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ABSTRACT

BACKGROUND

Olfactory cortexes and the olfactory tracts are involved in sporadic Creutzfeldt—Jakob
disease. We examined peripheral regions of the olfactory sensory pathway, including the
olfactory mucosa, to assess whether pathologic infectious prion protein (PrPSC) is de-
posited in the epithelium lining the nasal cavity.

METHODS

We studied nine patients with neuropathologically confirmed sporadic Creutzfeldt—
Jakob disease. We obtained the brain, the cribriform plate with the attached olfactory
mucosa, and the surrounding respiratory epithelium at autopsy. Control samples of na-
sal mucosa were obtained post mortem or at biopsy from age-matched control subjects
and from control patients with other neurodegenerative diseases. The olfactory and res-
piratory mucosa and the intracranial olfactory system were analyzed by light microscopy,
immunohistochemistry, and Western blotting for pathological changes and for depo-
sition of PrpSc.

RESULTS

In all nine patients with sporadic Creutzfeldt-Jakob disease, PrPSC was found in the ol-
factory cilia and central olfactory pathway but not in the respiratory mucosa. No PrPS¢
was detected in any of the tissue samples from the 11 controls.

CONCLUSIONS
Our pathological and biochemical studies show that PrPSc is deposited in the neuroep-
ithelium of the olfactory mucosa in patients with sporadic Creutzfeldt-Jakob disease, in-
dicating that olfactory biopsy may provide diagnostic information in living patients. The
olfactory pathway may represent a route of infection and a means of spreading prions.
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UMAN TRANSMISSIBLE SPONGIFORM

encephalopathies, or prion diseases, in-

clude sporadic, inherited, and iatrogenic
neurodegenerative disorders! characterized by a
conformational modification of the host cellular
prion protein (PrPC) into an insoluble and protease-
resistant isoform, termed PrPSC.2 Prion diseases are
neuropathologically characterized by neuronal loss,
spongiform degeneration, gliosis, and the deposi-
tion of abnormal PrPS€ in central nerve-cell process-
es and synaptic regions.3 Sporadic Creutzfeldt—
Jakob disease accounts for about 85 percent of all
human transmissible spongiform encephalopa-
thies.# The disease occurs worldwide and is char-
acterized by the absence of pathogenic mutations
in the prion protein (PrP) gene (PRNP) and a history
ofiatrogenic or dietary exposure to infectious sourc-
es.5 Clinical and pathological features of sporadic
Creutzfeldt-Jakob disease vary depending on the
interaction between the PRNP polymorphic codon
129 and distinct conformers of PrPSC.6-8 The most
common phenotype is characterized by rapidly
evolving dementia, myoclonus, complexes of peri-
odic sharp and slow waves on the electroencepha-
logram, and the presence of 14-3-3 protein (a brain-
derived species, which reflects neuronal damage)
in the cerebrospinal fluid. Other phenotypes may
present with cerebellar or extrapyramidal signs.°

Currently, there are no peripheral markers of
sporadic Creutzfeldt-Jakob disease for use in the di-
agnosis of the disease in living patients. Definitive
diagnosis requires pathological examination of the
brain and the detection of the abnormal PrP isoform
by immunohistochemical analysis or immunoblot-
ting.1° Attention has recently been devoted to the
biochemical analysis of components of the eye and
optic nerve in sporadic Creutzfeldt-Jakob disease, 11
butlittle attention has been paid to the olfactory sen-
sory pathway.

We have evidence that the olfactory tracts
and cortexes are frequently involved in sporadic
Creutzfeldt-Jakob disease, regardless of the geno-
type at polymorphic codon 129 of PRNP and the
physicochemical properties of PrPS¢, We sought to
determine whether patients with sporadic disease
had detectable levels of PrPSC or deposits of abnor-
mal PrP in the neuroepithelium of the nasal cavity.

METHODS

PATIENTS
We studied nine patients who had been given a di-
agnosis of definite sporadic Creutzfeldt-Jakob dis-

ease on the basis of neuropathological findings and
the detection of PrPSC in the brain on immunohisto-
chemical analysis and Western blotting.10:12:13 We
obtained postmortem specimens from the patients
between February 2000 and March 2002, after being
notified by their treating physicians in the Veneto
region of Italy. Cerebrospinal fluid samples were
obtained from all patients, and each sample was
tested for 14-3-3 protein.1# All electroencephalo-
graphic tracings were evaluated with the use of
standardized criteria.1>

At the time of notification and during follow-
up, the patients were classified according to estab-
lished diagnostic criteria.12:16 Probable sporadic
Creutzfeldt-Jakob disease was diagnosed in pa-
tients who had progressive dementia of less than
two years’ duration, complexes of periodic sharp
and slow waves on the electroencephalogram, and
at least two of the following clinical features: my-
oclonus, visual or cerebellar symptoms (or both),
pyramidal or extrapyramidal signs (or both), and
akinetic mutism. Patients who fulfilled the clinical
criteria but who did not have complexes of periodic
sharp and slow waves were classified as having pos-
sible sporadic Creutzfeldt-Jakob disease. The dura-
tion of the disease was calculated from the onset of
neurologic symptoms or signs to death.

