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Abstract
Patients with mild cognitive impairment (MCI) or Alzheimer’s disease (AD) might develop
olfactory dysfunction that correlates with progression of disease. Alteration of olfactory
neuroepithelium associated with MCI may be useful as predictor of cognitive decline.
Biomarkers with higher sensitivity and specificity would allow to understand the biological
progression of the pathology in association with the clinical course of the disease. In this
study, magnetic resonance images, apolipoprotein E (ApoE) load, Olfactory Connecticut
test and Montreal Cognitive Assessment (MoCA) indices were obtained from noncognitive
impaired (NCI), MCI and AD patients. We established a culture of patient-derived olfactory
stromal cells from biopsies of olfactory mucosa (OM) to test whether biological properties
of mesenchymal stromal cells (MSC) are concurrent with MCI and AD psychophysical
pathology. We determined the expression of amyloid Aβ peptides in the neuroepithelium of
tissue sections from MCI and AD, as well as in cultured cells of OM. Reduced migration
and proliferation of stromal (CD90+) cells in MCI and AD with respect to NCI patients was
determined. A higher proportion of anosmic MCI and AD cases were concurrent with the
ApoE ε4 allele. In summary, dysmetabolism of amyloid was concurrent with migration and
proliferation impairment of patient-derived stem cells.

INTRODUCTION
The majority of diagnostic tools for brain neurodegenerative
disorders are based on expensive and time-consuming method-
ologies. Early detection of proteins as amyloid-Aβ or tau
biomarkers of AD has become essential in order to evaluate
whether preclinical diagnosed subjects progress to an established
disease, or treatment with disease-modifying therapeutic agents
may affect progression of the pathology (13).

Considering behavioral and neuropathological complexities of
AD, an appropriate approach for early diagnosis would incorporate
risk factors and common co-occurring markers associated to the
pathology. Deficit in olfactory sensitivity, odor discrimination and
identification of odorants appear to be the earliest detectable func-
tional alterations in a high percentage of patients with AD and
other neurodegenerative disorders (16–18, 20). The olfactory
threshold is strongly related to sensory capability, whereas identi-
fication and discrimination of olfaction stimuli are closely associ-
ated with higher cognitive functions. Establishing olfactory
sensitivity, identification and discrimination has resulted to be
useful as predictors of mild cognitive impairment (MCI) to cog-
nitive deficit in AD (1, 27, 28, 30, 34).

Early diagnosis for neurodegenerative diseases such as AD has
been hindered by difficulties in access to the source of tissue to be
sampled as the brain. Based on evidence that metabolism of
amyloid precursor protein (36) and oxidative stress (5) in the
olfactory epithelium from postmortem autopsied AD brain was
different compared with control, we examined OM patient-derived
adult stromal cells from biopsies of NCI, MCI and AD subjects.
The OM comprises the superficial epithelium and the underlying
lamina propria separated by a basement membrane (3, 12, 26).
Physiologically, the olfactory epithelium maintains resident
multipotent adult stem cell known in rodents as horizontal and
globose basal cells, which sustains a continuous renewal of the
complete neuroepithelium throughout life (14, 15, 21, 22). The
mesenchymal stromal population from the OM has been exten-
sively characterized in rodents (14, 15) and humans (3, 4); it
supports subpopulations of cells recognized by membrane
common markers with bone marrow stromal cells such as CD29,
CD73, CD90 and NESTIN (3, 4). In addition, it is one of the few
places in the nervous system accessible under local anesthetic and
noninvasive endoscopic surgical procedure (4, 12, 22). Here, we
use immuno techniques to determine in biopsies of OM from NCI,
MCI and AD patients the expression of amyloid-Aβ as indicative
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of dysmetabolic amyloid precursor protein. In parallel, we also
have established a culture system of explants to generate epithelial
and mesenchymal stromal cells (MSCs), in order to ask whether
anosmia, cognitive deficit and amyloid concomitantly converged
and conditioned cell migration and proliferation of olfactory popu-
lation of cells.

We showed that amyloid-Aβ accumulates in cell compartments
of the OM and MSCs. Our culture system is capable of demon-
strating a reduced capability of migration and proliferation of
stromal cells as well as a significant increment of astroglial
subpopulation of cells in culture of OM cells from MCI and AD
patients with respect to NCI subjects.

