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Olfaction declines with aging and appears to be a prodromal sign of cognitive decline in progressive
neurodegenerative diseases. Nevertheless, very little is known about the pathophysiological changes
underlying smell loss that may reflect early network dysfunction. A cross-sectional histoanatomical study
was conducted on postmortem olfactory nerves of patients with increasing severity of dementia from
mild cognitive impairment (MCI) to moderate and severe Alzheimer’s disease. The olfactory bulbs and
tracts show a prominent and progressive tauopathy in contrast to a weaker amyloid pathology localized
to the glomerular region. Topological analysis of Notch signaling components reveals a transient increase
in Jagged1 expression in mitral cells of the olfactory bulb of patients with MCI and a gradual decline
onwards. Analysis of the olfactory tract reveals an abundance of corpora amylacea, which declines
starting from the MCI stage. With the increasing severity of dementia, corpora amylacea are character-
ized by a gradual shift in cytoskeletal proteins, tau, MAP2 and glial fibrillary acid protein, as well as by a
decrease in their Reelin and Jagged1 content. Our research indicates that the olfactory nerve undergoes
early and sequential morphological and signaling alterations that correlate with the development of
dementia suggesting that this structure may capture and propagate neuronal network imbalances to
connected higher brain centers of the entorhinal cortex and hippocampus.

1. Introduction

Olfactory impairment is one of the common early signs in pro-
gressive neurodegenerative diseases (ND) such as Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), Down syndrome,
Frontotemporal dementia (FTD), Huntington’s disease, and amyo-
trophic lateral sclerosis (Barrios et al., 2007; Brai and Alberi, 2018;
Doty and Kamath, 2014; Hüttenbrink et al., 2013; Mesholam et al.,
1998). In humans, the olfactory system is composed of a primary
olfactory area, constituted by the olfactory sensory epithelium lin-
ing the upper nasal cavity (Fig. 1A), and central olfactory areas
composed of the olfactory bulb (OB) and the olfactory nerve con-
nected to the limbic cortices and nuclei of the basal forebrain and
midbrain. Besides the eye, the olfactory network is devoid of a
blood-brain barrier making it a susceptible port of entry for xeno-
biotics but also an ideal anatomical window for diagnostic and

therapeutic applications (Brai and Alberi, 2018; Hock et al., 1998;
Sattler et al., 2011). Furthermore, early imbalances in cholinergic,
serotoninergic, and noradrenergic transmission may translate into
smell deficits based on the corticofugal monoaminergic fibers
innervating the olfactory nerve (Arendt et al., 1983; Kovacs et al.,
2003).

In support of the early olfactory phenotype in dementia, studies
usingmouse models of AD report an olfactory deficit (Wesson et al.,
2010; Yao et al., 2017; Yoo et al., 2017). Furthermore, loss of function
models for signaling pathways implicated in AD (Brai et al., 2016;
Chin et al., 2007; Cuchillo-Ibañez et al., 2016) show an olfactory
impairment associated with spatial memory loss (Notch1cKO, Jag-
ged1cKO, and Reeler) (Brai and Alberi, 2015, 2018; Brai et al., 2014;
Larson et al., 2003). Both Notch and Reelin signaling play an
important role in neural development and support synaptic plas-
ticity in the adult brain (Alberi et al., 2013; Herz and Chen, 2006).
Jagged1 and Reelin are ligands for Notch and ApoER2 trans-
membrane receptors, respectively. On ligand-binding, Notch and
Reelin signaling functionally interact to increase synaptic potenti-
ation (Brai et al., 2015) and can be viewed as part of a common
signalosome shaping neuronal networks and enhancing
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connectivity. Interestingly, Reelin has been observed in extracel-
lular structures, called corpora amylacea (CAm) (Notter and
Knuesel, 2013). These varicosities are glycoprotein-based poly-
glucosan bodies typically formed in the aging brain (Rohn, 2015) in
response to senescence and stress (Martin et al., 1991; Rohn, 2015).
CAm are found either in the brain parenchyma, ependyma, or
perivascular space and they have been shown to increase in number
in the majority of NDs (AD, PD, Huntigton’s disease, multiple scle-
rosis, and epilepsy) (Pirici andMargaritescu, 2014). Their origin and
function remains a matter of debate, but recent proteomic data

confirm the coexistence of neuronal and glial proteins in addition to
microbial species in CAm, supporting their role as a waste disposal
system (Pisa et al., 2018). As their content and density changes with
aging and ND, they may offer insights into the biological repertoire
of brain cells in the diseased versus healthy state. Nevertheless, to
date, no studies have reported stage-specific changes of signaling
molecules in CAm with the progression of dementia.

This study consists of a cross-sectional histoanatomical analysis
of the olfactory nerves from patients with MCI, moderate and se-
vere AD, as well as healthy controls. We confirm a prominent

Fig. 1. Olfactory nerve anatomy and regions of interest examined in the study. (A) Drawing of the human olfactory system including the olfactory epithelium, the olfactory bulb, and
the olfactory tract. (B) Representative Hematoxylin and Eosin staining of the human olfactory nerve with boxed regions indicating the region of interests analyzed in this study and
magnified below. (C0) Olfactory bulb with visible substructures, the glomerular region (GL), the external plexiform layer (EPL), the mitral cell layer (MCL), the internal plexiform
layer (IPL), and the granular cell layer (GCL). (C00) Magnification of the bulbar anterior olfactory nucleus (AONb) and underlying structures. (C000) The olfactory tract (OT) with typical
axonal stria and CAm. (D) Chromogen immunohistochemistry for OMP, localizing the GL region in the olfactory nerve. Scale bar in B and D is 2 mm and in the inserts in C0-C00 are
500 mm. Abbreviations: GL, glomerular region; OMP, olfactory marker protein and CA, corpora amylacea.
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tauopathy in the OB, olfactory tract (OT), and anterior olfactory
nucleus (AON) accompanied by transient astrogliosis. Furthermore,
we observe specific alterations in the Notch ligand, Jagged1, in
mitral cells of the OB. Finally, we track the density of CAm in the OT
and their changes in Jagged1 and Reelin content and cytoskeletal
markers. This study offers the first evidence of specific switches in
signalingmodulators, along with structural and pathological events
in the olfactory nerves of progressively demented patients.

2. Materials and methods

2.1. Human tissue

The human brain tissue samples were generously provided by
the Medical Research Council Brain Bank for Dementia Research,
Oxford, UK. We received paraffin-embedded horizontally sectioned
olfactory nerves from patients diagnosed with increasing severity
of dementia according to the minimal mental score evaluation at
the last visit, the postmortem pathological evaluation based on the
Braak staging and Consortium to Establish a Registry for Alz-
heimer’s Disease (Table 1 and Supplementary Table 1). The research
was approved by the ethical committee of Clinical Research of the
Canton Vaud (CER-VD, n. 2016e01627) Medical Research Council
Brain Bank for Dementia Research, Oxford, UK (OBB485).