DETERMINATION OF THE PRNP GENOTYPE

After obtaining written informed consent from the
patients’ next of kin, we extracted genomic DNA
from frozen brain tissues and sequenced the entire
coding region of PRNP, as described elsewhere.1?

TISSUE COLLECTION AND PROCESSING

The cribriform plate and the upper portion of the
nasal septum, with the attached olfactory mucosa
(Fig. 1), were obtained at autopsy from the nine pa-
tients with sporadic Creutzfeldt-Jakob disease, five
age-matched control subjects without a neurologic
disorder, three patients with Alzheimer’s disease,
two patients with vascular dementia, and one pa-
tientwith corticobasal degeneration. In all subjects,
the interval between death and autopsy ranged from
12 to 32 hours. In each subject, the olfactory mucosa
on each side of the nose, easily recognizable because
ofits yellowish color, was divided in two. One piece
was fixed in 4 percent buffered formaldehyde solu-
tion and treated for 20 minutes with formic acid —
a process that denatures amyloid-protein aggre-
gates and enhances their antigenicity'® — before
being embedded in paraffin for neuropathological
examination and immunohistochemical analysis.
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Figure 1. The Peripheral Olfactory System.

Axons from olfactory receptor neurons compose the fila olfactoria, which pass through the cribriform plate of the eth-
moid bone to reach the olfactory bulb. In the olfactory mucosa, the dendrites of olfactory receptor neurons extend to-
ward the surface of the epithelium and give rise to olfactory cilia.

The other piece was frozen and stored at —80°C for
up to one month until biochemical analyses could
be performed. The respiratory mucosa, obtained
from contiguous regions of the turbinates, was
processed in the same manner. The left olfactory
bulb and tract, together with the ipsilateral prepiri-
form cortex (including the lateral olfactory gyrus
and the olfactory uncal region) and the periamygda-
loid and entorhinal cortexes, were fixed for neuro-
pathological examination. Contralateral areas were
frozen and stored at —80°C until biochemical analy-
ses could be performed. In addition, the optic nerve,
frontal, temporal, parietal, and occipital cortexes,
hippocampus, thalamus, striatum, and cerebellum
were obtained for both pathological and biochem-
ical studies. Specimens obtained for pathological
examination were pretreated with formic acid for
one hour before being embedded in paraffin.
Paraffin-embedded biopsy specimens of the ol-
factory mucosa from eight patients with probable
Alzheimer’s disease,19 three patients with probable
Parkinson’s disease (diagnosed according to es-
tablished criteria),2° one patient with progressive
supranuclear palsy, and one patient with neuro-
pathologically confirmed Lewy-body disease also
underwent immunohistochemical analysis for PrP.
These specimens were obtained from 1990 to 1992.

IMMUNOCYTOCHEMICAL ANALYSIS
Ten paraffin sections that were 8 pm thick were ob-
tained from each sample of olfactory mucosa and
other tissues. Sections were deparaffinized, rehy-
drated, treated with 98 percent formic acid for 20
minutes at room temperature, and autoclaved at
121°C for 10 minutes in 1.5 mM hydrochloric acid.
Sections were rinsed and then incubated overnight
at 4°C with monoclonal antibody 3F4 (1:500 dilu-
tion), which recognizes nonhuman prion protein
and the human prion protein residues 109 to 112.21
The mouse monoclonal antibody LB509 (1:500
dilution, Zymed Laboratories), which recognizes
a-synuclein, expressed by olfactory receptor neu-
rons and basal cells of the olfactory mucosa,?2 was
used for the unequivocal identification of these cells
when necessary. Subsequentantibody detection in-
volved incubation with a biotinylated goat anti-
mouse secondary antibody for one hour (1:500 di-
lution, Vector Laboratories) at room temperature,
followed by incubation with the avidin—biotin—per-
oxidase complex (Vectastain ABC-Elite kit, Vector
Laboratories) according to the manufacturer’s in-
structions. The samples were then stained with 0.06
percent 3,3'-diaminobenzidine as the chromogen
and 0.006 percent hydrogen peroxide in 50 mM
TRIS bufter, pH 7.6.
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IMMUNOBLOT ANALYSIS