MATERIALS AND METHODS
Patients who came for consultation for olfactory disability or cog-
nitive deficit were examined independently by neurologist and
otorhinolaryngologist; further evaluation of patients for the
purpose of this study was performed as indicated by the flow
chart (Figure 1). Patients with cerebral and nasosinusal tumors,
rhinosinusitis, rhinitis, infection of the upper respiratory tract,
schizophrenia, major depression or multifactorial dementia were
excluded in the study. Magnetic resonance imaging (MRI) analy-
sis FLAIR sequence was performed in Sigma 0.5 T (GE) with T1
and T2 axial and T1 sagittal protocol, with emphasis in nasal
and paranasal structures, cerebral cortices and hippocampal

formation. All patients had determination of ApoE load, olfactory
and cognitive testing. Patients performed the Connecticut Olfac-
tory Test (32) to establish the threshold and identification of a
standardized battery of scents. Cognitive status was determined
by MoCA test (23). All demographics, clinical information and
behavioral index values obtained are summarized in Table 1. The
ApoE load was determined briefly as follows: cubital blood
samples were collected by phlebotomist into blood collection
tubes. The DNA was isolated from leukocytes, and ApoE geno-
type was determined using polymerase chain reaction amplifica-
tion and restriction enzyme digestion as described previously (6).
All patients were diagnosed as follows: five NCI, three MCI and
two clinically diagnosed as having AD. All subjects or their legal
representatives gave their informed consent to participate in the
study. The protocol was approved by the institutional review
board at Instituto Venezolano de Investigaciones Cientificas
(IVIC) at Caracas, Venezuela.

Human olfactory tissue

Isolation and culture of OM-MSC

Briefly, biopsies from OM tissues were obtained from 10
subjects under nasal endoscopy (4). Samples once collected
were immediately placed in Dulbecco’s modified Eagle
medium (DMEM-F12 GIBCO, USA), with penicillin and

Rhinologist evalua�on 

Computerized tomography (nasal and paranasal 
tomography)

Magne�c resonance imaging (olfactory cortex 
tomography)

Olfactory Connec�cut Test

Par�cipants are evaluated by neuropsychologist

MoCA test

NCI MCI AD

Biopsies of olfactory mucosa are analyzed for:

Amyloid Aβ 

Culture of explants 

Flow cytometry analysis of cells from explants 

Evalua�on decision flow chart for Noncogni�ve  impaired, mild cogni�ve impaired and Alzheimer’s
disease subjects

Neurological evalua�on 

Magne�c resonance imaging (hippocampal forma�on)

Pa�ents asked for consulta�on because they declare
olfac�on disability

Pa�ents asked for consulta�on because they declare
memory deficit

Pa�ents are examined by ApoE load

Figure 1. Evaluation decision flow chart for
NCI, MCI and AD subjects. ApoE.
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streptomycin antibiotics added to the transport culture medium.
Olfactory stromal cells started to migrate from the explant and
became confluent 10–15 days in vitro. Then, cells were collected
and reserved for further analysis. We determined a growing index
for at least three explants per subject. The distance relative to the
explant was measured with a calibrated scale in the ocular of the
Axiovert D1 inverted microscope (Zeiss, Gottingen, Germany)
every two other days at geographic coordinates. An arbitrary index
of length was calculated by subtracting the values between days for
each determination as a consequence of the cell migration per
group of explants and patients as shown in Figure 6.

Antibodies

Monoclonal anti-amyloid Aβ (clone 6F3D; 1/400) and rabbit
polyclonal anti-glial fibrillary acidic protein (GFAP; 1/250) were
from DAKO (Glopstrup, Denmark). Monoclonal anti-β-III tubulin
(clone SDL.3D10; 1/250) from Sigma (St. Louis, MO, USA) and
monoclonal anti-cytokeratin 18 (CitK18; clone DA-7; 1/100) from
BioLegend (San Diego, CA, USA). Secondary antibodies Alexa
fluor 488 (Invitrogen, Life Technologies, USA) or Dylight 594
(Vector Labs, USA) were used at 1:200 in phosphate-buffered
saline (PBS) solution. All other chemicals were of reagent grade
and obtained commercially. Fluorescein isothiocyanate (FITC) or
phycoerythrin (PE)-conjugated monoclonal antibodies anti-
human: CD90, CD73, CD166, CD54, CD34 and CD45 were pur-
chased from Becton Dickinson (San Diego, CA, USA); NESTIN,
GFAP, DMEM-F12 culture medium were from Gibco (NY, USA),
and fetal bovine serum was from Sigma.