2.2. Antibodies and labeling reagents

The primary antibodies used for the chromogen immunohisto-
chemistry on olfactory nerves’ sections were rabbit antieb-amy-
loid-42 (Ab-42; 1:250; D54D2 XP, Cell Signaling, USA), rabbit anti-
phosphorylated tau (p-tau; phosphorylated T205) (1:500; ab4841;
Abcam, UK), mouse anti-olfactory marker protein (OMP; 1:500; sc-
365818, Santa Cruz Biotechnology, USA), mouse antieglutamate
decarboxylase-67 (GAD-67; 1:250; sc-28376, Santa Cruz Biotech-
nology, USA), rabbit anti-Jagged1 (1:500; ab7771, Abcam, UK), and
mouse anti-Jagged1 (1:250; H00000182-M01A, Novus Biologicals,
UK). Single chromogen immunohistochemistry for p-tau, Ab-42,
and Jagged1 was performed using the biotinylated donkey anti-
rabbit (cat.no. 711-065-152, Jackson Immunoresearch Europe Ltd,
UK) and VECTOR Red Alkaline Phosphatase Substrate Kit (SK-5100;
Vector Laboratories, US). Single chromogen immunolabeling for
OMP was performed as previously described using biotinylated
donkey anti-mouse (cat. no. 715-065-150, Jackson Immunoresearch
Europe Ltd, UK) and 3,30-Diaminobenzidine (D12384, Sigma-
Aldrich, USA). Single chromogen immunolabeling for mouse anti-
Jagged1 was performed using the emerald green reagent from the
Double Stain IHC Kit (ab183285, Abcam, UK) following the manu-
facturer’s instructions. For double chromogen immunolabeling of
rabbit anti-Jagged1 and mouse anti-GAD67, we used the complete
Double Stain IHC Kit (ab183285, Abcam, UK). The primary anti-
bodies for the immunofluorescence were polyclonal goat anti-
Notch1 against the c-terminus (1:500; sc-6014, Santa Cruz
Biotechnology, USA), goat anti-Notch1 extracellular portion (1:500;
sc-23299, Santa Cruz Biotechnology, USA), rabbit anti-Jagged1

(1:500; ab7771, Abcam, UK), mouse anti-Reelin (1:500; ab78540,
Abcam, UK), rabbit anti-Tbr2 (1:500; ab23345, Abcam, UK), rabbit
anti-glial fibrillary protein (GFAP; 1:5000, IS52430, Dako, US),
mouse anti-Ubiquitin (1:500; sc-8017, Santa Cruz Biotechnology,
USA), Chicken anti-MAP2 (1:1000; NB300-213, Novus Biologicals,
UK), rabbit anti-synaptophysin (1:500; ab14692, Abcam, UK),
mouse anti-PSD95 (1:500; sc-32290, Santa Cruz Biotechnology,
USA), rabbit anti-p-tau (phospho T205) (1:500; ab4841; Abcam,
UK), mouse anti-NF200 (1:500; cat. no. 1178709; Boehringer
Mannheim Biochimica, Germany), goat anti-tau (1.25 mg/mL;
AF3494, R&D systems, USA). Misfolded b-sheets were detected
using Thioflavin S (100 mM; CAS 1326-12-1, Santa Cruz Biotech-
nology, USA). The secondary antibodies used for the immunofluo-
rescence were Cy3 donkey anti-goat (cat. no. 705-165-147), Cy3
donkey anti-mouse (cat. no. 715-165-150), Cy5 donkey anti-mouse
(cat. no. 715-605-150), Cy5 donkey anti-chicken (cat. no. 703-175-
155), Cy2 donkey anti-rabbit (cat. no. 711-545-152), Cy2 donkey
anti-mouse (cat. no. 715-225-150) and Cy2 donkey anti-goat (cat.
no. 705-225-147). All fluorescently conjugated antibodies were
purchased from Jackson Immunoresearch Europe Ltd and were all
diluted 1:1000. Hematoxylin-Eosin (H&E) staining was performed
using a commercial kit (H&E fast staining kit, cat. no. 9194, Roth,
Germany).

2.3. Immunohistochemistry

Chromogen immunohistochemistry to detect the expression of
Jagged1, GAD67, OMP, Ab-42, and p-tau was done using Fast Red,
Emerald green, and 3,30-Diaminobenzidine substrates. The
remaining immunostainings were performed using directly con-
jugated fluorescent secondary antibodies. For all immunolabeling,
deparaffinization, antigen retrieval, and incubation with primary
antibodies were conducted as follows: (1) deparaffinization step:
human sections were deparaffinized in Xylol (3 � 10 minutes) and
rehydrated in decreasing concentrations of ethanol (2 � 100%, 2 �
96%,1�80%,1�70% and 2� distilled water for 5minutes each); (2)
antigen retrieval was performed by warming the sections with
10 mM of sodium citrate buffer (pH 6), for 45 minutes at 65 �C in a
water bath. Thereafter, sections were washed 3 for 5 minutes with
Trizma-based salt solution (TBS) and further blocked for 1 hour at
room temperature with a blocking solution (TBS containing 10%
fetal bovine serum and 0.1% Triton). Only for the chromogen-
stained sections, quenching of the peroxidase using 3% H2O2 was
performed before antigen retrieval; (3) incubation with primary
antibodies was conducted at the aforementioned concentrations in
TBS with 1% fetal bovine serum and 0.1% Triton overnight at 4 �C.
The next day, for the chromogen stainings, after washing 3 times for
5 minutes, the sections were incubated with either Horseradish
peroxidase-polymer anti-mouse (Emerald Green), AP-polymer
anti-rabbit (Fast Red) following the manufacturer’s instructions
(Double IHC kit, ab183285) or with biotinylated donkey anti-mouse
followed by Horseradish peroxidase streptavidin as previously
described (Brai et al., 2016). For the fluorescent immunolabeling,
directly conjugated secondary antibodies were incubated for
3 hours at room temperature, 3 washes � 5 minutes with TBS fol-
lowed. In one staining (NF200 and Notch1), sections were incu-
bated with Thioflavin S, followed by 2 � 5 minutes washes with
distilled water. All fluorescent immunolabeled sections were
incubated for 10 minutes with 40,6-diamidino-2-phenylindole (Cat.
n. 10236276001 Roche, Switzerland) and washed for 2 � 5 minutes
with TBS. To eliminate the autofluorescence caused by lipofuscin
accumulation in aged cells, sections were dipped in Sudan Black
(Sudan Black B; 199664 Sigma-Aldrich, USA) for 5 minutes and
destained from excess particles using 70% clean ethanol. Thereafter,
the sections were washed 2 � 5 minutes with TBS and mounted

Table 1
Summary of cases per condition

Staging N Age F:M Braak MMSE at
last visit

PM delay (h) CSF (pH)

MCI 9 89 � 1.6 7:2 2.6 � 0.2 26.4 � 0.8 45.8 � 11.0 6.2 � 0.1
Moderate 8 89 � 1.3 3:5 4.0 � 0.0 16.3� 2.5 44.9 � 6.9 6.2 � 0.8
Severe 11 81 � 3.2 7:4 5.6 � 0.2 0.0 � 0.0 43.3 � 8.1 6.2 � 0.6
Controls 10 77 � 2.5 5:6 0.8 � 0.1 N/A 41.9 � 6.9 7.3 � 0.6

Key: CSF, cerebrospinal fluid; F, female; M, male; MMSE, minimal mental score
evaluation; MCI, mild cognitive impairment; PM, postmortem.
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with custom-made aqueous mounting media containing 1,4-
Diazabicyclo[2.2.2]octane (8.03456 EMD Millipore, USA). For the
chromogen sections, dehydration was followed by mounting with
organic media (DPX, 06522, Sigma Aldrich, USA).

