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Abstract

 

Lewy-type pathology is a characteristic of a number of neurodegenerative disorders, including Parkinson’s disease
and dementia with Lewy bodies. Thus far, the definitive diagnosis of these dementias can only be confirmed at
post-mortem. However, it is known that the loss of smell (anosmia) is an early symptom in patients who develop
dementia, and the use of the smell test has been proposed as an early diagnostic procedure. The aim of this study was
to understand further the extent of Lewy pathology in the olfactory system of patients with neurodegenerative
disorders. Post-mortem tissue from 250 subjects was obtained from the OPTIMA brain bank. Five areas of the
olfactory pathway were examined by immunolabelling for alpha-synuclein – a major component of Lewy pathology:
the olfactory tract/bulb (

 

n

 

 = 79), the anterior olfactory nucleus in the lateral olfactory gyrus (

 

n

 

 = 193), the region
of olfactory projection to the orbito-frontal cortex (

 

n

 

 = 225), the hippocampus (

 

n

 

 = 236) and the amygdala
(

 

n

 

 = 201). Results show that Lewy pathology affects different parts of the olfactory pathways differentially,
suggesting a specific pattern of development of pathology. Clinical Parkinson’s disease is most likely to be identified
if the orbito-frontal cortex is affected, while the diagnosis is less likely if the pathology is restricted to the
olfactory bulb or tract. These results suggest that pathology in the olfactory bulb and tract occurs prior to clinical
signs of Parkinson’s disease. Furthermore, the results presented here provide further evidence supporting the
possible value of a smell test to aid the clinical diagnosis of neurodegenerative diseases.
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Introduction

 

Lewy pathology is a feature of many neurodegenerative
diseases including Parkinson’s disease (PD) and dementia
with Lewy bodies (DLB). The classical Lewy body was first
described by Friedrich Heinrich Lewy in 1912 as a cytoplas-
mic inclusion in PD patients (Lewy, 1912; Perry et al. 1996).
In post-mortem tissue the identification of Lewy bodies is
easiest using immunolabelling for alpha-synuclein. As yet,
the normal function of alpha-synuclein has still to be
elucidated. However, it is known that alpha-synuclein is
abnormally deposited in the brains of those suffering from
neurodegenerative diseases and is the main constituent of
the Lewy bodies (Spillantini et al. 1997).

More recently, Lewy pathology has been shown to be
more widespread than previously thought and estimates
place DLB as the third most common form of dementia in

the elderly after Alzheimer’s and cerebrovascular diseases
(Stevens et al. 2002; Rahkonen et al. 2003). In addition to
Lewy bodies, alpha-synuclein immunolabelling also detects
Lewy neurites, representing deposition of alpha-synuclein
in neurites (Arima et al. 1998; Braak & Braak, 1999; Crowther
et al. 2000). Collectively, neurodegenerative disorders that
present with neuronal alpha-synuclein inclusions are
termed synucleinopathies (or synucleopathies). Therefore,
further to PD and DLB, synucleopathies are also considered
to encompass amyotrophic lateral sclerosis (ALS) (Mezey
et al. 1998) and multiple system atrophy (Arima et al. 1998;
Tu et al. 1998; Wakabayashi et al. 1998; Gai et al. 2000;
Fujiwara et al. 2002).

Lewy pathology does not affect the entire brain uni-
formly. It has been shown that the development of Lewy
pathology follows a well-defined spatio-temporal pattern,
allowing the development of a six-point staging system
(Braak et al. 2003, 2004; Del Tredici et al. 2002), similar to
the neurofibrillary tangle staging for Alzheimer’s disease
(AD). Such pathological staging in AD led to a relatively
accurate prediction of the length of time required for the
development of pathology characteristic to each phase of
the disease and thus can be used to estimate the time of
onset of pathology (Ohm et al. 1995).
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The olfactory system can be split into two olfactory
pathways, termed here the cortical and limbic pathways.
The cortical pathway consists of fibres from the olfactory
tract which terminate in the primary olfactory cortex,
situated inferior to the nucleus accumbens in the lateral
olfactory gyrus (also known as the pyriform cortex when
taken together with the uncus). From the primary olfactory
cortex, neurons project to the orbitofrontal cortex (OF).
Although the pathways through which olfactory pro-
jections pass to the frontal cortex are not fully elucidated
in humans, it is generally accepted that the majority of
projections to the OF are direct projections from the
primary olfactory cortex. However, some fibres do pass via
the thalamus before reaching the OF (Price, 1990; Nolte,
1993).