Immunohistochemistry of sections from OM

Paraffin embedded tissue sections (5 μm) were deparaffinated in
xylene and alcohol series. Sections once free of paraffin were
incubated in sodium phosphate buffer solution (0.1 M, pH 7.4) at
RT for 10 minutes. Tissue slides were then treated with proteinase
K (Invitrogen; NY, USA 20 μL/mL PBS solution for 15 minutes at
RT) followed by PBS wash and subsequent incubation with formic
acid 70% for 15 minutes at RT and rinsed with dH2O. Then, were
permeabilized with PBS solution containing 0.1% Triton X-100
at RT for 30 minutes. Nonspecific sites were blocked with 5%
normal horse serum/PBS for 30 minutes. Slides were incubated
with the primary antibody at 4°C overnight. Fluorescent secondary
antibodies (Vector Labs, Burlingame, Cal, USA) at a dilution of
1:200 were applied for 2 h at RT. The immunoreactivity was

detected under fluorescence using DAPI (Sigma, St Louis, Mo,
USA) as counterstaining. Slides from NCI-, MCI- and
AD-diagnosed cases were stained side by side in a single- or
double-label paradigm using the same batch of antibodies includ-
ing slides lacking the primary antibody as negative control. We
examined immunohistochemical labeling in OM immunore-
activity from one to three sections per brain sample. All histologi-
cal and immunohistochemical images were acquired from a Zeiss
Axiovert D1 microscope equipped with a Tucsen 5.0 ICE (Fujian,
China) color video camera.

Flow cytometry analysis of OM cells

After two to five passages, cells were harvested and analyzed for
the expression of mesenchymal stromal (CD90, CD73, CD29),
olfactory precursor (horizontal basal marker) CD54 and neural
progenitor cell (NESTIN, GFAP) markers. NESTIN and GFAP
intracellular labeling was performed using cytofix/cytoperm
Becton and Dickinson permeabilization kit protocol. Simultane-
ous negative control staining reactions were performed by incu-
bating the cells with the FITC- and PE-labeled immunoglobulin
G isotype or secondary antibody when the primary was a
nonconjugated antibody. Data collection and analysis of the fluo-
rescent intensities were made using a FACSCalibur (Becton
Dickinson, San Jose, CA, USA). Ten thousand events were
acquired and analyzed using the Cell Quest software program.

Statistical analysis

All statistical calculations and/or graphic analyses were performed
using GraphPad Prism version. Statistical analysis was performed
using the Kruskal–Wallis nonparametric test to compare the equal-
ity of the medians and the nonparametric test for trend. Statistical
analysis on EdU data was carried out using an independent two-
sample t-test. All experiments were repeated at least three times
and have documented reproducibility.

RESULTS

MRI-confirmed atrophy of hippocampal
formation of anosmic AD subjects

Significant atrophy of the hippocampal formation was determined
in the group of subjects with AD (Figure 2A), and hyperinten-
sities were detected in the gray matter of parieto-temporal cortices

Table 1. Demographic summary ApoE load, olfactory testing, cognitive evaluation, amyloid Aβ and MoCA index in NCI, MCI and AD patients.

Age Gender ApoE
load

Olfactory Connecticut test
*(threshold/identification/index score)

Amyloid Aβ
expression

MoCA
index

MRI Cognitive
evaluation

67 M 3/3 Bilateral anosmic (0/0/0) − 28 Vasogenic leukoencephalopathy NCI
46 M 3/3 Bilateral anosmic (0/0/0) − 27 Demyelination in the frontal gyrus NCI
76 M 3/3 Bilateral anosmic (0/0/0) − 26 Vasogenic leukoencephalopathy NCI
56 F 3/4 Hyperosmic normal (7/7/7)) − 28 Lacunar infarcts NCI
62 F 3/4 Bilateral anosmic (0/0/0) − 27 Olfactory bulb NCI
57 M 3/3 Slight hyposmic right (5.5/6/5.5) + 25 Vasogenic leukoencephalopathy MCI
41 M 3/4 Normosmic (7/7/7) + 25 normal MCI
63 M 4/4 Bilateral anosmic (0/0/0) + 24 Vasogenic leukoencephalopathy MCI
77 M 3/4 Bilateral anosmic (0/0/0) +++ 23 Marked changes involutive hippocampal

shrinkage
ADII

74 F 4/4 Bilateral anosmic (0/0/0) ++ 19 Bilateral hippocampal atrophy ADII

AD = Alzheimer’s disease; ApoE = apolipoprotein E; * = arbitrary intensity of fluorescence; MCI = mild cognitive impairment; MoCA = Montreal
Cognitive Assessment; MRI = magnetic resonance imaging; NCI = noncognitive impaired
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of the brain (not shown). No changes were detected in MRI
neither in the hippocampi of MCI (Figure 2B) and NCI subjects
(Figure 2C) nor in the olfactory cortex of MCI and AD with
respect to NCI subjects.