2.4. Imaging quantification

Chromogen-immunolabeled sections were imaged using a slide
scanner (NanoZoomer Hamamatsu 2.0 HT, Japan) with a 40� objec-
tive, whereas fluorescent-immunolabeled sectionswere imaged using
a Confocal microscope (Zeiss LSM 800) at 40� oil immersion objective
with Z intervals of 1 mm. The density of CAm was performed on the
H&E stain of the medial OT using QuPath (https://qupath.github.io/)
and a custom-made script to allow for unbiased counting based on a
watershed detection and signal intensity (Supplementary Fig. 6A and
A’). An average of 500 CAm/patient was counted (Supplementary
Fig. 6B) and analyzed for area/diameter (Supplementary Fig. 6C). Ab-
42 and p-tau immunostainings were analyzed on randomly selected
regions of interest (ROIs) on the glomeruli (GL), OT, and AON (5 ROIs/
segment/section) using the particle analyzer tool of the ImageJ
(https://imagej.nih.gov/ij/). Integrated fluorescence densities of
Jagged-1, Reelin, GFAP, MAP2, and tau were measured with ImageJ
using the oval tool to drawan ROI on the analyzed object (mitral cell or
CAm) and adding it to the ImageJ ROI manager. For each stage, a
minimum of 100 mitral cells and 200 CAm were counted and
analyzed. An integrated signal density of Jagged1 expression in the
CAm was performed on randomly selected ROIs from the NDP.view2
software (Hamamatsu, Japan) (Supplementary Fig. 6D). Imported 2D
images in ImageJ (Supplementary Fig. 6D’) were processed using the
ImageJ TrainableWeka segmentation v3.3.28 plugin. RGB imageswere
deconvoluted and CAm with diameter >10 mm were analyzed
(Supplementary Fig. 6E). The relative amount of chromogen Jagged1
per CAm on an average of 200 CAm/staging was assessed
(Supplementary Fig. 6F). Colocalization analysis of fluorescent puncta
was conducted on 60 randomly selected CAm/staging using the
colocalization plugin tool of ImageJ. Mander’s correlation coefficient
was used to assay the extent of pixel overlap as previously described
(Brai et al., 2015, 2016).

2.5. Statistical analysis

Normality of variancewas assessed for all biomarkerswithin each
group using the Shapiro-Wilk Test. Paired comparison were made
between subsequent stages of dementia, healthy controls versus
MCI, MCI versus moderate AD, and moderate AD versus severe AD to
assess any progressive change with the increasing severity of de-
mentia. For paired comparison between normally distributed sam-
ples, Student’s t-test with unequal varianceswas used; otherwise, for
non-normal distributed data, Mann Whitney U-Test and Wilcoxon
signed ranks test were used. Frequency distribution was analyzed
using the Kolmogorov-Smirnov (KS) test. The a significance level was
considered 0.05 with a p-value said to be significant when being p <

a. a values were corrected for the type I error, by dividing the a
value¼ 0.05 to the number of subjects. Correlations were conducted
according to the Pearson’s method. All statistical analyses were
performed using the Excel Plugin Real statistics from Charles Zaiontz
(http://www.real-statistics.com/).

3. Results

3.1. Progressive proteinopathy with the severity of dementia

We obtained olfactory nerves from patients diagnosed with
MCI, moderate AD, severe AD, and healthy controls (Table 1 and
Supplementary Table 1). Patients were of both genders, age-

matched, scored based on the Consortium to Establish a Regis-
try for Alzheimer’s Disease evaluation, and staged according to
the Braak criteria (Braak et al., 1993, 2006), whereas the minimal
mental score was only reported from the last premortem visit in
the patients only (Supplementary Table 1). We first performed an
H&E staining on horizontal sections to identify the olfactory re-
gions and their substructures (Fig. 1B). Of 38 specimens, all
presented the OT, 76% the OB, and 53% the bulbar AON
(Fig. 1CeC’’). The position of the OB was further confirmed using
immunohistochemistry for the OMP, which labels the axons of
the olfactory sensory neurons (OSN) innervating the GL (Fig. 1D).
We next conducted a positional analysis of insoluble aggregates
by using immunohistochemistry for phosphorylated tau protein
(p-tau) (Fig. 2) and Ab-42 (Fig. 3). We observe a progressive in-
crease in p-tau neuropils and tangles in all aforementioned re-
gions already evident at the MCI stage (Fig. 2A’ and A00 and
Supplementary Fig. 2A). Overall, the GL region shows fewer tau
tangles as compared to the AON and OT, and p-tau depositions
appear in neuropil form (Fig. 2A and Supplementary Fig. 2A, GL).
In the severe stage, among visible neurofibrillary tangles (NFTs)
(Fig. 2A’ and A00 , black arrows), p-tau fibrils reveal the meshed
network of the AON and the parallel mitral axons bundles
spanning the OT (Fig. 2A’ and A00 and Supplementary Fig. 2A). The
quantification of the chromogen signal indicates a significant rise
in p-tau particles in patients with MCI as compared with healthy
controls in the GL (r¼ 0.58, p¼ 0.0005), AON (r¼ 0.61, p¼ 0.002),
and OT (r ¼ 0.46, p ¼ 0.001). In the moderate condition, the
accumulation in the explored regions was comparable to MCI.
With the progression to the severe stage, there is a growing
tauopathy in the GL, a close to significant rise in the OT regions
(GL: r ¼ 0.63, p < 0.001; OT: r ¼ 0.28, p ¼ 0.05) but only an
increasing trend in the AON (r ¼ 0.31, p ¼ 0.13). Despite the
plateauing effect between the MCI and moderate stage, the p-tau
load correlates positively with the Braak staging (Braak et al.,
1996) (GL: R ¼ 0.55, p < 0.001; AON: R ¼ 0.69, p < 0.001; OT:
R ¼ 0.60, p < 0.001). Based on our previous studies indicating the
presence of Notch1 in fibrillary aggregates in the hippocampus
and cortex of patients with severe AD (Brai et al., 2016), we
investigated the localization of Notch1 in p-tau, NF200, and
Thioflavin-Sepositive fibrils. We observe that in neurons of
mitral cell layer, the AON and OT of severe AD specimen, all
tangled neurons are also Notch1-positive (Supplementary
Fig. 1AeC). To further characterize the progressive neuropa-
thology, we explored the incidence of Ab species expression in
the aforementioned areas. Ab-42 puncta are visible as early as in
MCI in the AON (Fig. 3A’), they appear in the GL at the moderate
stage (Fig. 3A) but are sparsely present in the OT over the course
of the disease (Fig. 3A00). From the moderate stage on, visibly
diffused plaques are detectable in the GL and AON regions, clearly
distinguishable from the core plaques present in the cortex
(Supplementary Fig. 2B). The morphology of the amyloid plaques
suggests that the Ab species may be intracellular conferring its
diffuse pattern (Gouras et al., 2005). The counting of the Ab-
42epositive particles reveals that there is a significant accumu-
lation of Ab in the GL at the moderate stage (r ¼ 0.46, p ¼ 0.04),
which increases further in severe patients (r ¼ 0.63, p ¼ 0.002)
and positively correlates with the Braak staging (R ¼ 0.65, p <