From each sample of central nervous system tissue,
100 mg of tissue was homogenized in 0.9 ml of ly-
sis buffer (100 mM sodium chloride, 10 mM ED-
TA, 0.5 percent nonaethyleneglycol octylphenyl
ether, 0.5 percent sodium deoxycholate, and 10 mM
TRIS, pH 7.4). For olfactory or respiratory mucosa,
each sample of 100 mg of tissue was homogenized
in 0.4 ml of lysis buffer. Aliquots were adjusted to a
final concentration of 20 or 100 pg of proteinase K
(Boehringer Mannheim) per milliliter and incubat-
ed at 37°C for 10 to 60 minutes. Samples, equivalent
to 300 pg of wet tissue, were resolved on 12 percent
gels for sodium dodecyl sulfate—polyacrylamide-gel
electrophoresis and then transferred onto polyvi-
nylidene difluoride membrane (Immobilon P, Mil-
lipore) for two hours at 60 V. Membranes were
blocked with 1 percent nonfat dry milk in 10 mM
TRIS, 150 mM sodium chloride, and 0.1 percent
Tween-20, pH 7.5, for one hour at 37°C and incu-
bated overnight at 4°C with monoclonal antibody

Table 1. Molecular and Clinical Characteristics of Nine Patients with Sporadic
Creutzfeldt—Jakob Disease.*

Patient Age at Onset Codon 129/

No. (yr)/Sex
1 72/M
2 71/F
3 73/F
4 74/F
5 69/F
6 59/M
7 55/F
8 52/M
9 64/F

Signs at Clinical EEG
PrpScy Onset Duration Evolution Findings::
mo
Met/Met 21  Halluci- 5 Ataxia, PSWs
nations myoclonus
Met/Met 21  Halluci- 8 Dementia, PSWs
nations ataxia,
myoclonus
Met/Met 21  Ataxia, 16 Dementia PSWs
dysarthria
Met/Met 21 Dementia 2 Ataxia PSWs
Met/Met 21  Cortical 5 Dementia, Diffuse
blindness myoclonus  slowing
Met/Met 21 Dementia 3 Myoclonus ~ PSWs
Met/Met 21 Anosmia, 5 Dementia PSWs
halluci-
nations
Met/Met 21 Dementia 3 Ataxia, PSWs
myoclonus
Val/Val 19 Ataxia 5 Dementia  Diffuse
slowing

* All nine patients tested positive for 14-3-3 protein in cerebrospinal fluid.

T Values refer to the molecular mass of the unglycosylated proteinase K-resistant ab-
normal prion protein (PrPS¢) fragment. Met denotes methionine, and Val valine.

I EEG denotes electroencephalogram, and PSWs complexes of periodic sharp and

slow waves.
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3F4 (1:10,000 dilution). Blots were developed with
an enhanced chemiluminescence system (ECL, Am-
ersham Pharmacia Biotech) and visualized on an
autoradiography film (Hyperfilm, Amersham Phar-
macia Biotech). Films were scanned with a den-
sitometer (model GS-710, Biorad). The relative
amounts of PrPC expressed or PrPS¢ distributed were
calculated as previously described.23

To enhance the detection of PrPS¢, samples of
the olfactory and respiratory mucosa were also pre-
pared according to the procedure of Wadsworth et
al.11 Briefly, 100 mg of wet tissue was homogenized
in 0.9 ml of 2 percent sarkosyl in phosphate-buf-
fered saline, pH 7.4. Cellular debris was removed by
centrifugation at 1000 rpm for 2 minutes, and sam-
ples were incubated for 30 minutes at 37°C with
constant agitation in phosphate-buffered saline
containing 50 U of Benzonase (Benzon nuclease,
Merck) per milliliter and 1 mmol of magnesium
chloride per liter. Subsequently, samples were ad-
justed to 0.3 percent sodium phosphotungstic acid
(final concentration), incubated at 37°C for 30 min-
utes, and centrifuged at 14,000 rpm for 30 minutes.
The supernatant was saved, and the pellet was dis-
solved in 20 pl of phosphate-buffered saline, pH 7.4,
containing 0.1 percent sarkosyl. The supernatant
and the pellet were adjusted to a final concentration
of 20 pg of proteinase K per milliliter and incubated
at 37°C for 30 minutes.

RESULTS

CLINICAL FINDINGS, PRPSCTYPI NG,

AND CODON 129 GENOTYPING

The age, sex, clinical data, results of electroen-
cephalography and tests for 14-3-3 protein in the
cerebrospinal fluid, PrPS¢ type, and PRNP codon
129 polymorphism of each patient with sporadic
Creutzfeldt-Jakob disease are reported in Table 1.
In the final stages of the disease, all the patients had
dementia with at least two of the diagnostic criteria
for sporadic Creutzfeldt-Jakob disease,12:16 except
Patient 1, who rapidly lapsed into akinetic mutism.
Patients with complexes of periodic sharp and slow
waves on the electroencephalogram were given a
clinical diagnosis of probable sporadic Creutzfeldt—
Jakob disease, whereas patients without typical elec-
troencephalographic changes were classified as
having possible sporadic Creutzfeldt-Jakob disease.
None of the patients had a pathogenic mutation in
the coding region of PRNP.
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NEUROPATHOLOGICAL AND
IMMUNOHISTOCHEMICAL FINDINGS

