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Abstract

The mechanism of prion shedding in prion disease is currently unknown. The purpose of 

this study was to determine if the nasal cavity is a site of prion infection. Hamsters were 

intracerebrally inoculated with the hyper strain of transmissible mink encephalopathy agent. Once 

clinically ill, the hamsters were euthanized and their skulls were removed and examined for prion 

infection using immunohistochemical and dual immunofluorescence staining techniques. In infected 

hamsters, the infectious agent (PrP50) was shown to be present in the olfactory receptor neurons of 

the olfactory sensory epithelium (OSE) as well as in the nasal-associated lymphoid tissue and the 

vomeronasal receptor neurons in the vomeronasal sensory epithelium (VSE) of the vomeronasal 

organ. PrPSc infection was specific to sensory and not to non-sensory epithelium in both the OSE

and the VSE.
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Introduction

Pnon diseases, or transmissible spongiform encephalopathies, are deadly diseases that result 

from the conversion, mechanism unknown, of normal cellular prion protein (PrPc) to the abnormal 

form of prion known as PrPSc (Yam, 2003). In prion diseases, PrP80 accumulations cause nerve cell 

death (Prusiner, 2001). PrP^ is smaller than any known virus, is an infectious agent that contains no 

nucleic acid, and remains infectious after exposure to freezing temperatures, 600° C heat, degradative 

enzymes such as proteinase K, and even radiation (Yam, 2003).

Several forms of prion disease exist, including bovine spongiform encephalopathy, variant 

Creutzfeldt-Jakob disease, scrapie in sheep, chronic wasting disease (CWD) in cervids and several 

more (Lashley and Durham, 2002). Prion diseases can occur sporadically, genetically, or 

iatrogenically (Zanusso, 2003). Transmission of these diseases can occur horizontally by ingestion of 

infected tissue, or, more commonly, from parent to offspring (vertically). However, in CUT), 

horizontal transmission is seen without ingestion of infected tissue. CWD is known to be very highly 

infectious in captive herds of deer and elk, but the mechanism of CWD prion transmission is 

unknown (Marsh, 2005)

What is known about CUT), and all prion diseases, is that the main sites of infection are the 

central nervous system and the lymphoreticular system. Recently, PrPSc infection has been found in 

the highly innervated tongues of hamsters infected with the hyper strain of transmissible mink 

encephalopathy (HY TME) (Mulcahy, 2004). These findings are significant in that the mucosal 

surface of the tongue is exposed to the external environment and is constantly sloughed off, lending 

to the hypothesis that the tongue could be a possible site of prion agent shedding in prion diseases 

like CWD (Mulcahy, 2004).

Another candidate for prion shedding is the olfactory’ sensory epithelium (OSE), located in 

the nasal cavity (Zanusso, 2003). OSE is highly innervated and the bipolar olfactory’ sensory neurons 

of this tissue run from the surface of the epithelium directly to the olfactory bulbs of the brain 

(Zanusso, 2003). Specialized olfactory sensory neurons called vomeronasal sensory neurons have
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been shown to be a site of infection for herpes simplex virus, which, as seen in prion disease, invades 

the structures of the CNS (Mori, 2004). Finally, olfactory sensory neurons are constandy being 

regenerated throughout life, with the dead neurons either phagocytized within the epithelial 

membrane or potentially shed from the mucosal surface and out of the host (Takami, 2002). These 

characteristics of the OSE made it a prime candidate for a site of agent shedding in prion disease. 

This study was designed to test the hypothesis that the nasal cavity is a site of prion infection in prion 

diseases and therefore a possible site of prion shedding.

Materials and Methods

Two immunohistochemical techniques, immunohistochemistry (IHC) and dual 

immunoflourescence (IMF), were utilized to visualize PrP^ in the tissue.