0.001) (Fig. 3B). In the AON, we observe a large variability in Ab
accumulation at all stages. Nevertheless, the trend is positive, and
there is a significant rise in the cross-sectional comparison be-
tween moderate or severe AD and healthy controls (r ¼ 0.78, p <

0.001; r ¼ 0.5, p ¼ 0.04) (Fig. 3C). On the other hand, in the OT,
despite an initial increase at MCI (r ¼ 0.4, p ¼ 0.03), the amyloid
pathology plateaus afterward (Fig. 3D). To further assess whether
the amyloidogenesis in the GL region could result from the
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innervation of the OSN, we conducted a fluorescent OMP stain-
ing. We observe that OMP expression in the GL from being finely
punctuated in the controls and MCI starts to form brighter ag-
gregates at the moderate stage (Supplementary Fig. 3A). Analysis
of the fluorescence intensity shows that OMP increases signifi-
cantly in the GL at the moderate stage as compared to MCI (r ¼
0.51, p ¼ 0.001) and stabilizes onward (Supplementary Fig. 3B).

To understand whether the proteinopathy observed in the OB
and tract correlates with neuroinflammatory processes, we con-
ducted GFAP immunolabeling in the GL and OT regions (Fig. 4A

and B). From the quantification of fluorescence immunoreactivity,
we observe a transient but not significant increase in GFAP
immunoreactivity in the GL due to the variability of the GFAP in-
tensities in the samples examined (r¼0.15, p¼0.4) (Fig. 4A and C).
On the other hand, in the OT, the reactive astrogliosis is more
prominent and has its peak in the moderate AD (r ¼ 0.56, p <

0.001) (Fig. 4B and D). At the severe stage, in both GL and OT,
astrogliosis appears to resolve as compared to MCI and moderate
stage, respectively (GL: r ¼ 0.61, p ¼ 0.0002; OT: r ¼ 0.76, p <

0.001) (Fig. 4C and D).

Fig. 2. Progressive tau pathology in the olfactory nerve with the increasing severity of dementia. (A-A00) Representative images of p-tau chromogen immunolabeling in the
glomerular region (GL), the anterior olfactory nucleus (AON), and the olfactory tract (OT) of the olfactory nerve. (A) The GL shows an increase in scattered p-tau puncta in MCI as
compared to healthy controls. In moderate AD, p-tau labels neuropil structures, which increase in the severe stage. (A0) Positive p-tau puncta are visible in the AON already in
healthy controls and p-tau aggregates increase progressively from MCI to moderate, showing a spread tau pathology with visible tangles (black arrows), which gain in intensity and
frequency in the severe patients. (A00) In the OT, p-tau puncta are dispersed in the healthy controls and take a neuropil shape in MCI, with scattered NFTs (black arrows). The density
of the p-tau aggregates progressively increases in moderate patients and p-tauelabeled neuropils decorating the olfactory axon bundles. Box plots summarizing the quantification
of the p-tau particles in the progressive stages of dementia (B) in the GL, (C) in the AON, and (D) in the OT. On the box plot, blue empty dots are maximum and minimum outliers,
and red crosses represent the mean value of the sampled data. # ¼ p:0.05, * ¼ p<0.05, **¼ p<0.01, and ***¼p<0.001. Scale bar in A is 50 mm and applies to all panels. Abbreviations:
AU, arbitrary units; p-tau, phosphorylated tau; ROI, region of interest. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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3.2. Jagged1 and Notch1 expression in human mitral cells

To understand whether the proteinopathy occurring in the
olfactory network is reflected in Notch signaling changes, we
investigated the expression pattern of Notch1 and Jagged1 in
mitral cells. This neuronal population represents the principal
neurons of the OB receiving direct input from the OSN and
transferring the impulse to the AON and entorhinal and piriform
cortices (Brai and Alberi, 2018). We distinguished mitral cells
based on their topological position respective to the GL and the
external plexiform layer, the larger size of their nuclei (50 mm2)
and the pyramidal shape of their soma (Fig. 5A, arrows).

Fluorescent immunohistochemistry for Notch1 and Jagged1
revealed that mitral cells, identified relative to OMP-
immunolabeled GL, expressed fluctuating levels of Jagged1, in
contrast to a more stable Notch1 expression (Fig. 5A’, inserts).
Quantification of the fluorescence intensities of Jagged1 and
Notch1 in 100 mitral cells per condition indicates that Jagged1
expression is transiently elevated in MCI (r ¼ 0.38, p ¼ 0.001) and
decreases afterward (r ¼ 0.53, p ¼ 0.002) (Fig. 5B). Surprisingly,
Notch1 expression in mitral cells remained unchanged over the
course of the disease (Fig. 5C), suggesting that Jagged1 may be the
relevant signaling modulator in human mitral cells. To confirm
the identity of mitral cells, double immunolabeling for Tbr2 and

Fig. 3. Localized amyloid pathology in the olfactory nerve of demented patients. A-A00) Representative images of Ab-42 chromogen immunolabeling in the glomerular region (GL),
the anterior olfactory nucleus (AON), and the olfactory tract (OT) of the olfactory nerve. (A) In the GL, a diffuse Ab-42 pathology is first apparent at the moderate stage and is more
abundant in the severe condition, whereas MCI shows no Ab-42 deposition comparably to controls. (A0) In the AON, Ab-42 puncta are visible already in MCI, and the magnitude of
the amyloid aggregates increases in the subsequent moderate and severe stages. (A00) In the OT, Ab-42 particles are sparsely distributed. Box plots summarizing the quantification of
the b-amyloid particles in the progressive stages of dementia (B) in the GL, (C) in the AON, and (D) in OT. On the box plot, blue empty dots are maximum and minimum outliers, and
red crosses represent the mean value of the sampled data. * ¼ p < 0.05, ** ¼ p < 0.01, and *** ¼ p < 0.001. Scale bars in A are 50 mm and this applies to all panels. Abbreviations: AU,
arbitrary units; ROI, region of interest. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Jagged1 shows that all Tbr2-positive cells express high levels of
Jagged1 (Fig. 5D, white arrows).