Light microscopy was used to confirm the identity
of the olfactory and respiratory mucosa on the ba-
sis of histologic criteria.24 In selected specimens,
examined in a blinded fashion, the expression of
a-synuclein was used to confirm that the olfactory
epithelium and the respiratory epithelium had been
properly identified. This protein is abundant in the
cytoplasm and dendrites of olfactory receptor neu-
rons and absent in ciliated columnar epithelial cells
of the respiratory epithelium. Staining with hema-
toxylin and eosin of sections of the olfactory mu-
cosa from patients with sporadic Creutzfeldt-Jakob
disease did not reveal major pathological changes,
as compared with corresponding tissues from con-
trols with and those without other neurodegenera-
tive disorders. Immunostaining for PrP was negative

in the olfactory epithelium of all postmortem and bi-
opsy specimens from controls (Fig. 2A). In contrast,
immunohistochemical analysis revealed marked
deposition of PrP in the cilia of olfactory receptor
neurons and a faint PrP immunoreactivity in basal
cells of the olfactory epithelium from all patients
with sporadic Creutzfeldt-Jakob disease (Fig. 2B
and 2C). Conversely, the respiratory epithelium did
not stain for PrP (data not shown). In the brains of
patients with sporadic Creutzfeldt-Jakob disease,
there was selective deposition of PrP in olfactory-
bulb glomeruli (Fig. 2D), olfactory tracts (Fig. 2E),
and primary olfactory cortexes (Fig. 2F).

EXPRESSION OF PRPCIN THE OLFACTORY

AND RESPIRATORY MUCOSA

Western blot analysis of samples of olfactory and
respiratory mucosa from controls showed that both
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Figure 2. Immunostaining for Prion Protein in Tissues from Controls and from Patients with Sporadic Creutzfeldt-Jakob
Disease.

There is no prion protein immunoreactivity in the olfactory mucosa from a 68-year-old control subject (Panel A, x240);
the inset (hematoxylin and eosin, x536) shows an adjacent section, in which the arrowheads point to the olfactory cilia.
PrP deposition is observed in the olfactory cilia and basal cells of a specimen of olfactory mucosa from Patient 2 with
sporadic Creutzfeldt—Jakob disease (Panel B, x240); the pattern of PrP immunostaining is discontinuous, probably be-
cause of the nonuniform presence of olfactory cilia. In tissue specimens from Patient 4, PrP is present in the olfactory ep-
ithelium (Panel C, x412), olfactory-bulb glomeruli (Panel D, x262), olfactory tract (Panel E, x120), and olfactory uncal
region (Panel F, x100).
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tissues constitutively expressed PrPC. PrPC was de-
tected mainly in a highly glycosylated form and had
a slightly faster rate of migration than that derived
from the brain (Fig. 3). The levels of PrPC expression
in the olfactory and respiratory mucosa were ap-
proximately 20 percent and 13 percent, respective-
ly, of that in brain.

DETECTION OF PRPSCIN OLFACTORY MUCOSA

After treatment with proteinase K at a concentra-
tion of 20 pg per milliliter for 20 or 10 minutes,
PrPSC was undetectable on immunoblot analysis of
homogenates of olfactory and respiratory mucosa
from patients with sporadic Creutzfeldt-Jakob dis-
ease and from controls (Fig. 4A). To increase the
sensitivity of the method of PrPS¢ detection, we
tested the ability of sodium phosphotungstic ac-
id, which binds efficiently to hamster and human
PrPS€ 11,25 tg precipitate PrPSC from the nasal mu-
cosa of patients with sporadic Creutzfeldt-Jakob
disease. Western blot examination of the superna-
tant from homogenates of olfactory mucosa showed
amajor PrP band migrating at approximately 33 kD,
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Figure 3. Expression of Cellular Prion Protein in Olfacto-
ry and Respiratory Mucosa from Control Subjects.

Western blotting with the 3F4 monoclonal antibody
shows the level of expression of cellular prion protein
(PrPS) in 5.3 pg of brain homogenate (lane 1), 21 pg of
olfactory mucosa (lane 2), and 16 pg of respiratory mu-
cosa (lane 3). Brain PrPC is detected as two major bands
corresponding to diglycosylated and monoglycosylated
isoforms; olfactory PrPC€ and respiratory PrPC are detect-
ed as highly glycosylated forms, which migrate slightly
faster than brain PrPC.

which was digested by proteinase K (Fig. 4B, lanes
1and 2). By contrast, Western blot examination of
the insoluble fraction, recovered in the pellet,
showed four main PrP-reactive bands in the range
of approximately 23 to 35 kD. Treatment of the in-
soluble fraction with proteinase K generated three
major proteinase K-resistant PrPS¢ bands (Fig. 4B,
lanes 3 and 4), with an unglycosylated fragment of
approximately 22 kD in all patients who were ho-
mozygous for methionine and of approximately
21 kD in the patient who was homozygous for va-
line at codon 129. In four patients, the olfactory
mucosa contained levels of PrPSC equivalent to ap-
proximately 3 percent of those found in the olfacto-
ry-bulb homogenates. PrPSC immunoreactivity was
not detected either in the respiratory mucosa from
patients with sporadic Creutzfeldt-Jakob disease or
in the olfactory and respiratory mucosa from con-
trol subjects.

