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Abstract
Olfactory impairment is a recognized early indicator of neurodegenerative diseases (NDs), such as Alzheimer’s disease 
(AD). Intracellular aggregates of hyperphosphorylated tau protein, referred to as neurofibrillary tangles (NFTs), are a hall-
mark of AD. NFTs are found in the olfactory bulb (OB) and entorhinal cortex (EC), both crucial for processing olfactory 
information. We explored the hypothesis that typical tau lesions could appear early and progress along olfactory regions to 
reach connected areas critically affected in AD (e.g., EC and hippocampal formation). To that end, we used transgenic PS19 
mice expressing mutated human tau protein (1N4R isoform, P301S mutation). They recapitulate major phenotypes of AD, 
such as accumulation of NFTs, synaptic dysfunction, cognitive impairment, and neuronal loss. The presence of pathological 
hyperphosphorylated human tau protein (pTau) was monitored in olfactory regions: olfactory epithelium (OE), OB, piriform 
cortex (PC), and in connected regions of the hippocampal formation (hippocampus and EC). pTau was detected in the OE’s 
middle stratum and in the OB’s olfactory nerve layer (ONL) at 1.5 months. At 6 months of age, tau accumulations were 
found in the PC and EC, along with the CA3 region and dentate gyrus of the hippocampus. We found that olfactory function 
remained unaffected in PS19 mice, despite the presence of tau pathology in key regions of the olfactory system. Targeted 
treatments (ZnSO4 and AAVs) were applied at the OE level to assess the impact on tau pathology in the CNS. Complete 
stripping of the OE by intranasal administration of ZnSO4 led to a significant reduction in pretangle-like tau pathology within 
the PC, amygdala, and EC of 6-month-old PS19 mice. Finally, we observed in human postmortem samples that pTau signal 
was present in the olfactory regions (OE and OB) of patients at early Braak stages (I/II). Based on these observations, we 
propose that pTau could appear, due to aging or environmental agents, in the OE and subsequently spread in a prion-like 
manner to the hippocampal formation along neuroanatomical connections. These findings also indicate the interest of the 
OE as a target for intervention aimed at mitigating the progression of tauopathy in the CNS.
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Abbreviations
AAVs	� Adeno-associated viruses
ABs	� Axon bundles
AD	� Alzheimer’s disease
CNS	� Central nervous system
DG	� Dentate gyrus
EC	� Entorhinal cortex
EPL	� External plexiform layer
FTLD	� Frontotemporal lobe degeneration
GCL	� Granular cell layer

IPL	� Internal plexiform layer
MAPT	� Microtubule-associated protein tau
MCI	� Mild cognitive impairment
MCL	� Mitral cell layer
NDs	� Neurodegenerative diseases
NFTs	� Neurofibrillary tangles
OB	� Olfactory bulb
OC	� Olfactory cortex
OE	� Olfactory epithelium
OI	� Olfactory impairment
OMP	� Olfactory mature protein
ONL	� Olfactory nerve layer
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OSNs	� Olfactory sensory neurons
PC	� Piriform cortex
PHF	� Paired helical filaments
RE	� Respiratory epithelium
WT	� Wild type

Introduction

Olfactory function deteriorates with age, likely due to a 
combination of peripheral and central alterations. One con-
tributing factor is the gradual replacement of the olfactory 
epithelium (OE)—which resides in the nasal cavities and 
houses olfactory sensory neurons (OSNs)—by respiratory 
epithelium [14, 35]. Olfactory dysfunction is a common and 
early symptom of many neurodegenerative diseases (NDs), 
including Parkinson’s disease (PD), Alzheimer’s disease 
(AD), and frontotemporal lobe degeneration (FTLD) [7, 35]. 
FTLD and AD are primary and secondary tauopathies—
characterized by abnormal tau protein aggregation and depo-
sition in the brain [49]. Whereas primary tauopathies are 
defined by tau accumulation as the main histopathological 
hallmark, in secondary tauopathies, another partner is nec-
essary to drive the neurodegeneration, like Aβ in AD [22].