The limbic olfactory pathway consists of the indirect
bulbar input into the hippocampus and direct input to the
nucleus of the lateral olfactory tract of the amygdala. In
the rostral portion of the amygdala the nucleus of the
lateral olfactory tract is situated ventral to the pyriform
cortex and the anterior cortical nucleus, and dorsolateral
to the periamygdaloid cortex. In caudal regions of the
amygdala the olfactory nucleus is more lateral. Here the
olfactory nucleus is a region ventral to the medial nucleus
but dorsomedial to the magnocellular division of the
accessory basal nucleus [see Purves et al. (2004) for olfactory
pathways].

These regions are all affected by Lewy pathology. Indeed,
pathology in the olfactory bulb is present before clinical
symptoms occur or the pathology affects the substantia
nigra (SN) (Del Tredici et al. 2002; Braak et al. 2003, 2004).
However, Lewy pathology in olfactory structures is always
associated with Lewy pathology in the brainstem (Del
Tredici et al. 2002). This early appearance of Lewy pathology
in the olfactory system has led to the suggestion that a
simple smell test may aid the early diagnosis of neuro-
degenerative diseases. Previous work has shown that anosmia
is more likely in subjects diagnosed with DLB as compared
with either AD or control subjects (Daniel & Hawkes, 1992;
Hawkes et al. 1999; McShane et al. 2001). Similarly, this
association between anosmia and Lewy pathology has
been confirmed by other studies (Doty et al. 1988, 1989;
Olichney et al. 2005). Olichney and colleagues showed
that although anosmia is sometimes present in AD, it is
very common in DLB and may increase the sensitivity of
diagnosis of diseases with Lewy pathology in patients with
dementia.

Despite these reports, a systematic study of Lewy patho-
logy in all major regions of the olfactory system has yet to
be completed (Daniel & Hawkes, 1992; Tsuboi et al. 2003;
Uchikado et al. 2006). Here we map the distribution of
Lewy pathology in the olfactory bulb, the anterior olfac-
tory nucleus near to the insertion of the olfactory tract
into the primary olfactory cortex, the OF, the amygdala
and the hippocampus in subjects with dementia.

 

Materials and methods

 

Tissue bank

 

All tissues were acquired from the Oxford-based OPTIMA
brain bank. The collection of brain tissue was done accord-
ing to the requirements of the local ethics committee, with
full informed consent of participants and relatives. Brains
were fixed in 4% formalin for at least 4 weeks. We col-
lected olfactory regions of interest from 250 brains. Of the
250 subjects, post-mortem (PM) time was available for 207.
Of these, the average PM time was 45.7 h (standard
deviation from the mean: 26.3 h, standard error 1.8 h).
Unfortunately, not all regions of the olfactory system
were available in all subjects. However, where available, the
olfactory bulb and tract were taken intact and sectioned in
the horizontal plane. The hippocampus (at the level of the
lateral geniculate body), amygdala, anterior olfactory nucleus
and the orbito-frontal cortex were taken in the coronal
plane. Within the amygdala analysis was restricted to the
olfactory nucleus. We dissected the olfactory tract/bulb
(

 

n

 

 = 79), the anterior olfactory nucleus (AON) at the point
of insertion of the olfactory tract into the lateral olfactory
gyrus (

 

n

 

 = 193), the region of olfactory projection to the
orbito-frontal cortex (

 

n

 

 = 225), the hippocampus (

 

n

 

 = 236)
and the amygdala (

 

n

 

 = 201). Tissue blocks were embedded
in paraffin and 10-

 

µ

 

m sections were cut and mounted on
silane-coated microscope slides (Sigma and VWR Inter-
national Limited, respectively). The low number of olfactory
bulbs/tract (

 

n

 

 = 79) available to the study is due to the dif-
ficulty in removing and retaining this piece of tissue intact.

