptible cells as a two-dimensional layer, which dos not reflect properly
the dynamic heterogeneous three-dimensional environment found in vivo. As sug-
gested by the positive effect of cell-cell contacts on HCoV OC43 propagation under
semifluid conditions (Fig. 7D), the interneuronal connection within the CNS is likely to
boost the neuron-to-neuron propagation efficiency compared to the free particle
diffusion efficiency in a way difficult to predict in vitro, where neuronal connections are
not necessarily fully mature. Despite these limitations, local neuron-to-neuron propa-
gation in vitro appeared to be only twice less efficient. We hypothesize that freely
diffusing founder viral particles initiate stochastic infections in naive regions of the
brain, thus establishing a small viral colony around which to expand at the rhythm of
the neuron-to-neuron propagation. Such local propagation combined with a subse-
quent round of distal colonization with new founder virus particles would indeed
ensure a fast spread throughout the CNS.

Our microscopy approaches shed light on the mechanisms by which HCoV OC43
could leave the axon to promote neuron-to-neuron propagation. Accumulations of
membrane-embedded spike, E, and HE structural proteins, herein termed spike plat-
forms, were found to decorate axons in vitro. These platforms appeared to be spatially
static, probably because they were anchored to elements of the cytoskeleton. Even if
the platforms observed by live cell imaging were similar to those observed postfixation
(Fig. 5A), we cannot rule out the possibility that some sort of motility was impaired by
the bivalent antibody used during our labeling procedure. However, the two antibodies
used (anti-OC43 spike serum and monoclonal antibody 3-2B.2) showed no neutralizing
capabilities under either fluid or semifluid conditions (Fig. 7C), thus precluding any
impact of such theoretical motility on neuron-to-neuron propagation. This observed
staticity does not preclude dynamism, as new viral products compensate for the
gradual loss of older proteins, which is indeed reminiscent of sites of assembly and virus
release. The implied anterograde transport of virus material along axons toward exit
sites could be explained by two generic models (reviewed in reference 66): (i) virus
assembly at the cell bodies and then transport toward release sites (e.g., as in the
Herpesviridae) or (ii) convergence along axons of structural subunits in discrete sites
where assembly and release can be achieved (e.g., as in the Rhabdoviridae). Our inability
to detect nucleocapsid in viral platforms may suggest that its recruitment to spike/E/HE
assembled scaffolds is a terminal process quickly resolved by the release of the particle,
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therefore precluding its transient observation. This possibility is in line with the second
model mentioned above. However, we cannot exclude the possibility that the strong
nucleocapsid signal across the axon cytosol, as seen in other previous studies (23, 67,
68), masks a dimmer signal corresponding to a nucleocapsid coassembled with the
other structural proteins. It is interesting to note that viral platforms are phenotypically
very similar to those derived from the infection of neurons by the rabies virus (RABV),
pseudorabies virus (PRV), and herpes simplex virus 1 (69–72), two alphaherpesviruses
whose accumulation in varicosities enriched in presynaptic markers gave rise to the yet
unconfirmed hypothesis of transsynaptic viral transfer (71, 73). Whether this transsyn-
aptic propagation instead of a nonsynaptic stochastic secretion along the axons could
apply for HCoV OC43 remains to be verified. To further examine these possibilities, the
development of tools enabling more accurate and sensitive live monitoring of HCoV
OC43 propagation will be of paramount importance.

