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ABSTRACT

Natural transmission of prion diseases depends upon the spread of prions from the nervous system to excretory or secretory tis-
sues, but the mechanism of prion transport in axons and into peripheral tissue is unresolved. Here, we examined the temporal
and spatial movement of prions from the brain stem along cranial nerves into skeletal muscle as a model of axonal transport and
transynaptic spread. The disease-specific isoform of the prion protein, PrPSc, was observed in nerve fibers of the tongue approxi-
mately 2 weeks prior to PrPSc deposition in skeletal muscle. Initially, PrPSc deposits had a small punctate pattern on the edge of
muscle cells that colocalized with synaptophysin, a marker for the neuromuscular junction (NMJ), in >50% of the cells. At
later time points PrPSc was widely distributed in muscle cells, but <10% of prion-infected cells exhibited PrPSc deposition
at the NMJ, suggesting additional prion replication and dissemination within muscle cells. In contrast to the NMJ, PrPSc

was not associated with synaptophysin in nerve fibers but was found to colocalize with LAMP-1 and cathepsin D during
early stages of axonal spread. We propose that PrPSc-bound endosomes can lead to membrane recycling in which PrPSc is
directed to the synapse, where it either moves across the NMJ into the postsynaptic muscle cell or induces PrPSc formation
on muscle cells across the NMJ.

IMPORTANCE

Prion diseases are transmissible and fatal neurodegenerative diseases in which prion dissemination to excretory or secretory
tissues is necessary for natural disease transmission. Despite the importance of this pathway, the cellular mechanism of prion
transport in axons and into peripheral tissue is unresolved. This study demonstrates anterograde spread of prions within nerve
fibers prior to infection of peripheral synapses (i.e., neuromuscular junction) and infection of peripheral tissues (i.e., muscle
cells). Within nerve fibers prions were associated with the endosomal-lysosomal pathway prior to entry into muscle cells. Since
early prion spread is anterograde and endosome-lysosomal movement within axons is primarily retrograde, these findings sug-
gest that endosome-bound prions may have an alternate fate that directs prions to the peripheral synapse.

Dissemination of prions following entry into the nervous sys-
tem is primarily along the neural circuitry. This is evident in

the natural prion diseases of ruminants in which oral transmission
leads to infection of the lymphoreticular and nervous systems of
the gastrointestinal tract (1–7). After entry into the peripheral
nervous system, prions spread along nerve tracts and between
synaptically connected neurons into the central nervous system
(CNS). In experimental models, targeted inoculation of prions
into the peripheral nervous system such as the eye (8, 9), sciatic
nerve (10, 11), or tongue (12) results in axonal and transynaptic
spread to first-order and higher-order neurons. This property of
prions is similar to viral transneuronal tracers such as rabies virus
(13) and pseudorabies virus (14, 15), which have been useful for
anatomical mapping of neural circuitry. These viral transneuronal
tracers spread to higher-order neurons within hours to a few days,
while prion spread along similar neural circuits can take several
weeks. This delay in the spread of prions can be partially explained
by a lower rate of prion agent replication, which is defined by the
misfolding of the cellular prion protein, PrPC, into to the disease-
specific isoform, PrPSc, and/or the lower rate of prion spread
within neural circuits.

The centripetal spread of prions toward the central nervous
system (CNS) following infection is necessary for induction of
neurodegeneration. Less is understood regarding centrifugal
spread of prions after they reach the CNS. Dissemination of prions
to peripheral tissues is necessary to infect secretory and/or excre-
tory tissues, which presumably leads to the release of prions into

bodily fluids and secretions. Prion spread to these sites can lead to
prion transmission to offspring, horizontal spread to other ani-
mals, and contamination of the environment. Prion dissemina-
tion within the lymphoreticular system is likely via the lymph and
blood, but the mechanism of centrifugal prion spread to periph-
eral tissues by nonhematogenous routes, especially those linked to
prion shedding, has not been elucidated. Specifically, it has not
been determined how prions spread from the CNS into bodily
fluids and excreta that contain low levels of prion infectivity (e.g.,
milk, saliva, urine, or feces) (16–21). Other studies investigating
prion agent infection of the tongue mucosa illustrated prion in-
fection of taste bud cells in fungiform papillae that are innervated
but not in taste cells that do not receive neural input (22). These
studies suggest that prions can spread from the brain along the
chorda tympani branch of the facial nerve and across the neural
synapse into the neuroepithelial taste cells. A more direct route of
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prion spread to the peripheral mucosa occurs in the olfactory
system. Here, infection in the olfactory bulb leads to transynaptic
spread of prions within glomeruli to olfactory sensory neurons
(OSNs), and retrograde spread along the olfactory nerve results in
PrPSc deposition in OSN somata and dendrites in the olfactory
sensory epithelium (23–25). Subsequent release of prions into the
nasal airway can explain the detection of moderate levels of prion
infectivity and PrPSc in nasal secretions (24, 25). Whether prions
can spread among nonneuronal cells in peripheral tissue or
whether infection is limited to cells with direct neural input is not
known outside the lymphoreticular system.

The molecular and cellular mechanisms of prion spread within
axons and across synapses have not been defined. Prion infection
of genetically modified mice that have altered axonal transport
(e.g., overexpression of the human tau protein in neurons) or are
partially deficient in molecular motors (e.g., dynein) do not ex-
hibit alteration in the prion incubation period following periph-
eral inoculation of mouse-adapted scrapie (26, 27). These studies
are limited in that these mice often exhibit neurological symptoms
related to the genetic alteration of these essential cellular path-
ways. Furthermore, axonal transport of prions may not be the
rate-limiting step that leads to a lengthening of the incubation
period when these pathways are compromised. Synaptic prion
spread is even less understood, but it could have parallels to ob-
servations in cell culture in which prion-infected neuronal cell
lines could transfer infection to adjacent cells through direct con-
tact of surface PrPSc on infected cells, with PrPC located on the cell
surface of susceptible cells (28, 29). This pathway is consistent
with the observation of PrPSc accumulation on neuronal mem-
branes of dendrites and cell bodies in natural prion diseases (30).
Release of prions from infected cells may also contribute to prion
infection of cells in culture or adjacent cells in vivo such as glial
cells. Despite these in vitro studies, the precise mechanism of cell-
to-cell transfer across neural synapses is not known.

In the current study, we investigated the spatial and temporal
pattern of centrifugal prion spread from the CNS to the periphery
in order to define the sequence of events necessary to establish
prion infection in peripheral tissues. To accomplish this goal, we
monitored prion infection of skeletal muscle in the tongue since
prior studies demonstrated that muscle cells of the tongue are
susceptible to prion infection (12, 22, 31–33) and since each mus-
cle cell has a single neural synapse, or neuromuscular junction. We
demonstrate centrifugal spread of prions from the brain stem to
nerve fibers of the tongue, followed by localization to the neuro-
muscular junction prior to entry into, and replication in, muscle
cells. We then attempted to identify the axonal compartment in
which prions are located in order to determine the pathway of
spread along axons. Our findings indicate that prions are found
within the endosomal-lysosomal compartment in nerve bundles,
and they suggest that PrPSc formation or trafficking of prions
could be related to intra-axonal transport of these organelles.
There is also evidence that prions are associated with myelin pro-
duced by Schwann cells that surround axons in the nerve bundle.