 

Immunohistochemistry

 

Sections were de-waxed in histoclear (Raymond Lamb,
Eastbourne, UK) and re-hydrated through successive
ethanol baths (100, 100, 70%) and water. The antibody
used for the detection of alpha-synuclein recognizes an
epitope hidden by the misfolding of the protein, and thus
a pretreatment with formic acid (FA; Fisher Scientific,
Loughborough, UK) for antigen retrieval (5 min, 90% FA)
was required. The FA pretreatment was followed by a
thorough wash in water. Sections were then incubated in
3% H

 

2

 

O

 

2

 

 for 10 min at room temperature (RT) to reduce
endogenous peroxidase activity. Following further washes,
sections were incubated in fetal calf serum (FCS, 1 : 20) in
phosphate-buffered saline (PBS) + 0.1% Triton X-100
(PBST) (VWR International Limited, Dorset, UK) for 10 min
at RT to reduce non-specific binding of antibodies. Tissues
were then incubated in rabbit anti-alpha-synuclein primary
antibody (1 : 200, Sigma, Dorset, UK) for 1 h at RT. Sections
were then washed with PBST before incubation in a
species-specific anti-IgG conjugated to biotin (Vector
Laboratories, Cambridgeshire, UK) at 1 : 200 in 0.1 

 

M

 

 PBST
for 30 min at RT. Following further washes and incubation
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in an avidin–biotin peroxidase complex using the Vectastain©
Elite ABC kit (Vector Laboratories), tissue was washed
again before being reacted in 0.06% diaminobenzidine
(DAB; Sigma) containing H

 

2

 

O

 

2

 

 (1.5 

 

µ

 

L H

 

2

 

O

 

2

 

 per 5 mL DAB
solution). To gain a better contrast, three drops of nickel
solution (Vector DAB peroxidase substrate kit, Vector Lab-
oratories) were added to the DAB/H

 

2

 

O

 

2

 

 solution to create
a silver/black colour reaction. The colour reaction was
terminated by washing the sections in PBST. For toluidine
blue counter staining, slides were dipped in 1% toluidine
blue (Sigma) for 30 s before dehydrating through alcohol
and mounting in Histomount (Raymond Lamb). For Luxol
fast blue counterstaining sections were taken to 95%
ethanol then left in Luxol fast blue (0.1% solution in 95%
ethanol; Sigma) overnight at 37 

 

°

 

C. Sections were then
washed through repeated cycles of 5 min in 95% ethanol,
5 min in dH

 

2

 

O and 10 s in 0.005% lithium carbonate (Sigma)
and 30 s in 70% ethanol until myelin stain was clear and
crisp. Photomicrographs were taken using a Leica DME
microscope and attached to a digital camera using XLI capture
software (XL Imaging Ltd and Microscopeservices, UK). Sec-
tions of all cases were studied blind to their disease category.
The PM time did not affect the intensity of immunolabelling.

 

Examination of Lewy pathology and statistical 
analysis

 

We analysed all sections to determine the presence or
absence of Lewy bodies and/or Lewy neurites. The presence
of one or more Lewy body or Lewy neurite was sufficient
for a positive score. For the olfactory bulb/tract and the
hippocampus, the entire region was examined. In the amy-
gdala, analysis was restricted to the olfactory nucleus. In
the anterior olfactory nucleus, the cortical areas immedi-
ate to the insertion of the olfactory tract were examined.
In the OF examination was restricted to the specific cortex
of the projection from the primary olfactory region.

To determine the power of association between Lewy
pathology in different brain regions as well as the associ-
ation between Lewy pathology and the diagnosis of PD we
used odds-ratio (OR) calculations. Statistical significance
was based on Pearson’s chi-squared and 

 

P

 

 values.

 

Results

 

In total, tissue was available from 250 subjects. Table 1
gives a breakdown of the patient group by diagnosis made
at PM examination. Samples used in this study are summa-
rized in Table 2.

 

Lewy pathology can be present in all regions of the 
olfactory system

 

Alpha-synuclein immunolabelling allows the identification
of both Lewy bodies (Fig. 1A) and Lewy neurites (Fig. 1B).

The Lewy body is an intracellular cytoplasmic inclusion
which typically presents as a spherical component within
neuronal cell bodies. Lewy neurites are present in axons
and, like Lewy bodies, consist of aberrant deposition of
proteins, of which alpha-synuclein is a major component
(Fig. 1B). Alpha-synuclein deposition in Lewy neurites can
stretch for many hundreds of micrometres (Fig. 1B) and
are sometimes present in regions even where Lewy bodies
are absent. It is therefore a combination of these two
types of pathology that allows the observer to define if a
subject presents with Lewy pathology and provides a more
accurate assessment of pathology. Furthermore, an inter-
esting aspect of the Lewy pathology seen in many subjects
is the appearance of Lewy neurites within Alzheimer-type
plaques (Fig. 1C).