Our data suggest that propagation via diffusion of free particles and neuron-to-
neuron transfer share several mechanistic similarities, as seen for other viruses (re-
viewed in reference 74). For instance, the two tested modes of propagation tended to
be similarly affected by antispike neutralizing antibody, recombinant HE, and sialic
acid-binding lectins (Fig. 7A to C). Furthermore, spike amino acid 183 to 241-encoding
virus (rOC/U183–241) showed a 2- to 3-fold increased propagation in both cases (Fig. 7E).
Subtle divergences between the two modes of propagation were nevertheless noticed.
The negative impact of SNA-I was significantly more pronounced in semifluid medium.
Moreover, spike G758R-encoding virus (rOC/SG758R) failed to propagate from neuron to
neuron. The reasons behind this incapacity are still unclear but may underline the
privileged contribution of some still unknown attachment factor(s) to a specific mode
of propagation. A precedent may exist, as the differential expression profile of MHV
cellular receptors appeared to modulate its spread in a manner reminiscent of neuron-
to-neuron propagation (75). Our previous work demonstrated that HCoV OC43 spike
G758R and spike amino acid 183 to 241 mutants conferred attenuated and exacerbated
neurovirulence in mice, respectively, despite equivalent virus loads in the brain at their
onset of infection (24, 33, 64). A key observation was that HCoV OC43 spike G758R was
affected in its capacity to reach the spinal cord, whereas the HCoV OC43 spike amino
acid 183 to 241 mutant reached the spinal cord even more efficiently than the
reference virus. Therefore, the efficiency of neuron-to-neuron propagation is associated
with neuropathogenesis. It raises the intriguing possibility that neuron-to-neuron
propagation efficiency defines the outcome of infection by enabling the colonization of
areas of the CNS, such as the spinal cord, otherwise difficult for HCoV OC43 to reach by
stochastic diffusion. A similar interpretation was drawn in a report that compared the
propagation of the A59 strain of MHV to the more virulent JHM.SD strain, described as
relying more on neuron-to-neuron transfer (75). The virus probably does not benefit
from this exacerbated neurovirulence, as the HCoV OC43 spike amino acid 183 to 241
mutant was isolated in vitro and not in vivo (24). In fact, the spike G758R variant is
predominantly found in primary isolates (33), suggesting, unsurprisingly, that low
neurovirulence, although associated with limited propagation, ensures host survival
and favors long-term persistence. Therefore, slowing the progression of HCoV OC43
toward the brain stem and spinal cord by hindering neuron-to-neuron propagation
may represent a strategically valid approach to avoid neuronal damage. Indeed,
additional studies are warranted to quantify the impact of neuron-to-neuron propaga-
tion during HCoV neuropathogenesis. In this context, the identification and character-
ization of the molecular determinants distinctly regulating the two aforementioned
phenomena, including their receptor(s) and attachment factor(s), will be the key to a
better understanding of their associated neuropathology and eventually to the elab-
oration of antiviral countermeasures.

MATERIALS AND METHODS
Ethics statement. All mouse experiments were approved by the Institutional Animal Care and Use

Ethics Committee (IACUC) of the Institut National de la Recherche Scientifique (INRS) and conform to the
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Canadian Council on Animal Care (CCAC). Animal care and use protocols numbers 1304-02 and 1205-03
were issued by the IACUC of INRS for the animal experiments described herein. All the experiments with
both wild-type viruses and mutant viruses (viruses with an S protein with a potential gain of function)
were approved by the institutional biosafety committee (IBC) at INRS (certificate 2013-07), as all biosafety
level 2 safety level measures were applied to prevent infection of all laboratory workers and the potential
spread of viruses.

Viruses and cell lines. The recombinant HCoV OC43 virus (rOC/ATCC) (26) harbors the same
sequence as the reference virus HCoV OC43 (VR-759), obtained in the 1980s from the American Type
Culture Collection (ATCC). HCoV OC43 rOC/S183–241 and rOC/S G758R were previously described (33, 47,
64). Virus stocks were generated by transfecting each cDNA clone in BHK-21 cells, amplified by two
passages in the HRT-18 cell line, and sequenced to confirm that no mutations were introduced during
the process.

The human ileocecal colorectal adenocarcinoma HRT-18 cell line (a gift from the late David Brian,
University of Tennessee) was cultured in minimal essential medium alpha (MEM-alpha; Life Technologies)
supplemented with 10% (vol/vol) fetal bovine serum (FBS; Multicell) and was used to produce viral stocks
and perform experiments. The human neuroblastoma LA-N-5 cell line (a kind gift of Stephan Ladisch,
George Washington University School of Medicine) was maintained in RPMI medium supplemented with
15% (vol/vol) fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, and 100 �M nonessential
amino acids (Gibco-Invitrogen). LA-N-5 cells were differentiated into human neurons as previously
described (48). Briefly, 1.25 � 104 LA-N-5 cells were seeded in RPMI supplemented with 20% (vol/vol) FBS,
10 mM HEPES, 1 mM sodium pyruvate, and 100 �M nonessential amino acids on 24-well glass coverslips
that had been coated beforehand with 1/20 Matrigel matrix basement membrane (Corning) following
the manufacturer’s procedures. On the next day and every 2 days for 8 days, the medium was replaced
with fresh Dulbecco modified Eagle medium (DMEM) supplemented with 10% (vol/vol) FBS, 10 mM
HEPES, 1 mM sodium pyruvate, 100 �M nonessential amino acids, 50 �g/ml gentamicin (Wisent), and 10
�M all-trans-retinoic acid (Sigma-Aldrich).