MATERIALS AND METHODS
Animal inoculations and tissue collection. Three- to four-month-old
Syrian golden hamsters (Simonsen Laboratories, Gilroy, CA) were inoc-
ulated in the hypoglossal nerve, or cranial nerve XII (CN XII). Hamsters
under general anesthesia (i.e., ketamine-xylazine mixture) were shaved in
the neck area to remove fur, and the skin was cleansed with a Betadine

scrub; a single incision of the skin was made on the left ventral aspect of
the neck, and the hypoglossal nerve (CN XII) was exposed by dorsolater-
ally retracting the digastric muscle. Upon identification of CN XII, the
nerve was bluntly dissected free of connective tissue and lifted out of the
cavity using a spinal cord hook. Using a 5-�l Hamilton syringe equipped
with a 30-gauge 2-point needle, 2 �l of a brain homogenate from either a
normal hamster (i.e., mock infected) or a hamster containing 108.5 intra-
cerebral median lethal doses (LD50) per ml of the hypertransmissible
mink encephalopathy (HY TME) agent was slowly injected into the left
CN XII. Using a serrated forceps, the nerve was crushed by gently applying
pressure for 10 s. Surgical staples were used to close the incision. Hamsters
were also inoculated into the cerebral cortex and tongue with 50 �l and 20
�l, respectively, of HY TME brain homogenate as previously described
(12). Following inoculation, hamsters were observed three times per week
for the onset of clinical symptoms, which included hyperesthesia, tremors
of the head and trunk, and ataxia. Animals were euthanized at selected
time points postinoculation or in the early stages of clinical disease.

For collection of tissues for immunohistochemical and immunofluo-
rescence analyses, hamsters were intracardially perfused with periodate-
lysine-paraformaldehyde (PLP) fixative, and tissues were dissected and
processed for embedding in paraffin wax as previously described (12, 33).

Tissue culture analysis. The CAD cell line was a generous gift of Dana
M. Chikaraishi (Duke University, Durham, NC) (34) and the D5 scrapie-
infected CAD cell line was a generous gift of Charles Weissmann (The
Scripps Research Institute, Jupiter, FL) (35). CAD cells were grown on
poly-L-lysine-coated coverslips in a 24-well tissue culture plate at 7,500
cells per well in HAM F-12/Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum for 24 h before serum-based growth
medium was removed and replaced with HAM F-12/DMEM. This results
in an arrest in cell division and morphological changes including exten-
sion of cellular processes or neurites and conversion to a phase-bright cell
body. After 96 h in serum-free medium, cells were fixed with 4% parafor-
maldehyde in 4% sucrose and phosphate-buffered saline, and following
several washes, the cells were treated with 0.1% digitonin in 100 mM
PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)] buffer. Following
treatment with 3 M guanidine hydrochloride for 10 min, cells were
washed and prepared for immunofluorescence by blocking in 10% goat
serum and 10% horse serum in 100 mM PIPES buffer in conjunction with
separate streptavidin and biotin blocking steps (Vector Laboratories, Bur-
lingame, CA, USA). Cells were incubated with anti-PrP monoclonal an-
tibody ICSM 33 and either anti-LAMP-1 (lysosome-associated mem-
brane protein 1) rabbit polyclonal antibody or anti-cathepsin D rabbit
polyclonal antibody in 5% horse serum or goat serum in PIPES buffer,
respectively (Table 1). Detection of primary antibodies was performed by
incubation with either (i) horse anti-mouse IgG conjugated to biotin
(Vector Laboratories, Burlingame, CA, USA), followed by an Alexa Fluor
488 streptavidin conjugate (Life Technologies, Grand Island, NY) at a
1:400 dilution for detection of PrPSc, or (ii) goat anti-rabbit antibody
conjugated to Alexa Fluor 568 or Alexa Fluor 594 (1:400; Life Technolo-
gies, Grand Island, NY). The nuclear counterstain ToPro-3 (Life Technol-
ogies, Grand Island, NY) was applied at a 1:2,000 dilution for 10 min.
Mowiol mounting medium was used to coverslip tissue sections.

PrPSc immunohistochemistry. For PrPSc analysis, brain and tongue
were collected, and PrPSc immunohistochemistry (IHC) was performed
as previously described (12, 22, 33). Briefly, animals were intracardially
perfused with PLP fixative, followed by immersion fixation in PLP for an
additional 5 to 7 h. Prior to tissue processing and embedding in paraffin
wax, the tongue was cut along the midline to generate two sagittal tongue
tissue blocks that were either ipsilateral or contralateral to the site of
inoculation in CN XII. Tissue sections were subjected to antigen retrieval
by treatment with formic acid (99%, wt/vol) for 10 min, followed by
successive incubation with anti-PrP monoclonal 3F4 antibody overnight
at 4°C, horse anti-mouse IgG conjugated to biotin (1:400) at room tem-
perature for 30 min, and streptavidin-horseradish peroxidase (HRP) at
room temperature for 20 min. PrPSc was visualized by localization of HRP
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activity with either DAB� (where DAB is diaminobenzidine) (Dako,
Carpinteria, CA) or 3-amino-9-ethycarbazole in 50 mM sodium acetate
(pH 5.0)– 0.03% H2O2 as previously described (12, 33). Tissue sections
were counterstained with hematoxylin and coverslip mounted with Aqua-
mount (Lerner Laboratories, Pittsburgh, PA) for viewing with a Nikon
Eclipse E600 microscope. Controls for PrPSc IHC included the use of
mock-infected tissues and substitution of a similar concentration of mu-
rine IgG isotype control for the anti-PrP 3F4 monoclonal antibody. The
specificity of PrPSc immunostaining is achieved through a combination of
mild fixation, antigen retrieval using formic acid, and anti-PrP 3F4 mono-
clonal antibody. In hamster tissue this method results in negligible immu-
nostaining signal in uninfected tissue and a punctate PrPSc signal in HY
TME-infected tissues.

PrPSc dual immunofluorescence. PrPSc immunofluorescence stain-
ing was combined with immunofluorescence for either synaptophysin,
type III �-tubulin (�III-tubulin), lysosome-associated membrane protein
1 (LAMP-1), cathepsin D, or myelin P2, as described in Table 1. Detection
of primary antibodies was performed by incubation with either (i) horse
anti-mouse IgG conjugated to biotin followed by an Alexa Fluor 488
streptavidin conjugate (1:400) for detection of PrPSc or (ii) donkey anti-
goat antibody conjugated to Alexa Fluor 594 antibody (1:800; Life Tech-
nologies, Grand Island, NY) or goat anti-rabbit antibody conjugated to
Alexa Fluor 568 antibody (1:800). The nuclear counterstain ToPro-3 was
applied to some tissue sections at a 1:2,000 dilution for 10 min. Mowiol
mounting medium was used to coverslip tissue sections. Tissues from a
minimum of three HY TME-infected animals and three mock-infected
animals were examined for each staining procedure at each time point. A
minimum of 16 slides from tongue, both ipsilateral and contralateral to
the injection site, was examined at each time point for each dual immu-
nofluorescence combination for each tongue sample. For tongue sections
used for quantification of PrPSc in axons and muscle cells, a distance of at
least 50 �m was established between each tissue section used for analysis.