REGIONAL DISTRIBUTION OF PRPSCIN OLFACTORY
AREAS, NEOCORTEX, SUBCORTICAL NUCLEI,

AND CEREBELLUM

After treatment with proteinase K at a concentra-
tion of 100 pg per milliliter for one hour, patients
who were homozygous for methionine had the larg-
estamounts of PrPSC in the neocortex, as expected,
with smaller amounts in the thalamus, basal gan-
glia, and cerebellum (Fig. 5A). The amount of PrPSC
was very low in the hippocampus, whereas the en-
torhinal and olfactory cortexes had relatively large
quantities of PrPSC, In addition, in all nine patients,
PrPS¢ was detected in the olfactory bulb and tract.
The protein was undetectable in samples from the
prechiasmatic optic nerve.

Of particular interest was the distribution of
PrPSC in the single patient who was homozygous for
valine at codon 129 and had a short duration of dis-
ease (Table 1). In this patient, levels of the patholog-
ic protein were undetectable in the occipital cortex,
minimal amounts were found in the frontal cortex,
and the largest amounts of PrPS¢ were recovered in
the cerebellum and subcortical nuclei (Fig. 5B). In
contrast to the absence of the protein or low levels
of the protein in the neocortex, moderate amounts
of PrPS¢ were found in the olfactory bulb, tract, and
cortexes.

DISCUSSION

We found that in patients with sporadic Creutz-
feldt-Jakob disease, pathologic prion protein is se-
lectively deposited within the neuroepithelium of
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the olfactory mucosa, although cellular prion pro-
tein is evenly distributed in both the olfactory and
respiratory mucosa. These results indicate that fac-
tors other than constitutive expression of PrPC€ de-
termine whether PrP is deposited at the level of the
olfactory cilia but not at the level of the respiratory
cilia. Our findings, as well as our own unpublished
observations, provide evidence that the olfactory
sensory pathway is involved in sporadic Creutzfeldt-
Jakob disease.

The detection of PrPS€ on immunocytochemical
analysis and Western blotting is important for the
diagnosis of prion diseases.26 PrPS¢ is an accurate
marker for the infectious agent, and its presence
suggests infectivity. The relatively low level of PrPSc
that we detected in the olfactory mucosa of pa-
tients with sporadic Creutzfeldt-Jakob disease
(about 3 percent of that in the olfactory bulb) may
be related to the characteristics of the olfactory ep-
ithelium. The main factors that may limit the accu-
mulation of PrPSC in the olfactory epithelium are
the low level of constitutive expression of PrPC, as
compared with that in brain tissues, and the short
life span (a few weeks) of the olfactory receptor neu-
rons, which are continually expelled in the upper
nasal cavity as they are replaced by basal neurons.
The highly selective deposition of PrPS€ in olfactory
receptor neurons may indicate affinity mechanisms
or interactions with one or more of the thousands of
receptor proteins expressed in the apical portion of
the cilia.2”

Besides providing evidence of the deposition of
PrPS€ in the peripheral tissues of patients with spo-
radic Creutzfeldt-Jakob disease, our data have im-
portant implications regarding both the in vivo di-
agnosis of the condition and the risk of infection
from living patients. Since we examined postmor-
tem samples of olfactory mucosa, we could not pin-
point the stage at which PrPS¢ deposition occurs in
sporadic Creutzfeldt-Jakob disease. However, the
detection of PrPSC in olfactory tissue in patients with
disease of short duration suggests that the PrP¢ may
be converted to PrPS¢ at the same time as it is in the
central nervous system, where the formation of
PrPSc always precedes the appearance of lesions.28
In one patient the disease presented with anosmia,
and there is a report of variant Creutzfeldt-Jakob
disease presenting with loss of taste and smell.29 In
the patient with the ataxic variant of relatively short
duration, PrPS¢ accumulated in the olfactory paleo-
cortex, despite the absence of accumulation in the
hippocampus and neocortex. Given the small num-

N ENGL J MED 348;8 WWW.NEJM.ORG
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Figure 4. Western Blot Analysis (Panels A and B) of Respiratory and Olfactory
Mucosa from Patients with Sporadic Creutzfeldt—Jakob Disease for the Pres-
ence of Abnormal Prion Protein (PrPS€) after Incubation with Proteinase K (PK).