Expression of amyloid Aβ was immunolocalized
in neuroepithelium and parenchyma of OM
tissue sections

We examined whether amyloid Aβ expression occurred in biopsies
of OM from the NCI, MCI and AD subjects. Amyloid Aβ peptide
was expressed by lumen-associated cells of AD (Figure 2D) and
MCI (Figure 2E) patients. Furthermore, amyloid peptide was also
found as fibrillar peptide and small deposits in the parenchyma of
AD (Figure 2G) and MCI (Figure 2H) subjects, respectively.
Accumulation of amyloid Aβ peptide was more frequent in the
OM of AD-diagnosed subjects compared with MCI patients
(Table 1). The qualitative evaluation of amyloid Aβ deposits in
biopsies from MCI and AD subjects was established from at least
three independent immuno procedures staining side-by-side
negative controls and NCI, MCI and AD sections from biopsy
samples of OM. We found neither intracellular nor extracellular
amyloid deposits in NCI patients (Figure 2F, I).

To examine the type of cells that accumulates the amyloid
Aβ peptide in AD and MCI subjects, we performed double
immunostaining in serial sections with either anti-Aβ amyloid and
CytK18 marker or Aβ and β-III tubulin for sustentacular cells and
olfactory sensory neurons, respectively, using mouse monoclonal
antibodies. First, we established expression of CytK18 in the

neuroepithelium and is strongly expressed by Bowman acini in
the parenchyma (Figure 3). CytK18 was expressed by cells in the
upper layer of cells of the olfactory epithelium (Figure 3A–C),
also in basal cells of acini of the OM (Figure 3D–F). Otherwise,
evidence of olfactory sensory neurons in biopsy samples was
demonstrated using β-III tubulin antibody; in the human OM, β-III
tubulin was located as cell component in deep layer of cells of the
olfactory epithelium (Figure 3G–I), but not frequent in basal cells
of acinus of Bowman (Figure 2J–L). When we test whether
amyloid Aβ may be coexpressed by CytK18 olfactory cells, we
observed amyloid Aβ-immunopositive cells in Cytk18 cells from
AD subjects (Figure 4A–C).

The frequency of the ApoE ε3 allele was
significantly associated with NCI with respect
to the ε4 in MCI and AD anosmic subjects

Taking into consideration a multiple methodology approach for
detection of Alzheimer pathology, blood samples were also taken
from all subjects in order to establish the ApoE load. A
contingency analysis was performed for the distribution of
frequencies of the ε3 and ε4 alleles among NCI, MCI and AD
patients. Notably, a higher frequency of ε3 alleles, 8 over 10 alleles
were found in the NCI group, whereas 3 over 6 alleles and 1 over
4 were determined for the MCI and AD group, respectively [chi-
square (3.98; 1) P < 0.0469; Figure 5]. Otherwise, the ApoE ε4
allele was determined in seven subjects having anosmia and 5 over
10 also showed cognitive deficit or presumptive diagnosis of
AD.

Figure 2. Magnetic resonance imaging
(MRI) coronal sections and amyloid Aβ
expression in olfactory mucosa from
noncognitive impaired (NCI), mild cognitive
impaired (MCI) and Alzheimer’s disease (AD)
patients. Bilateral atrophy of the hippocampi
was detected in MRI coronal sections from
AD (A, black dashed ellipses) but not in MCI
(B) or NCI (C) subjects. Amyloid-Aβ (40/42)
expression immunolocalized with the 6F3D
monoclonal antibody was detected in the
olfactory epithelium. Accumulation of
amyloid was observed in lumen-associated
cells in (D and E), and in the parenchyma
(G and H) in tissue sections from AD (D, G)
and in MCI (E, H), but not in NCI (F, I)
subjects. Counterstaining with DAPI was
performed to localize topographically amyloid
peptide distribution. Immunohistochemistry
is representative of two AD, three MCI and
five NCI patients.
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Cells migrated differentially from explants of
biopsies of OM from NCI, MCI and AD subjects