3.3. Neuronal identity of corpora amylacea in the OT

Using H&E staining, we observe large rounded extracellular
vesicles, which were hemalum-impregnated with a diameter of
>10 mm, resembling CAm (Fig. 6A and Supplementary Fig. 4A). Sudan
Black staining, which labels the myelinated axons of the OT (Ineichen
et al., 2017), shows that CAm are devoid of impregnation in their core,
excluding any oligodendrocyte-derived content (Supplementary
Fig. 4B). The composition and origin of CAm has been long debated,
and a recent paper demonstrated that CAm contain neoetitopes
recognized by IgM traces present in primary and secondary anti-
bodies arguing that CAmare neither neuronal nor glial-derived (Augé
et al., 2017). A later, proteomic analysis has confirmed that CAm
extracted from the insular cortex of patients with AD and controls
contain neuronal and glial proteins along with microbial traces (Pisa
et al., 2018), supporting the hypothesis of CAm as a waste repository
for brain cells. In the OT, we noticed that CAm, which are character-
ized by Ubiquitin staining, are filled with Jagged1 puncta (Fig. 6B),
indicating that they likely originate from mitral cells axons spanning
the OT, where Jagged1 is highly expressed. To further confirm their
neuronal identity, we performed MAP2 and Jagged1 colabeling and
observed that all Jagged1-positive CAm were highly labeled with
MAP2 (Fig. 6C). A secondary antibody control immunostaining is
presented to confirm the specificity of the Jagged1 and MAP2
immunolabeling (Supplementary Fig. 5B). A chromogen immuno-
staining for Jagged1 confirms that the ligand is present in the parallel

fibers forming the OT and that the extracellular vesicles are immu-
noreactive for both Jagged1 and GAD67, which is expressed in
GABAergic neurons populating the OT. This raises the possibility that
CAm result from the coalescence of synaptic vesicles frommitral cells
and interneurons (Fig. 6D). The selectivity of the neuronal proteins
contained in the vesicles is corroborated by observing the lack of OMP
labeling in the CAm (Supplementary Fig. 4C). To further validate the
neuronal identity of the CAm, we performed triple immunohisto-
chemistry for MAP2, the presynaptic marker Synaptophysin, and
GFAP. We observe that CAm are all MAP2- and synaptophysin-posi-
tive, but only some CAm are ensheathed by GFAP-positive fibers
(Fig. 7A insert). To further address whether CAm are presynaptic or
postsynaptic, we performed double immunolabeling for Synapto-
physin and PSD95. We show that most puncta are synaptophysin-
positive, whereas PSD95 pixels are more sparse, and as expected,
there is no pixel colocalization between PSD95 and synaptophysin
(Fig. 7B;Mander’s correlation coefficient¼0.02� 0.01). Colocalization
of Jagged1 and Synaptophysin in CAm confirms the presynaptic
identity of the Jagged1 ligand (Ineichen et al., 2017; Marathe et al.,
2017) (Fig. 7C; Mander’s Correlation Coefficient ¼ 0.71 � 0.04).
Taken together, CAm in the OT are derived from ending of neuronal
processes both dendritic (MAP2) and axonal (Synaptophysin) and at
times surrounded by GFAP-positive glial endfeet.

3.4. Changes in CAm’s density and composition with the progression
of dementia

In the medial OT of selected patient (Table 2 and Supplementary
Table 1), unbiased counting of 500 CAm for over 10 randomly

Fig. 4. Timing of astrogliosis in OT and GL. Representative panels of single GFAP immunolabeling in GL (A) showing a progressive decline in astrogliotic reaction from MCI to severe
AD and (B) in the OT abundant astrogliosis at the moderate AD stage. Box plots summarizing the ISD analysis of GFAP in the (C) GL and (D) OT over the progression of dementia. On
the box plot, blue empty dots are maximum and minimum outliers and black crosses represent the mean value of the sampled data. Scale bars in A and B are 50 mm. # ¼ p:0.07 *** ¼
p < 0.001. Abbreviations: GL, glomerular region; OT, olfactory tract; GFAP, glial fibrillary acid protein; ISD, integrated signal density. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Changes in signaling proteins in mitral cells with the progression of dementia. (A) Representative H&E staining of the olfactory nerve per staging with high magnifications
showing the position of the mitral cells (black arrows) in reference to the GL and the intercalating EPL. (A0) Triple fluorescent immunolabelings for OMP (blue) and the Notch
signaling components, Notch1 (red) and Jagged1 (green), show a change in Jagged1 and OMP but not Notch1 intensities in neurons of the mitral cell layers across stages (inserts). (B)
Box plot summarizing the fluorescent intensity for Jagged1 and (C) Notch1 in mitral cells. (D) Double immunolabeling confirming the expression of Jagged1 in Tbr2-positive mitral
cells (white arrows) in the human olfactory bulb. On the box plot, blue empty dots are maximum and minimum outliers, and red crosses represent the mean value of the sampled
data. ** ¼ p < 0.01. Scale bars in A0 is 25 mm and in D is 10 mm. Abbreviations: AU, arbitrary units; EPL, external plexiform layer; GL, glomeruli; H&E, Hematoxylin-Eosin; OMP,
olfactory marker protein. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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selected quadrants was conducted (Supplementary Fig. 6AeC).
FromMCI, we detect a significant drop in the number of CAm (t₁₂₃¼
5.83, p < 0.001), which stabilizes over the course of the disease

(Table 2). In addition, we measured the diameter of the CAm to
assess whether a change in size could reflect a mutation in content
as previously suggested by optical molecular imaging (Galli et al.,

Fig. 6. Jagged1 puncta fill the CAm of the OT. (A) An abundance of CAm is found in the OT as indicated by the H&E staining labeling the extracellular vesicles in violet (magnified
insert). (B) Double immunolabeling shows Jagged1 puncta (green) restricted to ubiquitin-positive (blue) CAm, which are not DAPI (gray) positive. (C) Double immunolabeling for
Jagged1 (green) and MAP2 (blue) shows the intense immunoreactivity of MAP2 and punctuate staining of Jagged1 in CAm. (D) Jagged1 (Fast red) and GAD67 (Emerald green)
chromogen immunolabeling show the copresence of Jagged1 and GAD67 in CAm but not in the axonal tract or interneurons, where Jagged1 and GAD67 are separately expressed.
Scale bars in A are 1 mm, in B, C, and D0 are 10 mm, and in D are 50 mm. Abbreviations: CAm, corpora amylacea; H&E, Hematoxylin-Eosin; OT, olfactory tract; GAD67, glutamate
decarboxylase 67. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2018). From our unbiased analysis (Supplementary Fig. 6C), the size
of the CAm remains unchanged between the diseased and healthy
control specimen (Table 2). In line with other works (Notter and
Knuesel, 2013), Reelin-positive CAm are either hollow or filled,
with a prevalent accumulation of the protein at the border (Fig. 8A)
and the specificity of the immunolabeling is confirmed by sec-
ondary antibody control (Supplementary Fig. 5B). This suggests that
Reelin occurs in 2 forms: soluble and membrane-bound. On the
other hand, Jagged1 puncta fill the CAm’s inner space, indicating a
uniquely soluble form for Jagged1 in these structures (Fig. 8A).
Colocalization analysis indicates that Jagged1 and Reelin have only
partially overlapping patterns (Fig. 8A and Supplementary Table 2).
Notch1 labels the processes on the OT and the membrane of the
CAm, partially coexisting with Reelin (Fig. 8A and Supplementary
Table 2) but, as expected, in a complementary pattern to Jagged1
(Supplementary Table 2). To understand whether the content of the
signaling ligands changes through the progression of dementia, we
performed an integrated signal density analysis for Jagged1
(Supplementary Fig. 6DeF) and Reelin. We observed that CAm ex-
press a spectrum of intensities of Jagged1 and Reelin, likely
reflecting the load of the signaling modulators (Fig. 8BeD). The
distribution of intensities for Jagged1 narrows down inMCI (KS, D¼
0.2996 and p¼ 0.000), remains unchanged inmoderate AD (KS, D¼
0.0881 and p ¼ 0.327), and declines further in severe AD (KS, D ¼
0.1938 and p ¼ 0.000) (Fig. 8E). At the same time, Reelin expression
is visibly lower in moderate and severe AD (Fig. 8D). Fluorescent