Mixed primary cultures of mouse CNS cells were prepared as previously described (33). Briefly, the
cortex and hippocampus from 14- to 16-day-old embryonic CD1 pup brains were harvested. The tissues
were dissociated in Hanks balanced salt solution plus trypsin-EDTA (0.5%) (ratio, 10:1) for 15 min at 37°C
and then by gentle up-and-down pipetting. The debris was decanted, and the supernatants were
transferred to Neurobasal medium (Invitrogen) supplemented with 1 mM GlutaMAX-I (Life Technologies),
10 mM HEPES buffer, 1 mM sodium pyruvate, 2% (vol/vol) B27 supplement (Life Technologies), 50 �g/ml
gentamicin, and 10% (vol/vol) horse serum (Life Technologies). Cells were then seeded at 2 � 105

cells/cm2 and grown on poly-D-lysine (final concentration, 50 �g/ml)-treated glass coverslips in the same
medium. From the next day until they were ready for infection (6 to 7 days), the medium was replaced
every 2 days with fresh Neurobasal medium without horse serum.

Evaluation of viral neuroinvasiveness. Fifteen-day-old mice were subjected to intranasal inocula-
tion (injection of 5 �l in each nostril), intralingual inoculation (single injection of 10 �l using a Hamilton
syringe laterally at the center of the tongue), or intracranial inoculation (as previously described [24]) of
rOC/ATCC using 104.25 50% tissue culture infective doses (TCID50) per 10 �l. Sham-infected mice received
phosphate-buffered saline (PBS). To block neuroinvasion, 5 �l of ZnSO4 (0.17 M) was instilled in both
nostrils of the mice 3 days before intranasal infection with the virus. Intralingual and intracerebral
inoculations were performed under peritoneal anesthesia of ketamine-xylazine (ketamine at 200 mg/kg
of body weight and xylazine at 10 mg/kg) (38). Whole infected brain, liver, and blood were harvested 5
days later (Fig. 2B) or the olfactory bulb, cortex, brain stem, spinal cord, and blood were harvested at
between 1 and 5 days postinfection (Fig. 2C) from peritoneally anesthetized mice (ketamine at 200
mg/kg and xylazine at 10 mg/kg) and frozen at �80°C. Whole-brain tissue was shredded/lysed by
extensive agitation in 1 ml QIAzol lysis reagent (Qiagen) supplemented with shredding beads. Total brain
RNA was extracted by the QIAzol-chloroform-propanol manufacturer’s procedure, the amount was
evaluated using an ND1000 spectrophotometer (NanoDrop), and the extracted RNA was frozen at �80°C.
Virus RNA copy numbers were quantified in triplicate by real-time RT-PCR using a TaqMan RNA-to-cycle
threshold (CT) 1-step kit (Applied Biosystems/Life Technologies) in a 20-�l reaction mixture with 10 �l 2�
TaqMan RT-PCR mix (containing carboxy-X-rhodamine as a passive reference dye), 900 nM forward and
reverse primers targeting a 68-bp region of the HCoV OC43 M gene (76) (forward primer OC43-FP
[5=-ATGTTAGGCCGATAATTGAGGACTAT-3=, nucleotides [nt] 433 to 458]; reverse primer OC43-RP [5=-AA
TGTAAAGATGGCCGCGTATT-3=, nt 479 to 500]), 200 nM 6-carboxyfluorescein (FAM)– black hole quencher
1 probe OC43-TP (FAM-5=-CATACTCTGACGGTCACAAT-3=, nt 459 to 478), 0.5 �l 40� TaqMan reverse
transcriptase enzyme mix, and 800 ng extracted brain RNA. Serially diluted cRNA standards were used for
the generation of a standard curve. Amplification and detection were performed in a StepOnePlus
real-time PCR system apparatus and analyzed with StepOne software (version 2.3; Applied Biosystems).
The limit of detection was defined as the average signal obtained for the corresponding negative
controls for each organ.

Infection of cell lines and primary mouse CNS cultures. The HRT-18 cell, LA-N-5 cell, and primary
mouse neuronal cell (PMNC) cultures were infected with the indicated recombinant HCoV OC43 at the
indicated multiplicity of infection (MOI) for 2 h in MEM-alpha supplemented with 1% (vol/vol) FBS
(HRT-18 cells), Neurobasal medium with B27–GlutaMAX-I (PMNCs), or DMEM supplemented with 1%
(vol/vol) FBS (LA-N-5 cells). The inoculum was then discarded and replaced with fresh MEM-alpha
supplemented with 1% (vol/vol) FBS (HRT-18 cells), fresh Neurobasal medium with B27–GlutaMAX-I
(PMNCs), or fresh DMEM supplemented with 2.5% (vol/vol) FBS (LA-N-5 cells) and incubated for up to 72
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h, as indicated above. During infection and further incubation, LA-N-5 cells and PMNCs were kept at 37°C
and HRT-18 cells were kept at 33°C.