We assessed whether Alzheimer condition may impair migration
of cells from tissue samples kept in vitro under culture condi-

tions. Explants from NCI, MCI and AD subjects once seated in
culture dishes started growing around day 7 after plating. Initially,
predominantly bipolar cells migrated from the periphery of
explants and generated a monolayer of cells that became 75%–
90% confluent after 5–7 days. Cells were then collected and

CitK18                          DAPI                           CitK18  +  DAPI

TUJ-1 DAPI                           TUJ-1 + DAPI

A B

G H I

J K L

C

D E F

Figure 3. Evidence of CytK18 (TROMA1)
and βIII-tubulin (TUJ-1) in human olfactory
mucosa (OM) sections. Expression of
CytK18 was found in the upper layer of cells
of the olfactory epithelium (A–C) and in the
basal cells of acini of the OM (D–F).
Evidence of olfactory sensory neurons in
biopsy samples was demonstrated using
β-III tubulin antibody; in the human OM,
β-III tubulin was located as cell component
in deep layer of cells of the olfactory
epithelium (G–I), but not frequent in basal
cells of acinus of Bowman (J–L).

CitK18-DAPI Amyloid Aβ

A B C

CitK18                          

Figure 4. Evidence of amyloid Aβ in CitK18 neuroepithelial cells of human olfactory mucosa (OM) Alzheimer’s disease (AD) section biopsies.
Serial sections 10 μm apart of OM biopsies from AD patients were immunolabeled with monoclonal anti-amyloid Aβ and CytK18 antibodies as described
in Methods section. CytK18 was expressed in cells from the upper layers of the OM (A). Amyloid Aβ was detected in CytK18 as shown in A and C

(white arrows).
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transferred to a new culture dish generating a stable population of
cells for several passages. Multiple measurements of the surface
area around explants occupied by cells at geographical coordi-
nates were estimated as arbitrary units of length. Differences in
amplitude were determined at several days of observation after
plating. Over time, explants from NCI [P < 0.0001, Kruskal–
Wallis test (3, 18.17)], MCI [P < 0.01, Kruskal–Wallis test (3,
4.53)] and AD subjects [P < 0.0001, Kruskal–Wallis test (3,
20.57)] grew significantly (Figure 6A). At day 10 of observation,
the maximum amplitude occupied by cells that migrated from
explants of NCI group was significantly higher [P < 0.0001,
Kruskal–Wallis test (3, 16.48)] with respect to MCI and AD
groups (P < 0.05). No differences were found between the MCI
and AD group (P > 0.05).

MSCs were the predominant component
determined by flow cytometry analysis from
NCI, MCI and AD subjects

Once the adherent cells from the OM tissue explants were conflu-
ent, the phenotypic profile of the population was examined by
extracellular or intracellular labeling by flow cytometry analysis.
We identified mainly (95%–99%) MSC population recognized by
the CD90, CD73 and CD29 antibodies (Figure 6B).

Based on the observation of adherent cells from NCI samples
that migrated significantly faster with respect to MCI and AD

tissue explants (Figure 6A), we asked whether AD condition
may affect the proliferation capacity of mesenchymal, olfactory
and neural progenitor cells. Cells collected from each subject and
pathological condition were cultured for 24 h after plating and
pulsed with the thymidine mimetic EdU for 24 h. Then, cells were
collected and the EdU agent once incorporated to DNA was cova-
lently linked to the fluorophore Alexa fluor 488. Subpopulation of
cells that incorporated EdU was identified by flow cytometry
analysis using multiple antibodies. Primarily, the viability of
pulsed cells with the EdU label was not modified with respect to
cells treated with vehicle (dimethyl sulfoxide) (results not shown).
After EdU pulse, approximately 85%–90% of cells that incorpo-
rated EdU were successfully labeled.

First at all, co-expression of EdU with CD90+, CD73+ and
CD29+ phenotypic markers confirmed that MSCs are the main
population that proliferated under our culture conditions in NCI,
MCI and AD subjects. Second, co-labeling of EdU proliferative
marker with NESTIN was suggestive of a subpopulation of olfac-
tory and neural precursor, which remained in the OM and became
amplified under culture condition in MCI and AD subjects.