In Panel A, lanes 1 and 4 show untreated homogenates of respiratory mucosa
(15 pg) and olfactory mucosa (47 pg), respectively, from Patient 2. Samples of
approximately 300 pg of respiratory mucosa (lanes 2 and 3) and olfactory mu-
cosa (lanes 5 and 6) were digested with 20 pg of proteinase K per milliliter,
and no protease-resistant PrPS¢ was found; a nonspecific band is apparent in
lanes 5 and 6. The 3F4 monoclonal antibody was used as a probe. In Panel B,
immunoblot analysis of the supernatant (lanes 1 and 2) and of the sodium
phosphotungstic acid pellet (lanes 3 and 4), before (lanes 1 and 3) and after
(lanes 2 and 4) proteinase K digestion, showed the presence of protease-re-
sistant PrP5¢ in olfactory mucosa from Patient 6. The pellet was obtained from

ber of patients analyzed in this study, our results
should be viewed with caution, but taken together
they suggest that the olfactory system is involved at
an early stage in sporadic Creutzfeldt-Jakob disease.
In contrast, the retina and optic nerves do not have

FEBRUARY 20, 2003

Downloaded from www.nejm.org at HHS LIBRARIES CONSORTIUM on February 2, 2005 .
Copyright © 2003 Massachusetts Medical Society. All rights reserved.

717



718

The NEW ENGLAND JOURNAL of MEDICINE

s S
S .9
§ F
IS — L > &
2 & g & & & £
@ 5 & G < S S 9
S 3 5 @ S 5 g © £
< [<TE <SS D 2 3 I =
& o 9) Py o S & S T
9 o o) & G S .Q N
= T T o] T ) [ & o
g £ £ & £ £ & & 5
) e) ) N o w (e} I (@]
kD
s 30
- 2/

62 94 100 71 35

Relative Amount of PrPSc (%)

o
N
N
&5 s N
N 2}
s (2
2 v g § &5 £
@ 5 T G [ £ o
N 0 5 [ ~ O o £
f. Ny > = @ o ~ (4 S
(7 IS 2 S 5 o I 3 =
< ) o ~ S = S IS )
Y G S Y S = q 5 ]
= I T [ o < IS = o
8 5§ § F £ £ & £ @
o O o N W @& S IS (&7
kD
27
L 23
S — - -
3 55 100

0 24 12 10 5 1
Relative Amount of PrPSc (%)

tients with sporadic Creutzfeldt-Jakob disease also
raises the question of whether these patients repre-
sent a source of infection or have been infected
through the olfactory route. Human prion diseases
can be transmitted through contaminated elec-
trodes and neurosurgical instruments,> and recent
work demonstrates that prions are easily and tightly
bound by stainless-steel surfaces.32 Following the
appearance of variant Creutzfeldt-Jakob disease,
which is caused by the same prion strain as that re-
sponsible for cattle bovine spongiform encephalop-
athy,33 and the demonstration of infectious prion
protein in human tonsillar tissues,34 precautions to
avoid iatrogenic transmission have been undertaken
in the United Kingdom. Similarly, the demonstra-
tion of a rather high level of infectivity in gingival
and dental-pulp tissues from hamsters with exper-
imentally induced scrapie has aroused concern
about the risk of transmission in humans through
dental work.35 Our findings also call attention to
the possibility that endoscopic and surgical proce-
dures involving the upper vault of the nasal cavity
represent a risk factor for prion spreading. Howev-
er, we know of no cases of disease transmission by
this route.

It remains unknown whether the olfactory epi-
thelium represents a gate of entry or only a site of
infection during the propagation of prions in neu-
ral circuits. In the light of our findings, the hypoth-

Figure 5. Intracerebral Distribution of Abnormal Prion
Protein (PrPS) in Brain Tissue from Patients with Spo-

radic Creutzfeldt—Jakob Disease.
Western blotting with 3F4 monoclonal antibody shows
large amounts of PrPS¢ in the neocortex, entorhinal cortex,
and olfactory primary cortex of Patient 1 (Panel A). PrPSc
is present in the olfactory bulb and tract, but not in the
optic nerve (Panel A). In tissue from Patient 9 (Panel B),
levels of PrPSc are highest in the cerebellum; the protein
is present in the olfactory pathway but virtually absent in
the neocortex. Every lane shows the results of immuno-
blotting with 300 pg of proteinase K—digested homoge-

nate; values of PrPSc are reported as the relative percentage

esis that sporadic Creutzfeldt-Jakob disease might
be initiated by somatic mutations in PRNP3° is in-
triguing. It should be emphasized that neither the
basal epithelium of the olfactory mucosa nor the
olfactory bulb is a postmitotic tissue; instead they
represent well-established sites of ongoing periph-
eral and central neurogenesis.3? Thus, if sporadic
Creutzfeldt-Jakob disease is caused by somatic mu-
tations of PRNP in the neurons of adults, then the
olfactory epithelium and the olfactory bulb are can-

didate sites for such events.
Supported by a grant from the Ministero della Ricerca Scientifica

of the highest value obtained.