Tau is predominantly found in neuronal axons associ-
ated with microtubules. It is known to play a crucial role 
in microtubule dynamics and stabilization to preserve the 
integrity of the cell's cytoskeleton [29]. In NDs, tau hyper-
phosphorylation impairs its ability to associate with micro-
tubules. Hyperphosphorylated tau proteins form the core 
of neurofibrillary tangles (NFTs), which are pathological 
hallmarks of various NDs, including AD [28]. The gradual 
deposition of hyperphosphorylated tau aggregates within 
specific areas is instrumental to AD pathology. The dis-
tribution pattern of tau lesions progresses according to a 
sequence known as Braak staging [11, 12]. In Braak stages I/
II, NFTs are confined mainly to the (trans-)entorhinal region 
in the temporal lobe. Stages II/III involve limbic regions 
such as the hippocampal formation and parahippocampal 
areas, and extensive neocortical involvement is observed in 
the later stages IV–VI [11, 12].

Several studies have demonstrated that approximately 
90% of AD patients suffer from olfactory dysfunction in 
the early stages of the disease, characterized by decreased 
odor discrimination and identification, increased olfactory 
threshold, and olfactory memory loss [5, 8, 74]. Olfactory 
dysfunction is thus considered a prodromal symptom of AD, 
preceding cognitive impairment [41, 60, 71]. In addition, 
postmortem analysis of olfactory regions in AD patients 
showed the presence of tau pathology in the olfactory bulb 
(OB), anterior nucleus, and piriform cortex (PC) [58, 71]. 
Olfactory dysfunction and the accumulation of tau pathol-
ogy in the OB progressively worsen with the severity of 

Alzheimer's disease and directly correlate with Braak 
stage progression [7, 8, 65]. Importantly, tau pathology is 
observed in the olfactory system in all definite AD cases—
diagnosis confirmed by neuropathological evidence—and 
in more than 1/3 of elderly individuals with or without mild 
cognitive impairment associated with Braak stage II [6].

Since the olfactory system is highly conserved across spe-
cies [66, 74], mouse models are relevant tools to investigate 
how impairment of the olfactory system could relate to typi-
cal features of human NDs. PS19 mice, also known as Tau 
P301S mice, were first described as a transgenic tauopathy 
mouse model by Yoshiyama et al. [72]. They express mutant 
human microtubule-associated protein tau (MAPT) under 
the control of the mouse prion protein promoter (Prnp). The 
transgene encodes the 1N4R isoform harboring the disease-
associated P301S mutation [72]. Progressive accumulation 
of NFTs has been observed in the neocortex, amygdala, hip-
pocampus, brainstem, and spinal cord of PS19 mice from 
6 months of age. Neurodegeneration starts around 9 months, 
particularly in the hippocampus [72]. Behavioral abnor-
malities recapitulating the neurological deficits observed in 
human tauopathies with dementia were measured in these 
mice using numerous tests, including the open-field test, 
elevated plus maze test, hot-plate test, Y-maze test, Barnes 
maze test, Morris water maze test, and contextual fear con-
ditioning test [1, 61, 63]. Previous studies also showed that 
PS19 mice exhibited progressive neuronal cell loss in the 
OB and PC, along with increased latency in finding buried 
food [74].

The OE is the main olfactory receptor structure, and 
forms the olfactory system along with other regions, such 
as the OB, PC, amygdala, and EC. Located in the nasal cav-
ity, the OE consists of three different cell types: OSNs, sup-
porting cells, and basal stem cells [9, 57]. The stem cells 
are divided into globose basal cells (GBCs), which serve 
as active progenitors for OSN regeneration throughout life 
[9, 14, 64], and horizontal basal cells (HBCs), which func-
tion as reserve stem cells [9, 57]. The somas of the OSNs 
are located at an intermediate depth within the OE, while 
their axons converge to form the axon bundles (AB). These 
bundles cross the cribriform plate and constitute the olfac-
tory nerve that reaches the outer layer of the OB [14]. The 
respiratory epithelium, which lacks neurons, is present in the 
nasal cavities along with the OE. Human olfactory mucosa 
biopsy showed that aging leads to the replacement of the OE 
by respiratory epithelium [14].