In the olfactory bulb and tract (OBT), Lewy bodies are
present in the neurons of the anterior olfactory nucleus pars
bulbaris (AONpb). Lewy neurites were observed through-
out the olfactory tract and did not appear to be specific to
any particular region or area. Within the AON, Lewy bodies
were situated in the deep layers of the cortex (V, internal
pyramidal; VI, multiform layer) and were interspersed with
Lewy neurites. The OF was the least affected region of the
olfactory system examined (only 13.3% of subjects exhib-
iting pathology). In those subjects where the OF was

Table 1 Distribution of pathological diagnosis of subjects within the 
study

Diagnosis Number in study

AD 89
AD/OD 7
AD/PD 32
AD/VD 50
PD 6
PD/VD 4
VD 22
CONTROL 19
Others 21
Total 250

AD, Alzheimer’s disease; OD, other diseases; PD, Parkinson’s 
disease; VD, vascular dementia.

Table 2 Numbers of subject samples available for each region, broken 
down into: total number, number with Lewy pathology present/absent, 
and percentage affected. Not all regions were available for all subjects

Present Absent % Affected

Total subjects in study 250 94 156 37.6
Hippocampus 236 52 284 22
Amygdala 201 64 137 31.8
Anterior olfactory nucleus 193 57 136 29.5
Orbitofrontal 225 31 194 13.7
Olfactory bulb 79 29 57 36.7
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affected, Lewy bodies were present throughout the deep
cortical layers, in neurons of the external pyramidal layer,
internal granule layer and internal pyramidal layer. Lewy
neurites were very rarely seen in the OF; however, when
present, they were situated within the same neuronal layers.
In the hippocampus the most susceptible region for the
formation of Lewy bodies and Lewy neurites was the CAII.
Here Lewy bodies were present in the pyramidal neurons and
were interspersed with Lewy neurites. Additional to Lewy
pathology the CAII region showed misshapen neuronal
cell bodies heavily stained with toluidine blue, reminiscent
of the ‘dark neurons’ (Liposits et al. 1997) identified as dying
neurons. In the amygdala Lewy bodies were also present
in individual neurons. Unlike other regions studied the
olfactory area of the amygdala contained clusters of neurons
in which both Lewy bodies and Lewy neurites were present.

 

Presence of Lewy pathology in patient groups

 

In total, 37.6% of all subjects included in the study showed
evidence of Lewy pathology in at least one brain region
(Table 2). Also, 36.7% of the OBT specimens had Lewy
pathology, 29.5% of the AON specimens, 13.7% of the OF
cortex specimens, 22% of the hippocampi (Hi) and 31.8%
of the amygdalas (Am). Two of the control subjects (as

diagnosed at PM) showed signs of Lewy pathology in the
amygdala.

 

Lewy pathology progresses along the olfactory 
pathways

 

To assess the possible progression of Lewy pathology
through the olfactory pathways we analysed the relative
risk of each region along the pathway being affected if
there was pathology in the OBT (Figs 2 and 3). In 72% of
cases where Lewy pathology was present in the OBT, Lewy
pathology was also present in the AON (OR: 52.71, Pear-
son’s 

 

χ

 

2

 

 = 34.539, 

 

P

 

 = 0.0000; Fig. 3F). However, only 37%
of patients with AON pathology showed pathology in
the OF as well (OR: 24.11, Pearson’s 

 

χ

 

2

 

 = 40.735, 

 

P

 

 = 0.0000;
Fig. 3E). Similarly, there was a 54% chance that subjects
with Lewy pathology in the OBT also had pathology in the
amygdala (OR: 21, Pearson’s 

 

χ

 

2

 

 = 19.433, 

 

P

 

 = 0.0000; Fig. 3G).
This likelihood dropped to 45% for the hippocampus
(OR: 21.90, Pearson’s 

 

χ

 

2

 

 = 24.944, 

 

P

 

 = 0.0000).