Laser scanning confocal microscopy (LSCM). Images were visualized
using a Zeiss LSM 510 Meta confocal system equipped with either a Zeiss
Plan-Apochromat 63�/numerical aperture (NA) 1.4 or 100�/NA 1.0 oil
objective. Double immunofluorescence was imaged after excitation of
Alexa Fluor 488 with an argon laser at a wavelength of 488 nm and exci-
tation of Alexa Fluor 568 or Alexa Fluor 594 with a helium/neon laser at a
wavelength of 543 nm as previously described (22, 33). Images were
scanned sequentially to minimize cross talk between channels, and the
pinhole aperture was adjusted to �1.0 airy units for both channels while
controlling for identical pinhole diameters and subsequent optical slice
thickness. Individual images for stacks were at 0.1 �m per optical slice.

Deconvolution of confocal images. Deconvolution was performed
using Huygens Essential software (version 3.7; Scientific Volume Imag-
ing, Hilversum, The Netherlands). Using the crop tool, the region of in-
terest (e.g., nerve bundle, cell body, etc.,) within the image was chosen for

deconvolution. A similarly sized region was analyzed for each compari-
son. A maximum-likelihood estimation algorithm was applied for decon-
volution of the confocal images. All images for a particular experimental
group were subjected to deconvolution using identical estimations of rel-
ative background and signal-to-noise ratio. Deconvolution was per-
formed on entire image stacks, with a minimum of 27 stacks for each
antibody combination per morphological area in each hamster group.
Three-dimensional (3D) reconstructions of image stacks were generated
using the 3D View Projection feature of Zeiss AIM software.

Colocalization analysis of confocal images. After deconvolution dig-
ital images were evaluated for colocalization using the colocalization
analyzer tool of Huygens Essential software, which provides information
about the amount of spatial overlap between structures in different data
channels, as previously described (22). Colocalization coefficients were
generated by the analyzer module and included the Manders’ overlap
coefficient (MOC). For calculation of coefficients, a minimum of n � 27
for each region of interest was used for each comparison of mock- and HY
TME-infected hamsters.

Statistical analysis. The average MOC of the confocal images gener-
ated from HY TME-infected tissues was compared to the average MOC of
images generated from mock-infected tissues to evaluate the probability
(P value) that the colocalization observed in the experimental samples was
greater than would be expected by chance. Statistical comparisons of
MOCs were performed using a t test in Prism software (GraphPad, San
Diego, CA).

Ethics statement. All procedures involving animals were approved by
the Montana State University IACUC and were in compliance with the
Guide for the Care and Use of Laboratory Animals (36); these guidelines
were established by the Institute of Laboratory Animal Resources and
approved by the governing board of the U.S. National Research Council.

RESULTS
Prion spread into brain and nerve bundles of the tongue follow-
ing inoculation of the hypoglossal nerve. Prion agent dissemina-
tion within a host occurs by spread within the lymphoreticular
and nervous systems. To investigate the pathway of prion agent
entry into peripheral tissues from the nervous system, we moni-
tored prion entry into the nervous system and skeletal muscle cells
following inoculation of the HY TME agent into the left hypoglos-
sal nerve (cranial nerve XII or CN XII) of a Syrian golden hamster.
The incubation period following intra-CN XII inoculation was
94 � 2.9 days compared to 62 � 1 days and 80 � 2 days following
intracerebral and intratongue inoculations, respectively. At 4
weeks after intra-CN XII inoculation, immunohistochemistry in
the brain stem revealed moderate to heavy levels of PrPSc deposi-

TABLE 1 Primary antibodies used in dual immunofluorescence

Antigen and/or sample type Host species Source (location) Concn
Name or
catalog no.

Prion protein
Tongue Mouse Rocky Mountain Laboratories, (Hamilton, MT) 1:6,000 3F4a

dCAD cells Mouse D-Gen (London, UK) 1 �g/ml ICSM 33

Synaptophysin Rabbit Epitomics (Burlingame, CA) 1 �g/ml 1485-S
�III-Tubulin Rabbit Covance Research Products (USA) 5 �g/ml PRB-435P
LAMP-1 Rabbit Abcam (Cambridge, MA) 2.25 �g/ml ab24170
Cathepsin D

Tongue Rabbit Dako (Carpinteria, CA) 5.8 �g/ml A0561
dCAD cells Rabbit Santa Cruz Biotechnology (Santa Cruz, CA) 0.5 �g/ml sc-10725

Myelin P2 Goat Santa Cruz Biotechnology (Santa Cruz, CA) 1 �g/ml sc-49304
a See reference 60.
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tion that were largely confined to the hypoglossal nucleus ipsilat-
eral to the site of HY TME inoculation (Fig. 1A and B). Much
lower levels of PrPSc were observed in the contralateral hypoglos-
sal nucleus at this time. In the hypoglossal nucleus, PrPSc deposi-
tion was primarily localized at the periphery of the soma of motor
neurons although small PrPSc deposits were observed within the
soma at a lower frequency (Fig. 1C and D). Larger aggregates of
PrPSc appeared to be associated with the adjacent glia cells in CN
XII. At 7 weeks postinoculation strong PrPSc immunostaining was
observed in the ipsilateral hypoglossal nucleus, and moderate lev-
els of PrPSc were now observed in the contralateral hypoglossal
nucleus as well as in several other regions of the brain stem, cere-
bellum, midbrain, and spinal cord (data not shown). This initial
pattern of PrPSc deposition in the brain stem was consistent with
transport of the HY TME agent along CN XII into the ipsilateral

hypoglossal nucleus and subsequent spread to the contralateral
portion of the hypoglossal nucleus.

A temporal and spatial analysis of PrPSc in the tongue was
performed in order to investigate the route(s) of HY TME entry
into skeletal muscle. Following intra-CN XII inoculation, ham-
sters were sacrificed on a weekly basis, and the ipsilateral and con-
tralateral halves of the tongue relative to the inoculation site were
examined for PrPSc deposition in nerve bundles and skeletal mus-
cle cells. Nerve bundles were considered PrPSc positive based on
the presence of at least one single PrPSc deposit, but often nerve
bundles contained multiple PrPSc deposits (Fig. 2A). In nerve
bundles PrPSc was primarily associated with axons and could
sometimes be observed in the lumen of the axon. PrPSc deposition
was not observed in nerve bundles prior to 7 weeks after intra-CN
XII inoculation of the HY TME agent even though it was observed
at earlier time points in CN XII in the brain stem. At 7 weeks
postinfection, all hamsters (n � 3) had evidence of PrPSc deposi-
tion in nerve bundles in the ipsilateral tongue, and two of three
had evidence for PrPSc deposition in the contralateral tongue (Fig.
3A). In hamsters 1 and 2, there were fewer than five PrPSc-positive
nerve bundles per tongue histological section, but in hamster
tongue 3 an average of 77 and 5 PrPSc-positive nerve bundles were
observed ipsilateral and contralateral, respectively, to the site of
inoculation. At 8 weeks postinfection hamsters 1 and 2 had fewer
than five PrPSc-positive nerve bundles on each side of the tongue,
while hamster 3 had no evidence of PrPSc deposition in nerve
bundles (Fig. 3A). By 9 weeks postinfection, two of three hamsters
had greater than 30 PrPSc-positive nerve bundles in tongue ipsi-
lateral to the site of inoculation, while one hamster tongue (animal
1) had fewer than five PrPSc-positive nerve bundles. Contralateral
to the site of inoculation, fewer than five PrPSc-positive nerve bun-
dles per tongue section were observed in all three hamsters at this
time (Fig. 3A). At later time points postinfection, higher numbers
of PrPSc-positive nerve bundles per tongue section were observed,
and by 11 and 13 (at clinical onset of HY TME) weeks postinfec-
tion, there were greater than 100 PrPSc-positive nerve bundles per
tongue section (Fig. 3A). In the tongue of an individual animal the
number of PrPSc-positive nerve bundles was always greater ipsi-
lateral to the site of inoculation than contralateral to the site.
These findings indicate that by 7 weeks after CN XII inoculation of
the HY TME agent, PrPSc was consistently present in nerve bun-
dles in the tongue, and there was a progressive increase in the level
of HY TME infection in nerve bundles after 7 weeks postinocula-
tion.