e Tecnologica, Progetto Strategico Neuroscienze (01.00455.ST97,

PrPS¢ deposition,1* though the retina may be vul-
nerable.3° Our findings suggest that a biopsy of ol-
factory tissue in patients with suspected sporadic
Creutzfeldt-Jakob disease may provide a means of
early clinical diagnosis and a way to assess the po-
tential effectiveness of anti-prion compounds when

they become available.31

to Dr. Monaco).
We are indebted to Massimo Tabaton, M.D. (University of Genoa,

Genoa, Italy), for providing olfactory-biopsy specimens from pa-
tients with neurodegenerative disorders; to Gianfranco Marchiori,
M.D. (Treviso), Alessio Dalla Libera, M.D. (Thiene), Tiziana Rosso,
M.D. (Arzignano, Vicenza), Paolo Liberini, M.D. (Brescia), and
Nicola Carraro, M.D. (Trieste), for assistance and follow-up of pa-
tients; to Daniela Danieli, M.D. (Vicenza), Rossana Bussani, M.D.
(Trieste), Giuseppe Sacchi, M.D. (San Dona), Romano Colombari,
M.D. (Arzignano), and Gianmario Mariuzzi, M.D. (Verona), for help
in providing pathological specimens; and to Giuseppe Bertini, M.D.
(University of Verona, Verona), for the original drawing of Figure 1.

The presence of PrPS€ in the nasal cavity of pa-

N ENGL J MED 348;8 WWW.NEJM.ORG

FEBRUARY 20, 2003

Downloaded from www.nejm.org at HHS LIBRARIES CONSORTIUM on February 2, 2005 .
Copyright © 2003 Massachusetts Medical Society. All rights reserved.



PRION PROTEIN IN THE OLFACTORY MUCOSA

REFERENCES

1. Prusiner SB. Prions. Proc Natl Acad Sci
U S A1998;95:13363-83.

2. Meyer RK, McKinley MP, Bowman KA,
Braunfeld MB, Barry RA, Prusiner SB. Sepa-
ration and properties of cellular and scrapie
prion proteins. Proc Natl Acad Sci U S A
1986;83:2310-4.

3. DeArmond §J, Ironside JW. Neuropa-
thology of prion diseases. In: Prusiner SB,
ed. Prion biology and diseases. Cold Spring
Harbor, N.Y.: Cold Spring Harbor Labora-
tory Press, 1999:585-652.

4. Haywood AM. Transmissible spongi-
form encephalopathies. N Engl ] Med 1997;
337:1821-8.

5. Johnson RT, Gibbs CJ Jr. Creutzfeldt—
Jakob disease and related transmissible
spongiform encephalopathies. N Engl ] Med
1998;339:1994-2004.

6. Collinge]J, Sidle KCL, Meads J, Ironside
J, Hill AE. Molecular analysis of prion strain
variation and the aetiology of ‘new variant’
CJD. Nature 1996;383:685-90.

7. Parchi D, Castellani R, Capellari S, et al.
Molecular basis of phenotypic variability in
sporadic Creutzfeldt-Jakob disease. Ann
Neurol 1996;39:767-78.

8. Zanusso G, Farinazzo A, Fiorini M, etal.
pH-Dependent prion protein conformation
in classical Creutzfeldt-Jakob disease. ] Biol
Chem 2001;276:40377-80.

9. Zerr 1, Schulz-Schaeffer W], Giese A, et
al. Current clinical diagnosis in Creutzfeldt-
Jakob disease: identification of uncommon
variants. Ann Neurol 2000;48:323-9.

10. Budka H, Aguzzi A, Brown P, et al.
Neuropathological diagnostic criteria for
Creutzfeldt-Jakob disease (CJD) and other
human spongiform encephalopathies (prion
diseases). Brain Pathol 1995;5:459-66.

11. Wadsworth JDF, Joiner S, Hill AF, et al.
Tissue distribution of protease resistant
prion protein in variant Creutzfeldt-Jakob
disease using a highly sensitive immuno-
blotting assay. Lancet 2001;358:171-80.

12. Masters CL, Harris JO, Gajdusek DC,
Gibbs CJ Jr, Bernoulli C, Asher DM.
Creutzfeldt-Jakob disease: patterns of world-
wide occurrence and the significance of
familial and sporadic clustering. Ann Neu-
rol 1979;5:177-88.

13. Kretzschmar HA, Ironside JW, DeAr-
mond §J, Tateishi J. Diagnostic criteria for
sporadic Creutzfeldt-Jakob disease. Arch
Neurol 1996;53:913-20.

N ENGL J MED 348;8 WWW.NEJM.ORG

14. Hsich G, Kenney K, Gibbs CJJr, Lee KH,
Harrington MG. The 14-3-3 brain protein in
cerebrospinal fluid as a marker for transmis-
sible spongiform encephalopathies. N Engl
J Med 1996;335:924-30.

15. Steinhoff BJ, Racker S, Herrendorf G, et
al. Accuracy and reliability of periodic sharp
wave complexes in Creutzfeldt-Jakob dis-
ease. Arch Neurol 1996;53:162-6.