PrPSc Immunohistochemistry. PrP50 IHC was performed as previously described (Bartz, 2003) 

with the following modifications. Decalcified skulls containing the nasal cavity were cut into 

anterior, mid-turbinate and posterior regions, which were then embedded in paraffin. Approximately 

40 sections from each region were cut and mounted onto slides. Tissues were treated with formic 

acid (99% wt/vol) for 10 min followed by a 10 mm 6M guanidine thiocyanate bath to increase 

antigen availability. Tissues were then treated with anti-PrP monoclonal 3F4 antibody (1 /400; Gift 

from Victoria Larsen) overnight at 4°C. Control tissues were treated with murine IgG isotype 

control in place of the anti-PrP 3F4 antibody. This was followed by 30 min incubation with horse 

anti-mouse biotinylated secondary antibody (1:400; Vector Laboratories, Burlingam, CA) at room 

temperature, followed by streptavidin-horseradish peroxidase (1:500; Biosource International, 

Camarillo, CA) at room temperature for 20 min. The tissue was then exposed to AEC chromagen 

(Graham, 1965) and allowed to develop under a microscope until staining became visible. Nasal 

mucosa developed for an average of 18 min and tongue controls took on average 12 min.

Immediately following development of the chromagen, tissues were placed in distilled water for 10
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min. Tissue sections were dipped in Richard Allen Hematoxylin I agent, rinsed with lukewarm water 

until hematoxylin residue was removed, and finally dipped in Bluing Reagent to create a uniform blue 

stain. Finally, the slides were cover slipped using Aqua Mount (Lerner Laboratories, Pittsburgh, PA), 

and the ends of the cover slips were nail polished and left to dry for approximately 1 hr.

Dual PrPSc Immunofluorescence. Tissues were stained for PrPSc fluorescence as well as with the 

cell-type specific markers PGP 9.5. The streptavidin-horseradish peroxidase incubation step 

described in PrPSc IHC was replaced with an Alexa Fluor 488 streptavidin conjugate (1:400;

Molecular Probes, Portland, OR). The rabbit polyclonal antibodies to cell-type specific markers were 

visualized by incubation with goat anti-rabbit Alexa Fluor 568 antibody (1:200; Molecular Probes, 

Portland, OR). ToPro-3 (0.25 pM; Molecular Probes, Pordand, OR) was applied for 10 mm to some 

tissue sections as a nuclear counterstain. As in PrPSc IHC, controls for PrPSc dual IMF included 

mock-infected tissue and the use of an IgG isotype control in place of the primary antibodies. Slides 

were coverslipped using Mowiol mounting medium as described previously (Vanes and Brandt 1985). 

Imaging. A Nikon Eclipse E600 brightfield microscope was used to image and photograph IHC- 

immunostained tissues. Metavue imaging software was used to reduce background discoloration and 

to analyze and store images of the tissues. Dual immunoflourescence imaging was done using a 

Zeiss LSM 510 Meta confocal system equipped with a Zeiss Plan-Apochromat x63/NA 1.40 oil 

objective.

Results

PrPSc immunos taming was visible in four main structures of brain and nasal tissue taken 

from the skulls of hamsters that were intracerebrally inoculated with transmissible mink 

encephalopathy agent (Fig 1). In the vomeronasal organ and olfactory epithelium, PrPSc deposition 

was isolated to sensory tissue but not the nearby respiratory or non-sensory tissue. Sensory and non- 

sensory epithelium were distinguished based on their histological characteristics in H&E sections and
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the presence of PGP 9.5 immunostaining in the olfactory sensory epithelium and not respiratory 

epithelium (data not shown).

In the olfactory’ sensory epithelium, PrP^ was found in cell layers containing the olfactory 

sensory neurons and their support cells (Fig 2). The appearance of PrPSc in the olfactory sensory 

neurons was mainly isolated within the sensory' dendritic knobs located on the surface of the 

epithelium and was less frequently observed in the rest of the neuronal cell body (Figure 2C).

The vomeronasal sensory epithelium of the vomeronasal organ showed PrP^ staining that 

was extremely similar to that in the olfactory sensory epithelium (Fig 3). PrPSc immunostaining in the 

VNO was present in the vomeronasal sensory epithelium but not in the ciliated, nonsensory 

vomeronasal epithelium (Figure 3B). Within the vomeronasal sensory neurons, the majority of PrPSc 

was located in the epithelial layer of cells containing sensory neurons and especially at the dendritic 

knobs located at the epithelial surface.

PrPSc immunostaining also appeared in the nasal-associated lymphoid tissue (Figure 4) and 

the olfactory bulb of the brain (Figure 5).