intensity analysis indicates also for Reelin a progressive reduction of
signal intensities from the moderate AD (KS, D ¼ 0.2598 and p ¼
0.000) and a further decline in severe AD (KS, D ¼ 0.3775 and p ¼
0.000), whereas MCI and controls appear comparable (KS, D ¼
0.0441 and p ¼ 0.987) (Fig. 8F). Along with the changes in Jagged1
and Reelin, we detect an ectopic expression of MAP2 in CAm
(Supplementary Fig. 7A) and an apparent reduction in tau and GFAP
labeling (Fig. 9A). Quantitative analysis confirms a deviation in
MAP2 expression pattern in CAm fromMCI andmoderate stage (KS,
D ¼ 0.3596 and p < 0.0001) followed by a reversal reduction in
severe patients (KS, D ¼ 0.3483 and p ¼ 0.000) (Supplementary
Fig. 7B). Inversely to MAP2, tau expression, which is typically
found surrounding the CAm, decreases from the MCI stage (KS, D ¼
0.3366 and p < 0.0001) and decays further in severe AD (KS, D ¼
0.5644 p < 0.0001), whereas MCI and moderate AD appear indis-
tinguishable (Fig. 9B). Finally, the GFAP enwrapping is diminished
in MCI (KS, D ¼ 0.3014 and p ¼ 0.000) and is further decreased in
the severe AD (KS, D¼ 0.4795 and p ¼ 0.000) (Fig. 9C), suggesting a
change in the dynamics of CAm formation and their immunoreac-
tivity. Considering the abundance of NFTs and p-tau positive neu-
ropils along the axonal bundles of the OT (Fig. 2), and the apparent
neuronal identity of the CAm, we asked whether the reduction in
tau protein in the CAmwas a result of microtubule breakdown due
to tau hyperphosphorylation. We show that with the increasing
severity of dementia, CAm becomes more tangled as indicated by
the increase in p-tau immunoreactivity (Fig. 9D and E). These pieces

Fig. 7. Synaptic identity and astroglia reactivity of the CAm in the human olfactory nerve. (A) Triple fluorescent immunolabeling for Synaptophysin (red), GFAP (green), and MAP2 (blue)
shows specific staining of the presynaptic marker, Synaptophysin, while GFAP-positive fibers encircle some extracellular components, which are all MAP2-positive. (B) Fluorescent
immunolabeling for Synaptophysin (red), PSD95 (green), and MAP2 (blue) indicates that sparsity of PSD95 puncta inside the Synaptophysin and MAP2-positive CAm. (C) Representative
image displaying triple immunolabeled CAmwith Jagged1 (green), synaptophysin (red), and MAP2 (blue). Scale bar in all panels is 10 mm. Abbreviations: CAm, corpora amylacea; GFAP,
glial fibrillary acid protein. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of evidence indicate dynamic changes in themolecular composition
of CAm in the progression of dementia.

4. Discussion

4.1. Progressive tau and amyloid pathology in the olfactory nerve of
patients with AD

In ND, hyposmia can be considered a prodromal symptom of
cognitive decline and patients with no dementia, scoring low for
the olfactory identification test, bare a higher risk of developing
cognitive symptoms in a 2-year follow-up (Devanand et al., 2014).
Reduction in the OB volume is detected already in patients with
MCI (ter Laak et al., 1994; Thomann et al., 2009). However, bulbar
atrophy as a result of early neuronal loss remains disputed
(Mundiñano et al., 2011; Servello et al., 2015). Furthermore, it re-
mains unclear how olfactory transmission deficit may anticipate
neuronal network dysfunction in higher brain centers such as the
hippocampus and entorhinal cortex that undergo neuro-
degeneration (Brai and Alberi, 2018). In our study, we see a distinct
pathology between the regions of the olfactory system (OB, OT, and
AON) in Ab depositions, fibrillary neuropils, and NFTs. Although the
Ab immunoreactivity is seen as classical ring with core-like de-
posits in the cortical tissue, in all olfactory nerve regions consid-
ered, the depositions are more diffused suggesting intracellular Ab-
42 accumulation specifically in the distal neurites compartment
(Brai and Alberi, 2018; LaFerla et al., 2007). In the healthy subjects,
such depositions can be rarely seen in the GL, but they are clearly
evident with progression of dementia. Such a diffuse pattern is also
visible in the AON, but it is more prominent in the GL region.

On the contrary to the Ab depositions, tau pathology is more
severe with depositions of neuropil threads and NFTs in all of the 3
areas examined. The severity of these aggregates increase with the
progression of disease, and NFT formation can be seen much earlier
when compared with the amyloid pathology in this region. In
agreement with the previous studies (Attems et al., 2014; Kovács,
2004; Risacher et al., 2017), our data confirm the prominent and
early tauopathy in the olfactory nerve.

4.2. Reactive astrogliosis in the OB and tract in the early to
moderate phases of AD

With aging and AD, on exposure to Ab oligomers and to free fatty
acid from neuronal membrane breakdown, astroglia increase their
proinflammatory profile, producing reactive oxygen species and
propagating a neuroinflammatory response.

Alteration to the neuroglia GL network can be tracked in our
study by the slightly increased GFAP immunoreactivity at the MCI
stage, coinciding with the appearance of the first p-tau-positive
neuropil, likely representing disaggregating sensory axon termi-
nals. While the p-tau and amyloid pathology rise in the GL, from the
moderate stage onward, astrogliosis dissipates, suggesting a pro-
gressive atrophy of the neuroglia connections, which may affect
olfactory transmission (Roux et al., 2011). Loss of astrocytes has

been previously reported in the medial prefrontal cortex of a triple
transgenic ADmouse model demonstrating no correlation between
astrogliosis and plaque accumulation in some regions of the brain
(Kulijewicz-Nawrot et al., 2012; LaFerla et al., 2007). Furthermore,
the diffuse morphology of the Ab plaques in the GL at the moderate
and severe stage, suggest that Ab may be intracellular/intraxonal,
causing neuronal demise without triggering an astroglia reaction
(Gouras et al., 2005; LaFerla et al., 2007). In support of this notion, a
former study confirms the low astrogliosis response around
diffused plaques (Mathur et al., 2015). While resident astroglia of
the OT are thought to be silent, reactive astrogliosis in the OT has
been reported in patients affected by AD, PD, and FTD (Kohl et al.,
2017). Our study confirms a prominent astrogliosis in the OT of
AD patients with a peak of reactive glia in the moderate stage,
which resolves afterward. Microgliosis recapitulates astrogliosis in
its dynamic expression and prevalence in the OT region (data not
shown). The timing of astrogliosis correlates with the accumulation
of NFTs in the OT but not with the maximal tau pathology possibly
indicating an astroglia atrophy subsequent to its reactive phase.
Taken the role of glia in synaptic modulation also in the bulb (Roux
et al., 2011), we can hypothesize that the transient increase in
reactive astrogliosis may contribute to the olfactory transmission
deficits developing with dementia.