Titration of infectious particles. Virus titers from cell culture supernatants were determined by an
indirect immunoperoxidase assay (IPA) on HRT-18 cells, as previously described (77). Briefly, HRT-18 cells
were infected from serially diluted virus-containing supernatants for 2 h and incubated for 96 h. Cells
were methanol fixed and incubated with the mouse primary antibody 4-3E.4 (dilution 1/50), which
detects the S protein of HCoV OC43. Immunocomplexes were detected by incubating with a secondary
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin antibody diluted 1/500 (Kirkeg-
aard & Perry Laboratories) and revealed with 0.025% (wt/vol) 3,3-diaminobenzidine tetrahydrochloride
(Sigma-Aldrich) and 0.01% (vol/vol) hydrogen peroxide in 1� PBS. Infectious virus titers were calculated
by the Karber method (77).

Immunofluorescence. Confocal immunofluorescence was performed either after intracerebral in-
fection of 22-day-old mice, for which perfusion with 4% (wt/vol) paraformaldehyde (PFA) was performed
at 5 days postinfection, or after intranasal infection of 15-day-old mice, for which perfusion was
performed every day for a 4-day period. For intracerebral infection, brain sections were sagitally sliced
into 60-�m-thick sections with a Lancer Vibratome, and for intranasal infection, heads were harvested
and the fur, skin, and lower jaw were removed. Whole heads were decalcified in 6% EDTA (pH 8) at 4°C
for 5 days and then transferred to 30% sucrose solution, being processed 3 days later. Serial sections were
collected in PBS, treated for 10 min with H2O2 to disrupt erythrocytes, washed twice for 5 min each time
in PBS, and permeabilized for 2 h in PBS supplemented with 0.1% (vol/vol) Triton X-100. Sections were
further incubated for 1 h in 0.1% Triton–PBS supplemented with 1% (vol/vol) horse serum and then
overnight at 4°C in 0.05% Triton–PBS containing 1% horse serum and OC43-cross-reacting ascetic
anti-hepatitis E virus (anti-HEV) N (1/500) (33), �III-tubulin (1/1,000; Abcam), and/or a polyclonal anti-
OC43 spike serum (1/250) generated from rabbit immunization with a fragment of the spike glycoprotein
encompassing amino acids 16 to 334. Sections were washed 3 times (for 15 min each time) in 0.05%
Triton–PBS and incubated for 2 h in 0.05% Triton–PBS supplemented with 1% horse serum and 1/500
adequate Alexa Fluor 488- or Alexa Fluor 568-coupled secondary antibodies (Life Technologies). Immu-
nostained sections were washed twice (5 min each time) in 0.05% Triton–PBS, counterstained for nuclei
with 10 �g/ml Hoechst (Invitrogen), and then washed again 4 times (for 15 min each time) in 0.05%
Triton–PBS. Sections were then mounted in Prolong Diamond antifade mounting medium (Molecular
Probes) on glass slides and imaged on a Zeiss LSM780 confocal microscope equipped with a 30-mW
405-nm diode laser, a 25-mW 458/488/514-nm argon multiline laser, and 20-mM DPSS 561-nm laser
mounted on a Zeiss Axio Observer microscope at a magnification of �630 (Carl Zeiss Microimaging). All
immunostaining steps were carried out at room temperature with agitation, unless otherwise stipulated.