 

Relationship between Lewy pathology and PD – Braak 
staging and diagnosis

 

Almost one-third of the subjects without clinical parkin-
sonism had olfactory bulb Lewy pathology (28%) qualify-
ing for Braak stages I (Fig. 4A). Surprisingly, 3% of this
population had Lewy pathology in the OF. Similarly, sub-
jects with clinical symptoms of PD (Braak stages III–VI)
were very likely to have Lewy pathology; 90% of patients
had OBT pathology, 84% of patients AON pathology, 90%
had pathology in the amygdala and 80% had hippocam-
pal pathology. The only exception to this was the OF, a
neocortical region, which showed a 64% likelihood of
Lewy pathology in these later stages.

Fig. 1 Lewy pathology. (A) High-magnification photomicrograph of a 
Lewy body (arrowhead) in a pyramidal neuron of the OF of a subject 
diagnosed with neocortical stage AD. (B) Lewy neurites in an amyloid 
plaque. Toluidine blue counterstaining allows the visualization of 
Alzheimer-type plaques (centre, labelled with asterisk), into which Lewy 
neurites have developed. The majority of Lewy neurites are observed in 
cross-section (transverse), appearing as dots rather than lines of axonal 
labelling. (C) A Lewy neurite in horizontal section. It is notable that Lewy 
neurites can extend for long distances. The neurite visible in C is from a 
region of the AON and is approximately 220 µm in length. Scale 
bar = 25 µm.

Fig. 2 Lewy pathology progresses along olfactory pathways. The odds 
of Lewy pathology in each region if the lower-order region in the 
pathway is affected. OBT = olfactory bulb and tract, AON = anterior 
olfactory nucleus, OF = orbitofrontal cortex, Am = amygdala, 
Hi = hippocampus.
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The PM diagnosis of PD is dependent on the presence of
Lewy bodies in brain stem nuclei such as the substantia
nigra or substantial cell loss in these regions in a patient
suffering from parkinsonian symptoms. Lewy body pathology
in the AON (OR: 18.5, Pearson’s 

 

χ

 

2

 

 = 43.661, 

 

P

 

 = 0.0000)
and OBT (OR: 23, Pearson’s 

 

χ

 

2

 

 = 14.288, 

 

P

 

 = 0.0001) were
least likely to be associated with the diagnosis of PD. When
Lewy pathology affected regions further along the olfac-
tory pathway the likelihood of a PD diagnosis increased,
so that 56% with amygdala pathology (OR: 36.62, Pear-
son’s 

 

χ

 

2

 

 = 66.885, 

 

P

 

 = 0.0000), 66% with hippocampal
(OR: 36.88, Pearson’s 

 

χ

 

2

 

 = 90.219, 

 

P

 

 = 0.0000) and 86% with
OF pathology (Fig. 4B) had a PD diagnosis (OR: 60.93,
Pearson’s 

 

χ

 

2

 

 = 90.391, 

 

P

 

 = 0.0000).

 

Discussion

 

Previous work has shown that Lewy pathology appears
early in the olfactory bulb of patients with dementia
(Braak et al. 2003). Here we describe Lewy pathology in
five regions of the olfactory pathway; olfactory tract/bulb
(OBT), the anterior olfactory nucleus (AON) near the inser-
tion of the olfactory tract into the lateral olfactory gyrus,
the region of olfactory projection to the orbito-frontal
cortex (OF), the hippocampus (HI) and the amygdala (Am).

Results show that Lewy pathology is more prevalent than
previously suggested and varies in distribution, with some

olfactory areas more prone to damage than others. These
results also suggest that Lewy pathology progresses along
olfactory pathways, affecting more peripheral, lower-order
regions first before progressing through to affect higher-
order cortical regions last. Furthermore, when Lewy pathology
is compared with Braak staging and PM diagnosis of PD
these results further support the idea that olfactory Lewy
pathology occurs prior to clinical symptoms of PD.

Historically, Lewy body pathology has been primarily
described as a hallmark of PD. However, it is important to
note that Lewy pathology is not confined to PD (Jellinger
et al. 2002; McKeith, 2006). Our findings show that there
is at least some degree of Lewy pathology in over one-third
of subjects studied. This is higher than previously shown
(Stevens et al. 2002; Rahkonen et al. 2003) but is not wholly
unsurprising as Lewy bodies and neurites can be difficult
to detect unless they are specifically looked for. It is possible
that some subjects previously considered as having pure
AD are actually cases of mixed Alzheimer and Lewy pathol-
ogies (Hansen et al. 1993). These studies would therefore
not take into account any pathology that may be present
in other susceptible regions, particularly the olfactory bulb.