Prion spread into skeletal muscle cells via the neuromuscu-
lar junction. A temporal and spatial analysis of PrPSc in skeletal
muscle cells of the tongue was similar to that observed for PrPSc

deposition in nerve bundles except for a delay in the onset of
appearance by 1 to 2 weeks. The pattern of PrPSc deposition in
skeletal muscle cells at clinical disease was characterized by intra-
cellular deposition and often prominent localization to the outer
periphery of the cell (Fig. 2B and C). Prior to 9 weeks postinocu-
lation of CN XII, only a single hamster at 7 weeks, hamster 3, had
evidence of PrPSc deposition in muscle cells, and the amount of
deposition was high (	80 muscle cells per tongue section) ipsilat-
eral to the site of inoculation (Fig. 3B). As previously noted, this
hamster also had very high levels of PrPSc deposition in nerve
bundles at 7 week postinfection (Fig. 3A). At 9 weeks postinfection
the three hamster tongues had low levels of PrPSc deposition in
muscle cells (�5 cells per tongue) both ipsilateral and contralat-

FIG 1 Distribution of PrPSc in the hypoglossal nucleus following HY TME
infection. Hematoxylin and eosin staining of brain stem (A and C) and PrPSc

immunohistochemistry (B and D) in adjacent tissue sections revealed a strong
PrPSc pattern (brown) in the hypoglossal nucleus (XII) at 28 days postinocu-
lation. PrPSc deposition was more intense ipsilateral to the inoculation site in
the hypoglossal nerve than in the contralateral CN XII. Panels in C and D are
higher magnifications of the ipsilateral CN XII illustrated in panels A and B.
The dotted white line is located along the midline below the third ventricle, and
it bisects CN XII. Higher magnification of ipsilateral CN XII is annotated with
asterisks, which are located on the somata of hypoglossal motor neurons. This
illustrates PrPSc deposition primarily at the edge of the neuronal soma and
weakly within the soma. The PrPSc deposition pattern is also consistent with
deposition in the neuropil or dendrites around the somata of motor neurons,
and the dense clusters of PrPSc are likely to be associated with glial cells adja-
cent to motor neurons in CN XII. PrPSc immunohistochemistry was counter-
stained with hematoxylin. AP, area postremus; Sol, nucleus of the solitary
tract. Scale bar, 10 �m.
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eral to the site of inoculation (Fig. 3B). The number of PrPSc-
positive muscle cells in the tongue continued to increase at 10 and
11 weeks postinoculation, and at the onset of clinical disease (i.e.,
13 weeks postinoculation), the number of PrPSc-positive muscle
cells on each side of the tongue was 	100. Similar to our findings
with PrPSc-positive nerve bundles, for each hamster a greater
number of PrPSc-positive muscle cells were observed on the ipsi-
lateral side than on the contralateral side of the tongue. These
findings suggest that HY TME infection of muscle cells in the
tongue likely occurred after infection of the nerve fibers in the
tongue and that it was consistently found at 9 weeks postinocula-
tion or 2 weeks after infection of nerve bundles.

At 9 weeks postinoculation, when initial PrPSc deposits were
consistently associated with skeletal muscle cells of the tongue,
two patterns of PrPSc deposition were observed. One was termed
the focal pattern since one to three aggregated deposits or clusters
of PrPSc were typically observed at or near the edge of the muscle
cell (Fig. 2D and E and 4B). The second, or diffuse, pattern was
characterized by a large number of PrPSc deposits that were lo-
cated throughout the muscle cell (Fig. 2B and C and 4E and H). To
investigate the spatial relationship of these two PrPSc patterns to
the neuromuscular junction (NMJ; each muscle cell in the tongue
will have a single NMJ that is innervated by CN XII), we per-
formed laser scanning confocal microscopy (LSCM) for PrPSc and
synaptophysin (a marker present in axons and presynaptic nerve
terminals in muscle, blood vessels, and spindle fibers in the
tongue). When the distribution of PrPSc was analyzed in skeletal
muscle cells in the tongue, there was a strong correlation in the
overlap between the focal PrPSc pattern and synaptophysin immu-
nofluorescence (Fig. 4A to C; see also Movie S1 in the supplemen-
tal material). Deconvolution and colocalization analysis indicated

that the Manders’ overlap coefficients for the PrPSc focal pattern
and synaptophysin at the edge of muscle cells were different for
mock-infected and HY TME-infected animals (P � 0.05). We
conclude that the focal PrPSc pattern represents PrPSc localization
to the NMJ. In most cases, synaptophysin was not associated with
the PrPSc deposits observed in the diffuse PrPSc pattern in muscle
cells (Fig. 4D to F; see also below). However, in some cases we
observed PrPSc deposits within the diffuse PrPSc pattern in muscle
cells that were also associated with a cluster of synaptophysin at
the periphery of the cell (Fig. 4G to I). PrPSc deposition was not
observed in muscle cells of the tongue in hamsters inoculated in
the CN XII with normal brain material (Fig. 4J to L).

To quantify the spatial relationship between PrPSc deposition
and the NMJ, we measured the percentage of muscle cells in the
tongue with the focal and diffuse PrPSc patterns at 9 and 13 weeks
following CN XII inoculation of HY TME agent. The 9-week time
point represents the earliest time point that PrPSc was consistently
found in muscle cells, while 4 weeks later hamsters began to ex-
hibit clinical symptoms of HY TME. At least 100 PrPSc-positive
muscle cells in the tongue were counted from multiple histological
sections per hamster (n � 3) at the 9-week time point, while at
clinical disease up to 260 PrPSc-positive muscle cells were counted
since they were more frequent at this stage of infection. At 9 weeks
postinfection, between 47% and 90% of the HY TME-infected
muscle cells exhibited the focal PrPSc deposition pattern (Table 2).
In all of the PrPSc-positive muscle cells, synaptophysin colocalized
with PrPSc between 31% and 89% of the time. When analysis was
limited to muscle cells with the focal pattern of PrPSc deposition,
then 82% to 98% of cells exhibited colocalization of PrPSc with
synaptophysin. We interpret these findings to indicate that at the
initial time of PrPSc detection in muscle cells, it is localized to the