16. Zerr I, Bodemer M, Gefeller O, et al.
Detection of 14-3-3 protein in the cerebrospi-
nal fluid supports the diagnosis of Creutzfeldt-
Jakob disease. Ann Neurol 1998;43:32-40.
17. Salvatore M, Genuardi M, Petraroli R,
Masullo C, D’Alessandro M, Pocchiari M.
Polymorphism of the prion protein gene in
Italian patients with Creutzfeldt-Jakob dis-
ease. Hum Genet 1994;94:375-9. [Erratum,
Hum Genet 1995;95:605]

18. Kitamoto T, Ogomori K, Tateishi J,
Prusiner SB. Formic acid pretreatment
enhances immunostaining of cerebral and
systemic amyloids. Lab Invest 1987;57:230-6.
19. Tabaton M, Cammarata S, Mancardi
GL, Cordone G, Perry G, Loeb C. Abnormal
tau-reactive filaments in olfactory mucosa
in biopsy specimens of patients with proba-
ble Alzheimer’s disease. Neurology 1991;
41:391-4.

20. Hughes AJ, Daniel SE, Kilford L, Lees
AJ. Accuracy of clinical diagnosis of idio-
pathic Parkinson’s disease: a clinico-patho-
logical study of 100 cases. J Neurol Neuro-
surg Psychiatry 1992;55:181-4.

21. Kascsak RJ, Rubenstein R, Merz PA, et
al. Mouse polyclonal and monoclonal anti-
body to scrapie-associated fibril proteins.
J Virol 1987;61:3688-93.

22. Duda JE, Shah U, Arnold SE, Lee VM-Y,
Trojanowski JQ. The expression of a-, 8-,
and y-synucleins in olfactory mucosa from
patients with and without neurodegenera-
tive diseases. Exp Neurol 1999;160:515-22.
23. Zanusso G, Vattemi G, Ferrari S, et al.
Increased expression of the normal cellular
isoform of prion protein in inclusion-body
myositis, inflammatory myopathies and
denervation atrophy. Brain Pathol 2001;11:
182-9.

24. Kern RC. Chronic sinusitis and anos-
mia: pathologic changes in the olfactory
mucosa. Laryngoscope 2000;110:1071-7.
25. SafarJ, Wille H, Itri V, et al. Eight prion
strains have PrPS¢ molecules with different
conformations. Nat Med 1998;4:1157-65.

26. Kovacs GG, Head MW, Hegyi I, et al.
Immunohistochemistry for the prion pro-
tein: comparison of different monoclonal
antibodies in human prion disease subtypes.
Brain Pathol 2002;12:1-11.

27. Buck L, Axel R. A novel multigene fam-
ily may encode odorant receptors: a molecu-
lar basis for odor recognition. Cell 1991;65:
175-87.

28. Castellani R, Parchi P, Stahl J, Capellari
S, Cohen M, Gambetti P. Early pathologic
and biochemical changes in Creutzfeldt-
Jakob disease: study of brain biopsies. Neu-
rology 1996;46:1690-3.

29. Reuber M, Al-Din ASN, Baborie A,
Chakrabarty A. New variant Creutzfeldt-
Jakob disease presenting with loss of taste
and smell. J Neurol Neurosurg Psychiatry
2001;71:412-3.

30. Brown P, Gibbs CJ Jr, Rodgers-Johnson
P, et al. Human spongiform encephalopa-
thy: the National Institutes of Health series
of 300 cases of experimentally transmitted
disease. Ann Neurol 1994;35:513-29.

31. Korth C, May BC, Cohen FE, Prusiner
SB. Acridine and phenothiazine derivatives
as pharmacotherapeutics for prion disease.
Proc Natl Acad Sci U S A 2001;98:9836-41.
32. FlechsigE, Hegyi I, Enari M, Schwarz D,
Collinge J, Weissmann C. Transmission of
scrapie by steel-surface-bound prions. Mol
Med 2001;7:679-84.

33. Collinge]. Variant Creutzfeldt-Jakob dis-
ease. Lancet 1999;354:317-23.

34, Hill AF, Butterworth RJ, Joiner S, et al.
Investigations on variant Creutzfeldt-Jakob
disease and other human prion diseases with
tonsil biopsy samples. Lancet 1999;353:
183-9.

35. Ingrosso L, Pisani F, Pocchiari M. Trans-
mission of the 263K scrapie strain by the
dental route. ] Gen Virol 1999;80:3043-7.
36. Prusiner SB. Shattuck Lecture — neuro-
degenerative diseases and prions. N Engl J
Med 2001;344:1516-26.

37. Shipley MT, McLean JH, Zimmer LA,
Ennis M. The olfactory system. In: Swanson
LW, Bjorklund A, Hokfelt T, eds. Handbook
of chemical neuroanatomy. Vol. 12. Inte-
grated systems of the CNS. Part 3. Cerebel-
lum, basal ganglia, olfactory system. Am-
sterdam: Elsevier, 1996:469-573.

Copyright © 2003 Massachusetts Medical Society.

FEBRUARY 20, 2003

Downloaded from www.nejm.org at HHS LIBRARIES CONSORTIUM on February 2, 2005 .
Copyright © 2003 Massachusetts Medical Society. All rights reserved.

719