The percentage of EdU+, CD90+ cells indicative of the prolif-
erative subpopulation of cells was different with respect to
EdU−,CD90+ in the NCI group (P < 0.049) (Figure 7A). In con-
trast, although the percentage of EdU+, CD90+ was also elevated in
the MCI and AD subjects, it was not different with respect to
EdU−, CD90+ population of cells. These findings support the
hypothesis that there is a reduced and probably defective prolif-
eration capability of the MSC population in preclinical MCI and
AD condition.

We also analyzed the percentage of EdU+, NESTIN+ population
of cells in the NCI and MCI + AD groups of subjects. A marginal
statistical value of P < 0.055 (Figure 7B) was determined when
the percentage of EdU+, NESTIN+ cells was compared with the
percentage of EdU−, NESTIN+ in the NCI group. Otherwise, a
P > 0.05 was calculated in the percentage of EdU−, NESTIN+ cells
with respect to EdU+, NESTIN+ in the MCI + AD group. As a
consequence, it seems that slight differences in proliferation capa-
bility of neural progenitor cells as suggested by NESTIN+-
immunopositive cells were present in NCI with respect to
MCI + AD patients.

We asked whether differences observed in migration as we
noticed in olfactory stromal cells from MCI and AD subjects could
be associated to dysmetabolic amyloid Aβ expression. Then, we
examined if amyloidAβ peptide can be detected in adherent cells of
cultured OM. We found that the amyloid Aβ was colocalized with
CD90+ cells fromAD subjects (Figure 7C–D). We did not detect the
amyloid-Aβ peptide in CD90+-cultured cells from MCI or NCI
subjects.

Under our culture conditions, MSCs also expressed phenotypic
markers of horizontal basal cells, an olfactory precursor recog-
nized by CD54 immunolabeling. The percentage of CD54+ cells
was highly variable in the sampled population. In addition, find-
ings of NESTIN+- and GFAP+-immunolabeled cells that were sug-
gestive of MSCs also coexpressed neural progenitor phenotypic
markers in the OM population (Figure 4F). The percentage of
CD90+, CD29+, CD73+, CD54+ and NESTIN+ was not different in
NCI with respect to MCI or AD subjects (results not shown).

Finally, we observed zero to low percentage of the GFAP-
immunolabeled cells in NCI subjects. Interestingly, an

Figure 5. The frequency of the apolipoprotein E (ApoE) ε3 allele was
significantly associated with noncognitive impaired (NCI) anosmic sub-
jects. Blood samples were taken from patients under study, and ApoE
genotyping was performed as described in Methods section. Contin-
gency analysis was performed for the distribution of frequencies of the
ε3 and ε4 alleles between NCI, mild cognitive impairment (MCI) and
Alzheimer’s disease (AD) patients. A higher frequency of ε3 alleles, 8
over 10 alleles were found in the NCI group, whereas 3 over 6 alleles
and 1 over 4 were determined for the MCI and AD group, respectively
[chi-squared (3.98; 1) P < 0.0469]. Otherwise, the ApoE ε4 allele was
determined in seven subjects having anosmia and 5 over 10 also
showed cognitive deficit or presumptive diagnosis of AD.
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elevated percentage of GFAP+ was significantly found in
MCI (P < 0.05) and AD subjects (P < 0.05) with respect
to NCI subjects [Kruskal–Wallis test (P < 0.0004; 3;15.43)]
(Figure 7G).

DISCUSSION
Here we have studied biopsies of OM from anosmic and NCI, MCI
and AD subjects in an in vitro experimental protocol. This approach

CD90                 CD73                  CD29

NCI

MCI
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Arbitrary units of fluorescence
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Figure 6. Migration of olfactory cells from
tissue explants is reduced by Alzheimer’s
pathology. (A) Relative distance covered by
cells from the explant was determined in at
least three samples per patient. Migration
was estimated from the net growth meas-
ured between days as indicated in the graph.
Analysis of variance comparison was per-
formed for each group of subjects [Alzhei-
mer’s disease (AD, two), mild cognitive
impairment (MCI, three), noncognitive
impaired (NCI, five)] and between groups
from multiple measurements performed
during days of observation as in the graph.
*P < 0.05; **P < 0.01; ***P < 0.0001. (B)
Flow cytometry analysis was performed for
each group of NCI, MCI and AD subjects.
The population of cells expressed mainly
mesenchymal markers CD90, CD73 and
CD29 as shown in (B).
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has allowed us to dissect and generate either histological sections to
be examined for histopathological landmarks of AD or explants for
the purpose of establishing stable cell cultures of MSCs.