FIG 2 PrPSc distribution in nerve bundles and skeletal muscle cells of the tongue following HY TME infection. Following intranerve inoculation of the
hypoglossal nerve with HY TME, PrPSc immunohistochemistry was performed on tongue in order to identify the prion-infected cellular structures. Punctate
PrPSc deposits were first observed within nerve bundles (NB) as early as 7 weeks postinfection (A). Two patterns of PrPSc deposition were found within skeletal
muscle cells (m): a diffuse pattern with punctate PrPSc deposits spread throughout the muscle cell (B and C) and a focal pattern characterized by a few larger
clusters of PrPSc at the cell periphery (D and E). Ganglia (G) in the tongue were found adjacent to muscle spindles, and PrPSc deposits were associated with
neuronal somata within these structures (F). Tissue sections were counterstained with hematoxylin. Scale bar, 20 �m.
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neuromuscular junction in a high percentage of the cells. In con-
trast, at 13 weeks postinfection the focal PrPSc pattern was ob-
served in only 2% to 7% of muscle cells, suggesting that the HY
TME agent had entered muscle cells, replicated, and spread within
muscle cells beyond the initial site of agent entry (Table 2). Even
though the PrPSc focal pattern in muscle cells was less frequent at
this time point, between 33% and 80% of cells with PrPSc and
synaptophysin colocalization had the focal pattern (the wide
range of values was due to the paucity of this event at clinical
disease). However, overall the percentage of colocalization in all

muscle cells was less than 10%. These findings suggest that PrPSc

entry via the NMJ continues to occur at 13 weeks postinfection,
but these cells represent a minor population of the HY TME-
infected muscle cells. These data indicate that at the time of PrPSc

entry into muscle cells, HY TME agent is present at the NMJ.
These findings strongly suggest that prion infection is mediated
via transynaptic spread or intercellular infection from CN XII to
skeletal muscle cells.

There was a progression of PrPSc deposition in nerve bundles
and muscle cells of the tongue beginning at 7 and 9 weeks postin-

FIG 3 Quantification of PrPSc deposition in the nerve bundle and muscle cells of the tongue. Following intranerve inoculation of the hypoglossal nerve with HY
TME, PrPSc immunofluorescence was performed on tongue at weekly intervals, and the numbers of PrPSc-positive nerve bundles (A) and muscle cells (B) were
counted both ipsilateral (ipsi; solid bars) and contralateral (contra; open bars) to the site of inoculation. At 6 weeks postinoculation and at earlier time points,
PrPSc deposition was not observed in either nerve bundles or muscles cells. PrPSc deposition was initially observed in nerve bundles at 7 weeks postinoculation
and, with the exception of animal 3 at 7 weeks, in muscle cells at 9 weeks postinoculation. The dashed line indicates the limit beyond which there were too many
PrPSc-positive nerve bundles or muscle cells to count.
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oculation, respectively, but an accelerated pattern of prion infec-
tion of these structures was found in hamster 3 at the 7-week
postinoculation group. This animal had high levels of PrPSc depo-
sition in nerve bundles (	75 PrPSc-positive cells per tongue sec-
tion) and in skeletal muscle cells (	80 PrPSc-positive cells per

tongue section) in the ipsilateral tongue following intra-CN XII
inoculation, suggesting that HY TME agent entry into the tongue
in this animal occurred several weeks earlier (Fig. 3A and B). Spa-
tial analysis of PrPSc deposition in both the ipsilateral and con-
tralateral tongue revealed a moderate link to the NMJ in the ipsi-

FIG 4 Laser scanning confocal microscopy for PrPSc and synaptophysin in skeletal muscle. Laser scanning confocal microscopy of synaptophysin (A, D, G, and
J), PrPSc (B, E, H, and K), and both synaptophysin and PrPSc (C, F, I, and L) in tongue from HY TME-infected (A to I) and mock-infected (J to L) hamsters was
performed. Panels A through C, D through F, G through I, and J through L are the same fields of view within their respective groups. The PrPSc deposition pattern
in muscle cells was assigned to either a focal pattern (B), which was a small cluster of staining at the edge of the cell, or a diffuse pattern (E and H) that was
characterized by many punctate deposits at the cell surface and throughout the cytoplasm. Synaptophysin immunofluorescence in muscle cells was also observed
as a punctate pattern on the edge of muscle cells (arrowhead) and was consistent with localization to the neuromuscular junction. In the majority of examples of
the PrPSc focal pattern, there were similar, but not identical, patterns of synaptophysin immunofluorescence in HY TME animals (A to C). In most muscle cells
with the diffuse PrPSc deposition pattern, there was no evidence of synaptophysin immunofluorescence (D to F), but on occasion synaptophysin immunoflu-
orescence was found in association with PrPSc deposition in muscle cells with the diffuse PrPSc pattern (G to H). Asterisks denote individual muscle cells, and a
yellow asterisk denotes a muscle cell with PrPSc deposition. Scale bars, 10 (A) and 20 (D, G, and J) �m.
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lateral tongue and a strong link to the NMJ in the contralateral
tongue. In the ipsilateral tongue 216 PrPSc-positive skeletal muscle
cells were counted, and 58% of these exhibited the PrPSc focal
pattern of deposition compared to 24 of 28 (86%) PrPSc-positive
skeletal muscle cells in the contralateral tongue (Table 2) (there
were approximately 10-fold fewer PrPSc-positive skeletal muscle
cells in the contralateral tongue). These findings indicate that
within this animal entry into the contralateral tongue was slightly
delayed compared to entry into the ipsilateral tongue and suggests
that earlier events in prion infection of muscle cells were more
prominent in the contralateral tongue. In both cases, there was a
strong correlation between PrPSc and synaptophysin within the
same muscle cell in the ipsilateral and contralateral tongue (54%
and 82%, respectively) and a stronger correlation among PrPSc

and synaptophysin colocalization in muscle cells with the PrPSc

focal pattern (96% and 100%, respectively) (Table 2). These find-

ings also support a role for the NMJ in the early stage of prion
infection of muscle cells.

Association of prions with vesicles and organelles in nerve
bundles and neuronal somata. The transport of prions in axons is
central to pathogenesis and agent dissemination in the nervous
system, but the mechanism of prion transport within axons has
not been established. This is partially due to the low level of PrPSc

found in axons in the central nervous system. The high level of
PrPSc deposition in nerve bundles of the tongue enabled us to
investigate the spatial relationship between PrPSc and cellular
structures associated with transport within the axon. We exam-
ined the relationship of prions to widely distributed macromolec-
ular assemblies associated with axons, such as the microtubule
network and the myelin sheath, and also with discrete structures,
such as organelles that have previously been linked with PrPSc in
cell bodies. The association of PrPSc with synaptophysin was also

TABLE 2 Temporal pattern of PrPSc deposition and synaptophysin colocalization in muscle cells of the tongue

Time postinfection
and animala

No. of PrPSc-positive
muscle cells

PrPSc deposition profile (no. of cells [%])b

PrPSc-positive muscle
cells in a focal
patternc

PrPSc and synaptophysin
colocalization in muscle
cells

PrPSc and synaptophysin
colocalization in a focal
pattern

Week 7
Animal 3

Ipsilaterald 216 126 (58) 117 (54) 112 (96)
Contralaterald 28 24 (86) 23 (82) 23 (100)

Week 9
Animal 1 101 47 (47) 31 (31) 27 (82)
Animal 2 100 60 (60) 47 (47) 46 (98)
Animal 3 100 90 (90) 89 (89) 83 (93)

Week 13
Animal 1 133 2 (2) 3 (2) 1 (33)
Animal 2 152 6 (4) 5 (3) 4 (80)
Animal 3 261 18 (7) 26 (10) 17 (65)

a Animal numbering corresponds to Fig. 3.
b The percentage is calculated in terms of the counted PrPSc-positive cells except for percentages in the last column, which are percentages of the number of cells in the previous
column.
c Focal PrPSc pattern deposition is described in the legend of Fig. 4B.
d Ipsilateral and contralateral to the site of inoculation in the hypoglossal nerve. Data for week 9 and 13 tongue are from an area ipsilateral to the site of inoculation.