4.3. Altered Jagged1 expression in human olfactory system with
dementia

The accumulation of p-tau in the olfactory system reflects a loss
in axonal integrity and stability impairing the transdiffusion of
many synaptic proteins and modulators (Liu et al., 2012). In our
previous article, we reported the displacement of Notch1 from
neurons to fibrillary plaques and NFTs in the parenchyma of spo-
radic AD brains (Brai et al., 2016). Similarly, in the OT, we observe a
colocalization of Notch1 in fibrillary fibers, indicating a general
enrichment of the signaling receptor in neuritic varicosities.
Nevertheless, when analyzing the expression of Notch1 in mitral
cells, we did not observe a reduction in Notch1 in this neuronal
population among the different stages of dementia. This was sur-
prising, taken the role of Notch1 in olfactory plasticity in rodents
(Brai et al., 2014) and its reduction in pyramidal hippocampal and
cortical neurons in AD specimen (Brai et al., 2016). This emphasizes
the diversity between species and the different biological ontogeny
of excitatory networks between sensory and central areas. On the
other hand, Jagged1 expression in mitral cells changes across the
development of dementia. In MCI, we observe an increase in Jag-
ged1 possibly indicating an increase in synaptic drive that is known
to augment Jagged1 levels (Alberi et al., 2011). In support of this
hypothesis, a recent article reported an increase in dopaminergic
glomerular interneurons in AD brains. This cell population modu-
lates the synchronous firing of mitral cells, influencing transmission
and activity-dependent processes, such as Jagged1 expression.
Increased Jagged1 expression in the olfactory mitral cells of the
patients with AD can also be due to the increase in BACE1 activity
(Alberi et al., 2011; Cheng et al., 2014; Yoo et al., 2017), a secretase
responsible for regulating Jagged1 turnover (Hemming et al., 2009).
With the increasing severity of dementia, Jagged1 expression in
mitral cells declines indicating that the Notch ligand may reflect
ongoing synaptic dysfunction in the olfactory nerve. This is sup-
ported by our and previous reports implicating Jagged1 in neuronal
plasticity (Alberi et al., 2011; Wang et al., 2004), and olfaction (Brai
and Alberi, 2015) and a progressive decline in Jagged1 in the brains
and cerebrospinal fluid of patients with AD (Marathe et al., 2017).
Thus, Jagged1 in mitral cells appears to follow the pathogenesis of
neurodegeneration closely reflecting surrounding network
changes.

Table 2
Morphological analysis of CAm in OT

CTL (n ¼ 7) MCI (n ¼ 6) Moderate
AD (n ¼ 7)

Severe
AD (n ¼ 6)

Density (CA/100 mm2) 36.9 � 8.2a 19.9 þ 5.5 27.8þ 4.7 20.9 þ 5.6
Diameter (mm) 14.5 �0.3 16.3 þ 0.9 13.6 þ 0.3 14.1 þ 0.1

Key: AD, Alzheimer’s disease; CAm, corpora amylacea; CTL, control; MCI, mild
cognitive impairment; OT, olfactory tract.

a p<0.01.
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4.4. Changes in cellular signaling ligands and cytoskeletal proteins
with the progression of dementia

Along with the expression of Jagged1 in mitral cells body, we
found that it localized to the axonal tracts in the OT as well as in
CAm populating this region. In the CAm, Jagged1 appears in
puncta filling their interior, suggesting a soluble form of the pro-
tein as a result of shedding from the membrane surface (Nehring
et al., 2005). Soluble Jagged1 has been reported to induce synaptic

potentiation in animal models and may be considered a signaling
neuromodulator (Alberi et al., 2011; Wang et al., 2004). Mitral
Jagged1 may be released within the extracellular vesicles forming
the CAm. Further supporting this hypothesis, Jagged1 colocalized
with the presynaptic marker, synaptophysin, strengthening the
synaptic origin of CAm. Along with Jagged1 expression in the CAm,
we also find GAD67, which marks GABAergic neurons populating
the OT region (Saiz-Sanchez et al., 2016). Interneurons increase
synchronous firing of mitral cells (Schoppa, 2006) and are

Fig. 8. Signaling modulator Jagged1 and Reelin are enriched in CAm and their expression changes with the progression of dementia. (A) Fluorescence immunohistochemistry
indicates that CAm express Reelin (blue) and are filled with Jagged1 puncta (green), whereas Notch1 (red) is localized to the border region and overlaps with Reelin. (B) Fast-Red
chromogen immunohistochemistry for Jagged1 overlaid with DAPI (blue) shows the CAm filled with pink chromogen at different degrees of intensity (gray star indicates low levels
of Jagged1 and black star high level of Jagged1). (C) Emerald green chromogen immunolabeling shows the different intensities of Jagged1 in CAm using a monoclonal antibody. (D)
Representative fluorescent immunohistochemistry for Reelin (magenta) and tau (green) at each staging of dementia displays a progressive change in expression with the pro-
gression of the disease. Cumulative probability plot shows the differential distributions of (E) Jagged1 and (F) Reelin signal intensities in MCI, moderate AD, and severe AD as
compared to healthy controls. Scale bars in all panels are 10 mm. Abbreviations: AU, arbitrary units; CAm, corpora amylacea; ISD, integrated signal density. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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essential in homeostatic scaling and olfactory discrimination
(Giridhar et al., 2011). In AD, a decline in Somatostatin in-
terneurons has been reported in the piriform cortex (Li et al.,
2010) and AON (Saiz-Sanchez et al., 2010) but less is known
about the viability of the interneurons in the olfactory nerve (Saiz-
Sanchez et al., 2016). The presence of GAD67 in CAm suggests that
these structures result from the coalescence of extrasynaptic
vesicles likely originating from both inhibitory and excitatory
neurons, which is supported by the presence of parasynaptic CAm
in the thalamus of patients with AD and Huntington’s disease
(Averback, 1981). The neuronal origin of CAm is further corrobo-
rated by the presence of the cytoskeletal axonal and dendritic
markers, tau and MAP2, labeling, respectively, its perimeter and
its core, and the ensheathing layer of GFAP from astroglia typically
sealing the synaptic terminals (Osborn et al., 2016). Our finding is
in line with a previous article showing that CAm are enwrapped by
GFAP-positive fibers (Pirici et al., 2014). Interestingly, Pirici et al
indicate that CAm are part of larger 3-dimensional meshed
network with tunnels connecting the extracellular bodies and
question whether these extracellular structures are constitutive

resulting from the accumulation of cellular and extracellular
components without a specific neuronal or glia origin. Another
more recent article argues against the presence of many of the
previous identified proteins in CAm, such as GFAP, S100, AQP4,
NeuN, or class III b-tubulin, showing that the enrichment in IgM in
CAm may cause nonspecific labeling by contaminating IgM traces
present in commercially available primary and secondary anti-
bodies (Augé et al., 2017). We cannot confirm this statement, as
the patterns of the proteins analyzed diverge substantially from
each other, that is, the GFAP-positive sheet localize at the rim of
CAm, punctuated synaptic proteins decorate their center, and
MAP2 fills the CAm. Furthermore, all our chromogen and fluo-
rescent immunolabeling were conducted using a secondary anti-
body control, which revealed no immunoreactivity on CAm or
other structures That said, the IgM immunoreactivity shown by
Auge and colleagues reveals an ubiquitous and uniform arrange-
ment characteristic of the neoepitopes (Augé et al., 2017), which
should be taken into account when observing a similar pattern.
The presence of neuronal proteins is further corroborated by the
latest proteomic analysis of the CAm fractions, revealing a