To our knowledge, no previous studies have established expres-
sion of amyloid Aβ peptides in the neuroepithelium and paren-

chyma of biopsies of OM from MCI or AD subjects. Findings of
amyloid Aβ expression in cells of the olfactory epithelium and also
in the parenchyma of the OM of MCI and AD subjects were
suggestive that the anosmia and cognitive deficit may be function-
ally associated with the dysmetabolism of amyloid precursor
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Figure 7. Amyloid Aβ expression may
affect proliferation of EdU-labeled cells in
Alzheimer’s disease (AD) and is detected in
mesenchymal stromal cells. Olfactory cells
pulsed with EdU, a thymidine mimetic
compound, evidenced that Alzheimer and
mild cognitive impairment (MCI) condition
precluded proliferation of CD90+ and NESTIN+

mesenchymal stromal cells. The percentage
of EdU+, CD90+ cells as indicative of
proliferative subpopulation of cells was
different with respect to EdU−,CD90+ in the
noncognitive impaired (NCI) group (P < 0.049)
(A). Although the percentage of EdU+, CD90+

was also elevated in the MCI and AD
subjects, it was not different with respect
to EdU−, CD90+ population of cells. The
percentage of EdU−, NESTIN+ population of
cells in the MCI + AD group of subjects was
not different with respect to EdU+, NESTIN+

cells. A statistical value of P < 0.055 was
determined when EdU+, NESTIN+ with
respect to EdU−, NESTIN+ in the NCI group
(B). No differences were found in the
percentage of EdU−, NESTIN+ population of
cells between the NCI and MCI + AD group
of subjects. Mesenchymal stromal cells
(MSCs) were plated in coverslips by 7 days
in vitro then fixed and examined by CD90
and amyloid Aβ immunostaining. A higher
percentage of olfactory cells from AD
subjects expressed CD90, a typical marker
of MSCs (C). Amyloid Aβ peptide is
immunolocalized in a subpopulation of CD90+

cells (D, E). Olfactory-cultured cells from NCI,
MCI and AD patients expressed markers
of olfactory precursor (CD54) and neural
progenitor cells [NESTIN and glial fibrillary
acidic protein (GFAP)] (F). The median of
GFAP olfactory stromal cells was different
between AD, MCI and NCI groups of patients
[Kruskall–Wallis test (P < 0.0008; 3, 14.35)]
(G). The percentage of GFAP-immunolabeled
cells of AD and MCI was different with
respect to NCI group (P < 0.05 Dunn’s test).
Cytograms are representative of multiple
independent determinations.
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protein. These results support this proposal and strengthen the
fact that OM is a source of potential biomarkers for early AD
neuropathology.

It is probable that anosmia and preclinical AD or slight cognitive
deficit may be associated with amyloid dysmetabolism and occur
in parallel with amyloid deposition in limbic structures of the
brain. Recent evidence have found that subjects with reduced
olfactory sensitivity associated to MCI may have demonstrated
AD pathology in the brain (33). Accumulation of amyloid Aβ in
subpopulations of cells of the olfactory neuroepithelium and in the
parenchyma, as we found, supports the proposal that Alzheimer
pathology may occur in the olfactory system as an early event.

Lack of evidence of dystrophic neurites and abnormal tau
protein in biopsies of OM from clinically mild-to-moderate AD
patients as previously reported suggested that cytoskeletal changes
and tau pathology in the olfactory epithelium may occur in late
stages of the disease (7). Furthermore, progressive accumulation
of tau pathology as AD disease progress in contrast with an exac-
erbated amyloid Aβ expression independent of duration or onset
disease was suggestive that amyloid dysmetabolism and
fibrillogenesis are independent events (8).

Loss of the olfactory function in multiple pathologies empha-
sizes the relevance of common circuits in the process of this
sensorial information. Deficit in olfactory sensitivity, odor dis-
crimination and identification of odorants appear to be the earliest
detectable functional alterations in a high percentage of patients
with AD and other neurodegenerative disorders (19, 21).