TABLE 3 Colocalization analysis of PrPSc and cellular markers in nerve bundles and neuron soma in the tongue following HY TME inoculation

Cellular maker and/or cell type
Sampling date
(no. of wks p.i.)a

Nerve bundle
MOCb

Neuronal soma
(ganglion) MOCb Cellular structure

�III-Tubulin 8–9 NS ND Microtubule network in axons
Synaptophysin 8–9 NS ND SVPs in axonsd

LAMP-1 8–9 ** * Late endosomes, lysosomes
13 *** ***

dCAD cellsc *** ***

Cathepsin D 13 * * Mature lysosomes
Myelin P2 8–9 * ND Myelin
a p.i., postinfection.
b A t test (unpaired, two-tailed) comparing the Manders’ overlap coefficient (MOC) of PrPSc and cellular markers in mock-infected and HY TME-infected tongue or between
mock-infected and 22L scrapie-infected differentiated CAD cells in vitro was performed. ND, not done; NS, not statistically significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
c dCAD, CAD cell line was switched to serum-free medium to induce differentiation, which results in cessation of cell division, extension of neurites, and formation of phase-bright
cell bodies. For dCAD cells, LSCM analysis was performed in neurites and cell bodies and could be morphologically related to axons in nerve bundles and somata of ganglia cells,
respectively, in the tongue.
d SVPs, synaptic vesicle precursors.
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analyzed in nerve bundles since in axons synaptophysin is associ-
ated with discrete vesicles containing synaptic vesicle precursor
proteins, which is in contrast to the NMJ, where there is a high
concentration of synaptophysin and other synaptic proteins. As a
control we examined the relationship of PrPSc to similar cellular
structures in the soma of neurons in ganglia of the tongue (Fig.
2F), which are part of the autonomic nervous system and not
innervated by CN XII, and in CAD neuronal cells in vitro. The
rationale for using the CAD cell line is that following serum de-
privation and differentiation (dCAD), the morphology of these
cells changes, and they appear to have phase-bright cell bodies
with long neurites, which were used as in vitro correlates for neu-
ronal somata and axons, respectively.

Initially, we examined the association of PrPSc with synapto-
physin in nerve fibers since we were able to colocalize these pro-
teins at the NMJ in the tongue (Fig. 4A to C). Two approaches
were used to assess the spatial relationship of PrPSc and synapto-

physin in nerve bundles using LSCM: (i) PrPSc immunofluores-
cence was identified in nerve bundles, and then we determined
whether synaptophysin immunofluorescence colocalized with
PrPSc; and (ii) nerve bundles that contained both PrPSc and syn-
aptophysin immunofluorescence were identified, and then colo-
calization analysis was performed. Using the first approach we
rarely observed synaptophysin in nerve bundles that were pre-
screened for PrPSc deposition (data not shown), which led us to
conclude that the majority of PrPSc does not specifically associate
with synaptic vesicle precursors containing synaptophysin in
axons. This was confirmed using the second approach, in which
using LSCM, deconvolution image analysis, and colocalization
analysis revealed that the Manders’ overlap coefficient (MOC) was
not different for PrPSc and synaptophysin in mock-infected
tongue and HY TME-infected tongue (Table 3 and Fig. 5A to 5C;
see also Movie S2 in the supplemental material). To investigate
whether prions were associated with the microtubule network, we

FIG 5 Laser scanning confocal microscopy for PrPSc and either synaptophysin or �III-tubulin in nerve bundles of the tongue. Laser scanning confocal
microscopy for synaptophysin (A), PrPSc (B), and both synaptophysin and PrPSc (C and G) or for �III-tubulin (D), PrPSc (E), and both �III-tubulin and PrPSc (F
and H) in nerve bundles in tongue from HY TME-infected (A to F) or mock-infected (G and H) hamsters was performed. Panels A through C and D through F
are the same fields of view within their respective groups. Synaptophysin immunofluorescence had a limited distribution and was observed in a discrete pattern
within the nerve bundle and often in association with axons. The �III-tubulin pattern was also observed within nerve bundles and had a widespread and bright
immunofluorescence pattern within axons. Each group of panels represents a single image that was taken from a three-dimensional reconstruction of a LSCM
stack assembled from 64 individual images. Colocalization analysis on 27 separate 3D reconstructions for each PrPSc and cell marker combination revealed that
there was not an overlap of PrPSc with either synaptophysin or �III-tubulin in nerve bundles (Table 3). 3D reconstructions in movie format of nerve bundles
stained for PrPSc and either synaptophysin or �III-tubulin illustrated in this figure can be observed in Movies S2 and S3 in the supplemental material. Scale bar,
10 �m.
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repeated the LSCM analysis for PrPSc and �III-tubulin in axons in
the tongue at 8 and 9 weeks postinoculation of HY TME into CN
XII. In this experiment, we also did not observe different MOCs
for mock-infected tongue and HY TME-infected tongue (Table 3
and Fig. 5D to F; see also and Movie S3). These findings suggested
that PrPSc was not transported along axons in synaptophysin-con-
taining vesicles and that PrPSc did not colocalize with the micro-
tubule network within axons.

Cell-associated PrPSc has been localized to the plasma mem-
brane, primarily in dendrites, and within the endosomal-lyso-
somal pathway by immunoelectron microscopy in prion-infected
brain and scrapie-infected cell lines (30). To examine whether
prions were present within endosomes and lysosomes in axons, we
investigated PrPSc colocalization with LAMP-1, which is found in
late endosomes and lysosomes. In nerve bundles at 8 to 9 weeks
postinoculation, there was a difference in the MOCs between
mock-infected and HY TME-infected samples (P � 0.01), indi-
cating a cooccurrence of PrPSc with LAMP-1, but the majority of
PrPSc was not localized with LAMP-1 (Table 3 and Fig. 6; see also
Movie S4 in the supplemental material). A similar cooccurrence of
PrPSc with LAMP-1 was observed in nerve bundles at 13 weeks

postinfection in mock- and HY TME-infected animals (MOC,
P � 0.001). In the soma of neurons in the autonomic ganglia in
tongue at both the preclinical and clinical time points, the MOC
(P � 0.05 and P � 0.001, respectively) was consistent with find-
ings in the nerve bundle and indicated colocalization of PrPSc with
LAMP-1 (Table 3 and Fig. 7A to F; see also Movie S6 in the sup-
plemental material). In addition, there were many PrPSc deposits
that did not appear to colocalize with LAMP-1 in neuronal
somata. As a positive control we compared the MOCs for PrPSc

and LAMP-1 in the neurites and cell bodies of dCAD cells in vitro.
There was a significant difference in the MOCs when colocaliza-
tions in the neurites (P � 0.001) and cell bodies (P � 0.01) from
mock-infected and 22L scrapie-infected dCAD cells were com-
pared (Table 3). These findings were consistent with PrPSc trans-
port in a subset of LAMP-1-positive vesicles along the axons in
nerve bundles of the tongue.