Fig. 9. Shift in cytoskeletal content of CAm in dementia. (A) Double immunofluorescence staining for GFAP (red) and tau (green) shows a decrease in the expression of GFAP and tau
in CAm with the progression of dementia. Cumulative probability plots for (B) tau and (C) GFAP summarize the distribution of intensities along with the increasing severity of the
disease. (D) p-tau chromogen immunohistochemistry indicates that with the increased severity of the disease, CAm are surrounded by p-tau positive tangles. (E) Fluorescent
immunohistochemistry for p-tau and NF200 confirms the increase in p-tau accumulation around the CAm, whereas their inner remains devoid of any aggregate. Scale bars in A are
20 mm and D-E and G are 10 mm. Abbreviations: CAm, corpora amylacea; p-tau, phosphorylated tau; OT, olfactory tract. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

13

ht
tp
://
do
c.
re
ro
.c
h



complex proteome in CAm including both cytoskeletal, synaptic,
and neuronal and glial components (Pisa et al., 2018). Surprisingly,
neither Reelin nor Jagged1 was found in these CAm extracts. This
can be explained either by the low levels of the neurosignaling
modulators in the insular cortex from which CAm were obtained
or the known detection limits of the liquid chromatography- mass
spectrometry analysis. Nevertheless, in the CAm of the OT, Reelin,
which is expressed both in mitral cells (Okuyama-Yamamoto et al.,
2005) and interneurons (Herrmann et al., 2008), decorates the
perimeter and the center of the CAm. Recent studies have shown
that Reelin-positive CAm in the hippocampus increase with the
severity of AD (Notter and Knuesel, 2013), and increased Reelin
expression has been reported in the cerebrospinal fluid from pa-
tients with AD and FTD (Sáez-Valero et al., 2003). On the other
hand, another article shows that Reelin levels decline with the
progression of dementia in neurons of the frontal cortices, hip-
pocampus, and entorhinal cortex (Herring et al., 2012). In both
cases, Reelin turnover is affected by the onset of ND and behaves
similarly to Jagged1, as we previously reported (Marathe et al.,
2017). In our present findings, we report that both Jagged1 and
Reelin intensities decline in CAm with the severity of dementia.
Taken the established role of Reelin and Jagged1 as neuroplasticity
modulators (Brai et al., 2015; Trotter et al., 2013; Weeber et al.,
2002), our findings infer impaired proteolytic processing and
synaptic function. Few studies have also shown myelin-positive
small neuronal extrusions ranging from 1 to 3 mm in size from
the axons and dendrites in response to immune challenge that
contain Reelin, fibrillary proteins, sAPP, and Ab (Doehner et al.,
2010), which was confirmed in human brain specimen (Notter
and Knuesel, 2013). On the other hand, in our study, we could
not detect any Ab peptides in the CAm of the OT, but we show that
the strong tau expression, defining the vacuolar geometry of CAm,
dissipates with the progression of dementia. Tau expression was
previously reported in CAm of the cortex, hippocampus, and optic
nerve (Day et al., 2015; Loeffler et al., 1993; Notter and Knuesel,
2013; Tate-Ostroff et al., 1989) and was further confirmed by the
proteomic analysis of CAm (Pisa et al., 2018). The observed decline
in tau expression in CAm of the OT may reflect neuritic varicosity
disaggregation supported also by their decline in density and the
increase in p-tau expression at the CAm’s border. Previously, p-tau
expression could not be detected in CAm of the hippocampus
(Notter and Knuesel, 2013), suggesting probably differential bio-
dynamics among the brain regions or divergence in experimental
protocols. Importantly, GFAP labeling around CAm marks reactive
astrocytic endfeet (Doehner et al., 2012) likely confining abnormal
accumulation of toxic proteins within the extraneuronal varicos-
ities (Knuesel et al., 2009; Singhrao et al., 1995). In cases of severe
AD, we hardly see any GFAP-positive CAm, inversely to the p-tau
depositions decorating the CAm.

The progressive p-tau immunoreactivity of the CAm and the
counterpart decline in surrounding GFAP is aligned with a loss of
the protective role of ensheathing astroglia. Overall, we hy-
pothesize that the accumulation of neuronal and non-neuronal
proteins in the CAm represents an intraneuronal protein extru-
sion mechanism caused by impaired proteasomal or autopha-
gosomal clearance or due to failure in transport mechanisms
observable as early as in MCI. The change in the content of ol-
factory CAm is matched by an early reduction in their density.
This finding is in contrast with other reports indicating an in-
crease of CAm in limbic regions from patients with AD, PD,
multiple sclerosis, temporal lobe epilepsy, and so forth (Augé
et al., 2017). Nevertheless, few other studies focusing on disor-
ders related to sensory and motor systems report a decrease in
CAm in the optic nerve with the severity of glaucoma (Kubota
and Naumann, 1993) and a reduction in CAm in the anterior

horn of the spinal cord from patients with amyotrophic lateral
sclerosis (Cavanagh, 1998). Furthermore, a decline of CAm may
also reflect an axonal atrophy of the OT, supported by 2 studies
showing a 30% decrease in axonal density (Armstrong et al.,
2008) and 52% loss of myelinated axons in the OT of patients
with AD (Davies et al., 1993). Altogether, taken the dynamic
changes undergoing in CAm, it is likely that their density drops
along with the shift in neuromodulator and cytoskeletal contents
reflecting a dysfunction of the tripartite synapse in the OT.

5. Conclusion

The olfactory system has been extensively studied in rodents
and has received much interest in the clinical setting based on the
incidence of olfactory impairment in a variety of ND. Nevertheless,
the understanding of the molecular and structural changes
occurring in this central sensory structure in humans remains
limited. This article addresses progressive changes in known
hallmarks of AD, signaling molecules, and cytoskeletal markers
occurring in the olfactory nerve. We have determined that CAm in
the parenchymal OT are of neuronal origin, containing synaptic
markers, neurosignaling molecules, and cytoskeletal proteins with
an ensheathing glial layer. In addition, we report a decline in the
CAm’s density and significant changes in their content starting
from the MCI stage. This suggests that sensory nerves undergo an
early turnover that correlates with the onset of the cognitive
symptoms. Furthermore, based on the neuronal origin of CAm in
this region, we show that alterations in CAm content are dynamic
and may reflect ongoing synaptic changes affecting olfaction. Our
study is limited by the absence of records for chemosensory tests
that can be matched to the structural and molecular findings. In
addition, our small number of subjects and the sparse information
available on the human olfactory nerve do not allow for a thor-
ough comparative analysis at this time. Taken the importance of
the olfactory system in the diagnostics and therapeutics of ND, we
foresee that this field will expand in the next future allowing for a
better understanding of the early olfactory markers as a readout of
sensory and central network interplay.
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