Our finding that the olfactory bulb and tract is the most
likely to exhibit Lewy pathology is consistent with those of
Braak and colleagues (Braak et al. 2003, 2004), who have
shown that Lewy pathology in the olfactory bulb occurs
prior to clinical symptoms. In the cortical olfactory pathway

Fig. 3 Progression of Lewy pathology along different parts of the olfactory system. (A–D) Orbitofrontal cortex (A), anterior olfactory nucleus near the 
insertion of the olfactory tract (B), amygdala (C) and hippocampus (D). (E–H) If the olfactory bulb and tract are affected by Lewy pathology the likelihood 
of similar pathology is highest in the anterior olfactory nucleus (E) followed by the amygdala and hippocampus (F and G, respectively), with the 
orbitofrontal cortex (H) least affected. AON = anterior olfactory nucleus, OF = orbitofrontal cortex, Am = amygdala, EC = entorhinal cortex, 
Hi = hippocampus.
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the insertion of the olfactory tract into the olfactory cortex
has a high incidence of pathology. This is slightly surprising
as there is relatively little pathology in the OF. The high
incidence of pathology in the region of the insertion of
the olfactory tract might be due to its close relationship to
the olfactory tract. It is the primary olfactory cortex and
receives direct synaptic input from the olfactory bulb. It
is therefore interesting that the OF is relatively spared,
despite being only one further synaptic connection along
the pathway. The reasons for this are intriguing.

The simplest explanation would be that some patients
died before the orbitofrontal cortical pathology could
develop. However, if we assume that the pathology can
progress with equal ease through synapses, the hippocam-
pus, which receives only indirect input from the olfactory
tract, should be as spared as the OF. This is not the case.

In the limbic olfactory pathway the amygdala is more
likely to be affected than the hippocampus. Again this
difference in susceptibility may be due to the olfactory
nucleus of the amygdala receiving a direct input from the
olfactory tract while the hippocampus receives input only
via an indirect route. The higher susceptibility of the hip-
pocampus to damage compared with the OF might be due
to its close connection with other regions of the brain
heavily affected by neurodegeneration. Many subjects in

this study also exhibited Alzheimer’s-type pathology, which
affects the amygdala and hippocampus in particular. Taken
together these results further support the possibility that
Lewy pathology is progressive in the olfactory system
(Braak et al. 2003, 2004).

Why then are certain neurons apparently more suscept-
ible to Lewy pathology than others? Very little is known
about the causes of the selective vulnerability of a small
proportion of neurons to alpha-synuclein accumulation even
in regions where Lewy pathology is present. However,
cortical pyramidal neurons in layers III and V are thought
to be particularly susceptible (Wakabayashi et al. 1995)
Indeed, there is still considerable debate over the vulnerability
of different neuronal subpopulations to neurodegenera-
tion in general (Attems et al. 2007). One possibility for this
differential susceptibility is the morphological properties
of affected neurons. Braak and colleagues postulate that
the susceptibility of neurons to Lewy pathology, particu-
larly in PD, is due to properties of axons and the level of
myelination. In PD susceptible neuronal cells types tend to
be projection neurons with long thin axons and are poorly
myelinated (Braak et al. 2004). This might help to explain
the preferential susceptibility of olfactory tract projection
neurons to Lewy pathology, rather than the more robustly
myelinated and short axoned interneurons of the OF.

A second possibility is that synaptic plasticity confers
susceptibility to neurodegeneration of neurons. This is
particularly attributable to hyperphosphorylated tau patho-
logy in the hippocampus of Alzheimer’s patients (Arendt,
2004) but may also be relevant to the olfactory pathways.
The olfactory pathway is an intensely plastic region of the
brain, particularly at the level of the olfactory bulb, while
the OF has relatively rigid synapses (Arendt, 2004). There-
fore, any link between plasticity and neurodegenerative
susceptibility may also be relevant here. It is an interesting
feature, however, that equally plastic neuronal pathways
within the hippocampus show different vulnerability to
different types of pathology (Iseki et al. 1998). The non-
perforating route (of the perforant pathway) terminates
in the CAII region of the hippocampus and has been shown
to be particularly sensitive to degeneration in patients
with DLB (Iseki et al. 1997, 1998).