Confocal microscopy and live cell imaging. The presence of spike platforms on LA-N-5 axons was
evaluated by fixing the cells on ice using 4% PFA (Electron Microscopy Sciences). Fixed cells were washed
with PBS and then incubated with 1/200 polyclonal anti-OC43 spike for 1 h at 37°C, washed twice, and
reincubated for 45 min at room temperature with adequate 1/500 Alexa Fluor 568 antibody. Following
3 PBS washes, surface-stained cells were permeabilized for 5 min with 0.1% Triton–PBS and sequentially
stained for 1 h at room temperature for total �III-tubulin using specific antibodies (1/1,000; Abcam) and
the appropriate 1/500 Alexa Fluor 488 secondary antibody along with 2 �g/ml Hoechst. For PMNCs,
surface staining was conducted at 37°C for 15 in 2% FBS–Neurobasal medium supplemented with 1/200
anti-OC43 spike polyclonal serum, washed twice for 2 min each time in medium, and then fixed for 5 min
with 4% PFA. Fixed cells were incubated for 30 min at room temperature with the appropriate Alexa Fluor
568 antibody diluted 1/1,000 in PBS. Cells were washed twice, fixed again for 5 min, and permeabilized
with 0.1% Triton–PBS for 5 min at room temperature. Cells were then stained for total �III-tubulin for 1
h at 37°C in 0.1% (vol/vol) Triton–PBS, washed twice in PBS, and incubated for 1 h at room temperature
with the appropriate 1/1,000 Alexa Fluor 488 antibody and 2 �g/ml Hoechst.

To assess the colocalization of surface HCoV OC43 spike glycoprotein with other virus structural
proteins, infected LA-N-5 cells were incubated at 37°C for 15 min with either 1/200 polyclonal anti-OC43
spike serum (generated from rabbit immunization with a fragment of the spike glycoprotein encom-
passing amino acids 16 to 334), 1/2 monoclonal 4-3E.4 anti-OC43 spike antibody, and/or 1/200 mono-
clonal KD9-40 anti-bovine coronavirus HE protein antibody (kindly provided by Sylvia van Drunen
Littel-van den Hurk, University of Saskatchewan, Saskatchewan, Canada), reportedly recognizing OC43 HE
(51), in 2.5% FBS–DMEM. Cells were washed twice for 2 min each time in medium and then reincubated
for 15 min at room temperature in 2.5% FBS–DMEM supplemented with 1/500 Alexa Fluor 568 secondary
antibody. Cells were fixed in 4% PFA after 3 2-min washes in medium. Where total costainings were
needed, surface-stained cells were next permeabilized in 0.1% (vol/vol) Triton–PBS for 5 min at room
temperature and incubated for 2 h at 37°C in 5% (vol/vol) FBS–PBS supplemented with 1/500 polyclonal
anti-OC43-E protein, 1/2 monoclonal 4E11.3 anti-HEV N protein hybridoma supernatant, 1/2 4-3E.4
anti-OC43 spike hybridoma supernatant, or 1/500 polyclonal anti-OC4 spike serum. Cells were then
washed twice and reincubated with adequate Alexa Fluor 488 antibodies diluted 1/500 in PBS. Nuclei
were counterstained with 2 �g/ml Hoechst.

Immunostained cells (LA-N-5 cells or PMNCs) were all mounted on glass slides with Prolong Diamond
antifade mounting medium after 3 final PBS washes. The images shown in the figures are nonoverlap-
ping maximal projections generated by ImageJ software from single z-stacks exported from Zen black
software (Carl Zeiss Microimaging).

LA-N-5 cells and PMNCs were seeded on Matrigel or a collagen–poly-D-lysine-coated live cell imaging
dish (MatTek Laboratories), differentiated, and infected as indicated above. Real-time imaging was
performed by live surface staining of spike platforms at 37°C for 15 min with either 1/200 polyclonal
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anti-OC43 spike serum or 1/4 monoclonal 3-2B.2 anti-OC43 spike antibody as indicated above and
immediately imaged at 37°C for up to 35 min at �0.125 frame/s using Zen (version 2.1) software. The
presented images and videos are thick acquisitions from a maximal pinhole aperture obtained and
processed using Zen black software (Carl Zeiss Microimaging).

All images and videos were acquired with a Zeiss LSM780 confocal microscope equipped with a
30-mW 405-nm diode laser, a 25-mW 458/488/514-nm argon multiline laser, and a 20-mM DPSS 561-nm
laser mounted on a Zeiss Axio Observer microscope at a magnification of �630 (Carl Zeiss Microimag-
ing). For real-time imaging, the Axio Observer microscope was further equipped with temperature-,
humidity-, and CO2-controlling stage-top incubators.