Discussion

The results in this paper support the hypothesis that the nasal cavity is a site of prion 

infection in prion disease. Prion infection in the nasal cavity has previously been described in 

sporadic Creutzfeldt-jakob disease (sCJD), specifically’ in the central olfactory pathway (Zanusso, 

2003). In this study, PrPSc was found to exist in the olfactory epithelium, including the basal cells and 

the sensory cilia of olfactory neurons. Our findings in hamsters infected with HY transmissible mink 

encephalopathy are similar to those described in sCJD. However, unlike the previous study in sCJD, 

our results did not provide evidence of a direct PrPSc pathway from the olfactory bulb to the 

olfactory epithelium due to the lack of PrPSc deposition in the olfactory nerve. The amount of PrPSc 

existing within the olfactory nerve may be negligible compared to the amount that can accumulate in 

the olfactory bulb and the olfactory neurons over time.
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Our results are congruent with the previous finding that the vomeronasal cavity is a site of 

infection for diseases that affect the central nervous system (Mori, 2005). In a recent study, herpes 

simplex virus was shown to infect the vomeronasal organ of mice via controlled intranasal infection 

(Mori, 2005). As with herpes simplex infection in the vomeronasal organ, Prl^0 infection was 

isolated to the sensory epithelium containing the vomeronasal sensory neurons. PrP^

immunostaining in the vomeronasal sensory neurons was similar to the pattern seen in the olfactory 

sensory neurons, with PrPSc accumulation showing mainly in the dendritic knobs and the supporting 

cell layer. The vomeronasal organ is involved with the reproductive behaviors of most animals, 

including the flehmen response in which the nasal cavity is completely exposed to the external 

environment. The behaviors that the vomeronasal organ is thought to be involved with are highly 

interactional, leading to the hypothesis that the vomeronasal organ could be implicated in the spread 

of the PrP& agent. Also, while PrP50 is known to infect the lymphoreticular system as well as the 

central nervous system, this study's discovery of PrP^ infection in the nasal associated lymphoid

tissue is novel and needs to be researched further.

The search for a mechanism of PrP80 spread, especially in CWD, has been fruitless. The 

growing number of CWD cases (estimated at >15% of the population) (Miller and Williams, 2003) in 

the endemic areas of Colorado and Wyoming and the high infectivity of CWD (~90%) in cervid 

research stations suggest that this disease can be effectively transmitted between hosts (Williams and 

Young, 1992). The threat to deer and elk populations is obvious, but the potential danger to humans 

who live near or consume infected animals in currently unknown. It was recently shown that 

interspecies transmission of CWD from infected deer to primates is possible in a controlled situation 

(Marsh, 2005). Combine this with recent findings that, counter to popular opinion, in infected 

animals PrPSc infection exists not only in the innervated papillae of the tongue but also the 

surrounding muscle tissue (Mulcahy, 2004) and there seems to be a potential for PrP^ transmission 

from infected animals to humans. Further research will include immunoassays and immunostaining
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of material shed from the nasal mucosa of infected animals. There is also a need for better

understanding of the behavioral aspect of PrP^' transmission.
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Figure 1: Hamster nasal cavity. NALT: nasal associated lymphoid tissue. OB: olfactory 
bulb. OSE: olfactory sensory epithelium. VNO: vomeronasal organ.
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Figure 2: PrP^ IHC of die OSE in HY-TME infected hamster at medium (A) and high 
(B) magnification.
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Figure 3: PrP^ IHC of VNO in HY-TME-infected hamsters. A: low magnification. B: 
medium magnification (box in A). C: Mock infected VNO. D, E and F: PrP^ IHC of VSE 
in HY-TME-infected hamsters at low (D) medium (E) and high (F) magnification.
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Figure 4: Nerve and PrPSt double-IMF of VNO in HY-TME-infected hamster at medium 
(1A, B and C) and high (2A, B and C) magnification.
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Figure 5: PrPSc IHC of the nasal associated lymphoid tissue mock infected (A) and of HY- 
TME-infected tissue at medium (B) and high (C) magnification.
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Figure 6: PrP^ IHC of olfactory bulb in HY-TME-infected hamster at low magnification. 
Note the uniform and widespread pattern of PrPSe infection throughout the entire olfactory 

bulb.
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