We hypothesized that anosmia and preclinical cognitive deficit
may be associated with dysregulated metabolism of amyloid Aβ
peptide. Accumulation of amyloid-Aβ may impair turnover of
olfactory precursor cells and neurogenesis in the olfactory niche
and as a consequence would reduce their regenerative potential
to replenish the olfactory neuroepithelium. We established
anosmia or hiposmia in more than 90% of subjects after appli-
cation of the Connecticut Olfactory Test. The olfactory evalua-
tion was followed by MRI studies that detected atrophy of the
hippocampus in advanced diagnosed AD but not in MCI sub-
jects. Lack of anatomical changes in the hippocampus of MCI, in
contrast with accumulation of amyloid in OM, supported the
hypothesis that the dysmetabolism of amyloid in OM may
precede impairment of the hippocampal circuitry; this finding is
coherent with the hypothetical model of dynamic biomarkers
where amyloid Aβ precedes large volumetric changes of the
brain and when they occur a transition stage from the MCI stage
progress to dementia (31).

Taking into consideration a multiple methodology approach for
detection of Alzheimer pathology, we established in the sampled
population the ApoE load. Notably, in 6 over 10 subjects studied at
least one ApoE ε4 allele was determined. As a consequence,
anosmic MCI or AD subjects are concurrent with a higher fre-
quency of ApoE ε4 allele. In contrast, unexplained anosmia asso-
ciated with NCI occurred in larger significant proportion of
subjects with the ApoE ε3 allele. We report here in agreement
with previous studies that individuals at risk for AD also
show dysfunctional olfaction that may be associated with pre-
symptomatic AD (11, 19, 25, 35).

This is also the first study that reports biological properties of
olfactory MSCs from NCI, MCI and AD subjects. The intrinsic
capacity of generate cells by explants of OM was reduced in AD

and MCI with regard to NCI subjects. We developed an enriched
culture of CD90+, CD73+, CD29+ (mesenchymal stromal), CD54+

(horizontal olfactory precursor), NESTIN+ and GFAP+ (neural
progenitor) cells from explants of OM. The percentage of cells
estimated by flow cytometry analysis suggested a representa-
tive phenotypic profile of mesenchymal stromal cells that
co-expressed olfactory precursor and neural progenitor pheno-
typic markers.

We detected several populations of OM under EdU in an
active, semi-active or quiescent state of proliferation identified by
typical phenotypic markers. MSCs identified by co-expression of
CD90 and EdU were highly active in NCI and AD subjects,
whereas NESTIN+ appears to be semi-active and CD54+ and
GFAP+ (not shown) labeled cells were in a quiescent state.
However, it seems that under AD condition NESTIN+, CD54+

and GFAP+ changed their proliferative state. A reduced prolifera-
tion capacity of MSCs in AD as indicated by EdU+ CD90+

co-expression may be explained by intracellular accumulation of
amyloid Aβ in cultured cells as we reported in this study. As a
consequence, we have established that biopsies of OM are a reli-
able reporter to be examined by histological methodology and
primary cultures in order to determine surrogate markers of
Alzheimer pathology such as amyloid Aβ. In addition, explora-
tion of the biology of olfactory mesenchymal cells in the OM
may lead to a standardized procedure to analyze samples from
early AD.

Finding of a significant increase of immunolabeled GFAP cells
in MCI and AD but not in cells from NCI groups that was sug-
gestive of Alzheimer pathology may predispose to the OM to
generate a specific subset of stromal cells. Modulation of GFAP
expression during senescence and pathology is supported by the
role of astrocytes as a prominent feature of AD associated with
neuropathological landmarks (9, 25). For instance, histological
observations have showed both reactive astrocytes and activated
microglia surrounding dense core amyloid plaques (2, 8). A better
understanding of how astroglial become reactive during the
disease course and how they relate to the classic AD pathological
landmarks is crucial to establishing the role of glial cells in AD
pathophysiological features. Interestingly, the meaning of appear-
ance of glial cells in a culture system of OM maybe associated
with recent development of new positron emission tomographic
radiotracers for activated glial cells as diagnostic and progressive
biomarkers of disease (24, 29).

Increase of GFAP stromal cells from MCI and AD patients as
we found in culture may be associated to an adaptive response of
the olfactory niche to AD pathology. Multiple isoforms of GFAP
in the brain are associated to development, senescence and
pathology, respectively, which suggest a complex role of this
kind of intermediate filament protein in cell function (10, 33).
Findings of stromal cells labeled by GFAP and NESTIN, a rec-
ognized stem cell marker, are compelling evidence for an adap-
tive response sustained by neurogenic astrocytes in the olfactory
niche.
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