To investigate prion distribution in mature lysosomes in nerve
bundles and the somata of neurons, we examined the spatial dis-
tribution of PrPSc in relation to cathepsin D. At 13 weeks postin-
oculation, there was a difference in the MOCs (P � 0.05) between
mock- and HY TME-infected samples in nerve bundles and in the

FIG 6 Laser scanning confocal microscopy for PrPSc and LAMP-1 in nerve bundles of the tongue. Laser scanning confocal microscopy for LAMP-1 (A, D, and
G), PrPSc (B, E, and H), and both LAMP-1 and PrPSc (C, F, and I) in nerve bundles in tongue from HY TME-infected hamsters was performed. Panels A through
C, D through F, and G through I are the same fields of view within their respective groups. In nerve bundles, LAMP-1 immunofluorescence was observed in a
discrete pattern within the nerve bundle and in association with axons. A cluster of LAMP-1 immunofluorescence was also observed in areas outside axons that
were consistent with localization to the cell body of Schwann cells based on the proximity of immunofluorescence to nuclei (stained with ToPro-3 and shown in
blue). A white arrow within a panel series indicates the area of colocalization of PrPSc and LAMP-1. Colocalization analysis on 27 separate three-dimensional (3D)
reconstructions for PrPSc and LAMP-1 revealed that there was an overlap of PrPSc with LAMP-1 in nerve bundles (Table 3). Panels A to C represent a single image
that was taken from a 3D reconstruction of an LSCM stack assembled from 64 individual images. This 3D reconstruction of nerve bundles stained for PrPSc and
LAMP-1 is illustrated in Movie S4 in the supplemental material. Scale bars, 5 �m (A and D) and 1 �m (G).
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FIG 7 Laser scanning confocal microscopy for PrPSc and either LAMP-1 or cathepsin D in ganglia of the tongue. Laser scanning confocal microscopy for
LAMP-1 (A and D), PrPSc (B and E), and both LAMP-1 and PrPSc (C, F, and M) or for cathepsin D (G and J), PrPSc (H and K), and both cathepsin D and PrPSc

(I, L, and N) in ganglia of the tongue from HY TME-infected (A to L) and mock-infected (M and N) hamsters was performed. Panels A through C and G through
I are the same fields of view within their respective groups. The boxed area in panel C is enlarged in panels D through F, and the boxed area in panel I is enlarged
in panels J through L. Both LAMP-1 and cathepsin D immunofluorescence had a punctate pattern that was widespread within the somata of neurons. Nuclei
(blue) were stained with ToPro-3. A white arrow within a panel series indicates the area of colocalization of PrPSc and the organelle marker. Each group of panels
represents a single image that was taken from a three-dimensional (3D) reconstruction of an LSCM stack assembled from 64 individual images. Colocalization
analysis on 27 separate 3D reconstructions for each PrPSc and cell marker combination revealed that there was an overlap of PrPSc with either LAMP-1 or
cathepsin D in somata of ganglia (Table 3). 3D reconstructions of ganglia stained for PrPSc and the cellular markers in this figure are illustrated in Movies S6 and
S7 in the supplemental material. Scale bar, 10 �m.
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somata of ganglion cells (Table 3 and Fig. 7G to L and Fig. 8; see
also Movie S7 in the supplemental material). These findings sug-
gest that PrPSc also is localized to mature lysosomes in both the
neuronal cell body and nerve bundles. In addition, there were
many PrPSc deposits that did not appear to colocalize with cathep-
sin D in neuronal somata. We also investigated PrPSc in relation to
myelin produced by Schwann cells that ensheath individual axons
in nerve bundles. A comparison of PrPSc and myelin P2 immuno-
fluorescence revealed a difference in the MOCs between mock-
infected and HY TME-infected samples in nerve bundles (P �
0.05) (Table 3 and Fig. 9). Discrete PrPSc deposits were often
found within the lumen of axons but were also observed in asso-
ciation with myelin P2 immunofluorescence at the border of the
axon lumen and myelin sheath (Fig. 9D to I).

DISCUSSION

Prion spread along neural circuits and across synapses in the ner-
vous system is well documented, but the mechanism(s) remains

undefined (8–12). The current study established that prion infec-
tion of the brain stem was followed by PrPSc deposition in the
axons and nerve fibers of the tongue at 1 to 2 weeks prior to
infection of skeletal muscle cells. These findings indicate that
axonal prion spread to the periphery is anterograde prior to infec-
tion of skeletal muscle. At the initial time of prion infection in
muscle cells, the majority of the infected cells have a cluster of
PrPSc deposits at the cell periphery in a focal pattern, and 	80% of
muscle cells with the focal PrPSc pattern also had evidence of syn-
aptophysin colocalization within the PrPSc cluster. Since it has
been estimated that only 
0.1% of the surface of a muscle cell is
occupied by the NMJ (37), these findings provide convincing ev-
idence for localization of PrPSc to the NMJ during the earliest stage
of muscle cell infection. They also strongly suggest that prion en-
try into muscle cells is via the NMJ. As infection progressed in
muscle cells, the focal PrPSc pattern was reduced to �10% of all
infected muscle cells, but of the cells that exhibited PrPSc and

FIG 8 Laser scanning confocal microscopy for PrPSc and cathepsin D in nerve bundles of the tongue. Laser scanning confocal microscopy for cathepsin D (A,
D, and G), PrPSc (B, E, and H), and both cathepsin D and PrPSc (C, F, and I) in nerve bundles in tongue from HY TME-infected hamsters was performed. Panels
A through C, D through F, and G through I are the same fields of view within their respective groups. In nerve bundles, cathepsin D immunofluorescence was
observed in a discrete pattern within the nerve bundle and in association with axons, which exhibit low-level autofluorescence. A cluster of cathepsin D
immunofluorescence was also observed in areas outside axons that were consistent with localization to the cell body of Schwann cells based on the proximity of
immunofluorescence to nuclei (stained with ToPro-3 and shown in blue). A white arrow within a panel series indicates the area of colocalization of PrPSc and
cathepsin D. Colocalization analysis on 27 separate three-dimensional (3D) reconstructions for each PrPSc and cathepsin D combination revealed that there was
an overlap of PrPSc with cathepsin D in nerve bundles (Table 3). Panels A to C represent a single image that was taken from a 3D reconstruction of an LSCM stack
assembled from 64 individual images. This 3D reconstruction of nerve bundles stained for PrPSc and cathepsin D is illustrated in Movie S5 in the supplemental
material. Scale bars, 10 (A and D) and 1 (G) �m.
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synaptophysin colocalization, 33% to 80% had the PrPSc focal
pattern, suggesting that new prion infection of muscle cells via the
NMJ is also occurring during the terminal stage of disease. It is also
possible that infection of muscle cells can lead to subsequent
spread into the NMJ or that prion replication in muscle cells could
also occur at the NMJ. The PrPC substrate for PrPSc formation has
been localized to the NMJ, specifically, to the subsynaptic region
of postsynaptic muscle cells (38, 39).