For ratiometric measurements, 20-h-infected LA-N-5 cells were initially surface stained live as
described above first using the polyclonal antispike serum and Alexa Fluor 568 antibodies. Cells were
then chased (or not) for up to 3 h at 37°C before being subjected to a similar second surface staining
using instead the monoclonal 4-3E.4 spike antibody and Alexa Fluor 488 antibodies. To account for the
loss of immunocomplexes during the biologically permissive chase period, parallel samples were fixed
with 4% PFA before the initial staining. The same acquisition settings were used for all samples. Images
were exported, axons and bodies were separated in distinct files using Photoshop CS5.1 software
(Adobe), and quantification from maximal z-stack projections was generated by ImageJ software. The
absolute signal per infected cell was calculated by dividing the bulk signal in each field by the number
of nuclei. The resulting values were normalized to the corresponding value at time zero. Brightness and
contrast values remained unchanged through the process to avoid biased quantification.

Virus propagation assay. For virus propagation assays, cells were always seeded on glass coverslips,
coated or not following the seeding procedures (see above). Immediately after infection of HRT-18 cells,
LA-N-5 cells, or PMNCs (as described above), the inocula were replaced with propagation medium.
Propagation medium was prepared as follows: 2� DMEM (Multicell) was supplemented with 2 mM
GlutaMAX-I, 20 mM HEPES buffer, 100 �g/ml gentamicin, 2 mM sodium pyruvate, and 200 �M (vol/vol)
nonessential amino acids. FBS at 2% (vol/vol), 5% (vol/vol), or 4% (vol/vol) B27 plus cobalamin at
0.013698 mg/ml was also added, respectively, for HRT-18 cells, LA-N-5 cells, and PMNCs. Supplemented
2� DMEM was then diluted 1/2 in either 4% (wt/vol) methylcellulose (semifluid medium) or H2O (fluid
medium). Cells were overlaid with semifluid or fluid medium and incubated at 37°C for the time periods
indicated above, after which the supernatants were discarded and cells were directly fixed for 15 min in
4% PFA. Where specified, the following compounds were also added to fluid and semifluid medium
following a previously described procedure (the final concentrations are indicated): 2 to 250 nM
vinblastine or paclitaxel (Sigma-Aldrich); 1/200 anti-OC43 spike polyclonal serum, 1/4 hybridoma super-
natant containing anti-OC43 spike nonneutralizing 3-2B.2, and neutralizing 4-3E.4 monoclonal antibodies
(51); 10 �g/ml lectin SNA-I (from Sambucus nigra), WGA (from Triticum vulgare), CCA (from Cancer
antennarius), or MAA (from Maackia amurensis) (EY Laboratories); and 10 �g/ml HE and HE S40T
recombinant proteins (78).

To quantify virus propagation in HRT-18 or LA-N-5 cells at the time points indicated above, fixed cells
were washed once in PBS and permeabilized in chilled 100% methanol for 5 min at �20°C. Samples were
rehydrated for 5 min in PBS and stained for 2 h at 37°C using a 1/2 dilution of mixed hybridoma
supernatants containing equivalent volumes of 4E11.3 anti-HEV N protein and 4-3E.4 anti-OC43 spike
monoclonal antibodies. Cells were washed twice for 5 min each time in PBS and then probed for 45 min
at room temperature with anti-mouse immunoglobulin Alexa Fluor 488 secondary fluorescent antibodies
(1/500; Life Technologies) along with 2 �g/ml Hoechst to counterstain the nuclei. Following 3 PBS
washes, the coverslips were either directly imaged at a magnification of �100 on a Zeiss LSM780
confocal microscope using the 30-mW 405-nm diode laser and 25-mW 458/488/514-nm argon multiline
laser or mounted with Immuno Mount mounting medium (Fisher Scientific) on glass slides to be
analyzed later on. For each sample, �6 4-by-4 tiles of full fields were taken and exported from Zen black
software (Carl Zeiss Microimaging), and cells were quantified using the cell image analysis software
CellProfiler (www.cellprofiler.org/).

Minor modifications to this protocol were applied to assess propagation in PMNCs. For instance,
methanol-permeabilized cells were incubated for 1 h at room temperature with 2% (wt/vol) PBS and then
for 1 h at 37°C in the 1/2 dilution of our mixed hybridoma supernatants supplemented with 0.1% Triton.
Cells were incubated with the secondary antibodies for 1 h at room temperature.

Statistical tests. For propagation and platform dynamism kinetics, statistical analyses were con-
ducted by two-way analysis of variance (ANOVA) followed by a Sidak test. Statistics for other propagation
assays were assessed using a ratio paired Student t test when comparing fluid and semifluid media and
an unpaired Student t test for mutant comparisons. The statistical validation of the effect of paclitaxel on
axonal spike association was done using an unpaired Student t test. Statistical significance was defined
as P values of �0.05 and �0.01.
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