A further possibility for this selective vulnerability could
be related to neurotransmitter differences. It is commonly
accepted that in PD the most vulnerable cell to degenera-
tion is the dopaminergic cell. The main dopaminergic cell
type in the olfactory system is the periglomerular cells of
the olfactory bulb. It is therefore interesting that little or
no Lewy pathology was observed within these layers.
Indeed, a recent study has shown an increase in dopami-
nergic periglomerular cells in PD patients (Huisman et al.
2004) rather than a loss. Huisman and colleagues suggest
that it is the inhibitory action of these periglomerular cells
on the glomeruli that leads to anosmia/hyposmia rather
than a loss of neuronal function due to neurodegeneration.

Fig. 4 Relationship between Lewy pathology and PD. (A) When Lewy 
pathology in each olfactory region is compared with the diagnosis of PD, 
it is apparent that pathology in the olfactory bulb occurs prior to clinical 
diagnosis of PD. (B) Comparison of Lewy pathology with PD diagnosis 
shows that a diagnosis of PD becomes more likely if Lewy pathology is 
present in the higher olfactory regions.
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In the anterior olfactory nucleus, where Lewy pathology
is particularly common, the pyramidal and interneurons are
glutamatergic and GABAergic, respectively (Haberly, 1997).
The olfactory cortex also receives noradrenergic, serotoner-
gic and dopaminergic input from the brain stem (Haberly,
1997). At present it would be very difficult to envisage that
the differences in neuronal vulnerability to Lewy pathol-
ogy would be associated with specific neurotransmitter
systems. A full immunohistochemical study to relate the
different neurotransmitter systems with Lewy pathology
in the olfactory pathways has yet to be performed.

The presence of Lewy pathology in the olfactory path-
ways prior to the appearance of clinical signs suggests
there is a threshold to functional deficits. This study shows
that the diagnosis of PD is more likely the further along
the olfactory pathways are involved. It is known that olfac-
tory function is lost early in neurodegenerative diseases
such as Alzheimer’s (Mesholam et al. 1998) and that there
is a relationship between olfactory function and Lewy
pathology (Doty et al. 1988; McShane et al. 2001; Olichney
et al. 2005). Olfactory function may therefore be an indi-
cator of Lewy pathology and a test for smell may be helpful
in the early diagnosis of neurodegenerative diseases such
as DLB.

The use of a smell test to diagnose specifically a disease
such as DLB is complicated both by the loss of smell in AD
and by environmental factors that could result in a loss of
smell in a healthy individual. Therefore, a smell test may be
helpful in addition to the consensus guidelines (McKeith,
2006) already employed in the diagnosis of dementia with
Lewy bodies. An early diagnosis of DLB would be benefi-
cial because it would allow treatment to be started earlier
to help to slow down progression of the disease.

Another important consideration is that, although Lewy
pathology may be progressive, it is difficult to predict the
rate of progression. Indeed, in some subjects there may be
little or no progression of Lewy pathology. Although we
can accept that in severe cases of PD the pathology started
in the olfactory system before the clinical signs have devel-
oped, it is not at all certain that all patients with LB patho-
logy in the olfactory bulb/tract go on to develop full-blown
PD if they live long enough. This may be the case in the two
control subjects in this study who had evidence of Lewy
pathology despite having no clinical symptoms. These may
be examples of subjects where the pathology has either
failed to progress or has only progressed to a stage un-
detected by current clinical procedures. In light of this, any
possible smell test must only be used as an aid to diagnosis
in addition to the clinical guidelines already in place to dis-
tinguish dementia with Lewy bodies from PD and AD.

 

Conclusion

 

The presence of Lewy pathology begins in the olfactory
system prior to development of clinical symptoms of PD

and as the pathology becomes more widespread the
clinical diagnosis of PD becomes more likely. This raises the
possibility of using a smell test as an early diagnosis of
neurodegenerative diseases. Future studies will need to be
performed to test whether there is an association of the
level and extent of Lewy pathology with a loss of smell and
the development of clinical features of neurodegenera-
tive diseases such as PD and dementia with Lewy bodies.
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