Our findings also argue against a major role for muscle-to-
muscle spread of prion infection. This conclusion is partially
based on findings from hamster 3 at week 7 postinoculation in
which there is a large number of PrPSc-positive muscle cells ipsi-
lateral to the site of prion inoculation, while contralateral to the
site of inoculation there are 
90% fewer muscle cells with PrPSc

deposits. If prion infection of muscle cells in the contralateral
tongue were independent of neural input, then we would predict
that spread from an area of high infection (i.e., ipsilateral tongue)
to an area of low infection (i.e., contralateral tongue) should occur
by an intercellular mechanism among adjacent muscle cells. In
this scenario we would predict that in the contralateral tongue the
focal PrPSc pattern should not predominate in muscle cells, and

PrPSc and synaptophysin colocalization would be an infrequent
event. However, the opposite results were found. Eighty-six per-
cent of infected muscle cells in the contralateral tongue had the
focal PrPSc pattern, and 82% of infected cells exhibited colocaliza-
tion of PrPSc and synaptophysin. Of the latter group, 100% of the
muscle cells had the focal PrPSc pattern. These results indicate that
early infection of muscle cells is highly associated with the NMJ
and strongly argue against muscle-to-muscle spread of prions al-
though a low level of spread by this pathway would not likely be
detected with the current experimental design. These findings
suggest that innervation of muscle is necessary in order to estab-
lish prion infection. The mechanism of nerve-to-muscle spread of
prions is unknown, despite demonstration of cell-to-cell transfer
of prion infection in cell lines in vitro (28, 29). Perhaps, in vivo the
NMJ or synapses provide a closely apposed cell membrane con-
taining a high concentration of prions that can efficiently transmit
infection to adjacent cells.

Our findings that PrPSc in axons was associated with markers
of the endosomal and lysosomal compartments are consistent
with the intracellular PrPSc distribution in the somata of neurons
and glia in prion-infected brain (30, 40, 41) and the subcellular

FIG 9 Laser scanning confocal microscopy for PrPSc and myelin P2 in nerve bundles of the tongue. Laser scanning confocal microscopy for myelin P2 (A, D, and
G), PrPSc (B, E, and H), and both myelin P2 and PrPSc (C, F, and I) in nerve bundles in tongue from HY TME-infected hamsters was performed. Panels A through
C, D through F, and G through I are the same fields of view within their respective groups. Panels D to F are enlargements of the white boxed area in panel C. In
nerve bundles, PrPSc immunofluorescence was observed most frequently within the lumen of the nerve bundle (arrowhead) and also in association with myelin
P2 immunofluorescence (arrow) on the lumen wall of the axon. Panels A to C represent a single image that was taken from a three-dimensional (3D)
reconstruction of an LSCM stack assembled from 64 individual images. Colocalization analysis on 27 separate 3D reconstructions for each PrPSc and cell marker
combination revealed that there was an overlap of PrPSc with myelin P2 in nerve bundles (Table 3). Scale bar, 5 �m (A).
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PrPSc distribution in prion-infected cell lines in vitro (42, 43). In
the current study, we independently confirmed this finding in the
somata of neurons in ganglia in the tongue and in dCAD cell lines.
Studies in scrapie-infected cell lines indicate that PrPSc formation
occurs after glycosylphosphatidylinositol (GPI)-linked PrPC traf-
fics to the plasma membrane and/or enters the endosomal path-
way or endosome recycling compartment, depending on the cul-
ture model (42–49). A recent study indicates that PrPSc destined
for cellular degradation is directed to the Golgi apparatus and then
to lysosomes (50). Other in vitro and in vivo models implicate
autophagy as an important process for regulating PrPSc formation
and clearance (51). In the current study, we speculate that intra-
axonal PrPSc localization to endosomes and lysosomes could rep-
resent a site for new PrPSc formation within the axon or trafficking
of these organelles after acquisition of PrPSc in the somatoden-
dritic compartment.

It should be noted that the majority of PrPSc deposits did not
colocalize with any single cellular marker, indicating that PrPSc

was likely within multiple compartments within the axon. This
raises the distinct possibility that some PrPSc deposits do not as-
sociate with the endosomal-lysosomal system. Dual immunoflu-
orescence comparing myelin P2 and PrPSc clearly demonstrates
myelin P2 surrounding PrPSc within the lumen of individual
axons as well as colocalization of these markers within myelin. The
latter finding may indicate that PrPSc also localizes to the axo-
lemma, which is consistent with its known distribution to the
plasma membrane of neuronal soma. This could represent a site of
new PrPSc formation although PrPC has not been localized to the
axolemma, or it may indicate trafficking of PrPSc to the plasma
membrane through endosomes.

It is more difficult to interpret our findings with respect to the
mechanism of prion trafficking in axons since endosome traffick-
ing in axons is not as well characterized as in nonneuronal cells
and is also distinct from organelle trafficking in neuronal somata
and dendrites (52, 53). Endosomes in axons can move bidirec-
tionally but primarily they display a net retrograde motion, and
they become degradative lysosomes in the proximal region of
axons (54–56). Although the axonal distribution of PrPSc is con-
sistent with its localization to endosomes and lysosomes in neu-
ronal somata, our findings suggest that between 7 and 9 weeks
postinoculation, PrPSc displays anterograde movement within ax-
ons toward the nerve termini of the hypoglossal nerve and the
NMJ. Therefore, if early PrPSc trafficking is within endosomes and
toward the NMJ, then it is not likely to involve retrograde move-
ment and fusion with degradative lysosomes. Axonal endosomes
also function in cellular trafficking and membrane cycling, and
one role of axonal endosomes may be to recycle membrane-
bound PrPSc into the nerve terminal, where PrPSc can move across
the NMJ or induce new PrPSc formation across the synapse in the
closely apposed postsynaptic cell. Somatodendritic endosomes
can also undergo anterograde transport by transcytosis, in which
receptor-ligand complexes are transported the entire length of the
axon in order to mediate cell signaling, and in this case, they are
protected from degradation in lysosomes (53, 57). Although the
best described examples are characterized by retrograde move-
ment (e.g., neurotrophin trafficking), there are also examples of
anterograde transcytosis within endosomes (e.g., L1/NgCAM, a
neuron-glia cell adhesion molecule). Two extracellular receptors
have been described for PrPSc, the 37-kDa/67-kDa laminin recep-
tor and neuronal low-density lipoprotein receptor-related protein

1 (LRP1), but neither has been implicated in transcytosis (58, 59).
Binding of PrPSc to LRP leads to endocytosis and trafficking of
PrPSc to lysosomes. In the current study, localization of intra-
axonal PrPSc to lysosomes is more consistent with retrograde
spread than anterograde movement. Late in the disease course
prion movement in axons may occur in both directions. Another
possibility is that intra-axonal PrPSc trafficking occurs in a yet
unidentified compartment, and PrPSc localization to endosome-
lysosome compartments occurs after PrPSc formation at the nerve
termini or NMJ.
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