In mammals, the OB structure is characterized by six cell 
layers, arranged from the periphery to the center: the olfactory 
nerve layer (ONL), the glomerular layer (GL), the external 
plexiform layer (EPL), the mitral cell layer (MCL), the inter-
nal plexiform layer (IPL), and the granular cell layer (GCL) 
[59]. The ONL contains the projections of OSNs, which form 
synapses with glomerular cells (mitral cells, tufted cells, and 
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periglomerular cells) in the GL. The mitral and tufted cells, 
which are the main output neurons of the OB, are involved in 
the transmission of olfactory information to other regions of 
the central nervous system (CNS) including the PC [59]. The 
PC is part of the olfactory cortex and is known to play a critical 
role in odor encoding and memory [74]. Projections of the OB 
reach the amygdala via the PC or directly to specific amygdala 
subregions via monosynaptic projections [47]. Other projec-
tions from the OB also reach the EC which is involved in both 
olfactory learning and memory [74]. The EC sends projections 
to the dentate gyrus and the CA3 region of the hippocampus, 
via the perforant path, which originates from layer II of the 
EC. Neurons from the dentate gyrus (DG) also project to the 
CA3 region via mossy fibers. Finally, neurons from the CA3 
region project to the CA1 region via Schaffer collaterals [62]. 
This suggests that the progression of pathological forms of tau 
along the olfactory system could contribute to the appearance 
of lesions in regions particularly affected by tauopathy in AD 
(e.g., EC) at the earliest stages.

In this study, we used the PS19 model to monitor the pro-
gression of tau pathology across key regions of the olfactory 
and central nervous systems, including the OE, OB, PC, EC, 
and hippocampus. We examined the spread of tau pathology 
within these regions and evaluated its impact on olfactory func-
tion. Our findings revealed a distinct pattern of tau propagation 
in the olfactory system, with aberrant tau phosphorylation first 
detected in the OE, OB, and EC at 1.5 months. This pathol-
ogy later appeared in the PC at 3 months and typical NFT-like 
tau accumulations were observed in both the PC and the EC 
from 6 months onward. These finding parallels tau pathology 
observed in the olfactory system of patients with AD [7, 8]. 
We then investigated whether zinc sulfate (ZnSO4) intranasal 
treatment, aimed at removing accumulated pathological tau in 
the OE, could mitigate tau pathology in vulnerable regions of 
the CNS. Irrigation of the olfactory organ with ZnSO4 trig-
gers the degeneration of OSNs, although the tissue regenerates 
within a month [34, 45]. Mice repeatedly treated with intra-
nasal irrigation of ZnSO4 at 1.5, 2.5, and 4 months showed a 
significant decrease in NFT-like tau accumulations in the PC, 
EC, and amygdala at 6 months. This striking observation indi-
cates that the accumulation of pathological tau in the OE could 
play a causal role in the progression of tau pathology observed 
in regions of the CNS involved in the processing of olfactory 
information, and particularly the EC and amygdala, which are 
affected in the early/intermediate stages of AD [12, 17, 52].

Materials and methods

Animals

PS19 mice were obtained from the Jackson Laboratory (B6; 
C3-Tg(Prnp-MAPT*P301S)PS19Vle/J; Strain #008169) and 

maintained on a C57BL/6 genetic background. Wild-type 
(WT) and heterozygous PS19 mice were crossed to obtain 
WT and heterozygous PS19 mice at 1.5, 3, 6, and 9 months 
of age. The genotype was determined by PCR analysis of 
ear/tail DNA. The animals were housed in ventilated cages, 
maintained on a 12-h light/dark cycle, and provided ad libi-
tum access to food and water. All the mice were individually 
identified by ear tagging and their general health was closely 
monitored. All experiments involving mice were conducted 
with prior approval from the ethical committee at UCLouvain 
(2021/UCL/MD/018).

Tissue harvesting

All the mice were sacrificed by cervical dislocation. The cra-
nium was opened, and the brain was cut sagittally in half. Next, 
the two OBs and the two hippocampi were collected. The 
mouse snout was then recovered and cut along the midsagittal 
plane between the two nasal cavities. The OE was recovered 
from these cavities, distinguishable by its characteristic yellow 
color. The harvested tissues were snap-frozen by immersion in 
isopentane maintained at freezing temperature and then stored 
at − 80 °C until use.

Sample preparation for immunostaining

Decalcification

For immunostaining experiments, decalcification was needed 
to preserve the OE structure because of its localization within 
the nasal cavity. The skin, eyes, and lower jaw were removed 
from the mouse head. The head was directly rinsed in phos-
phate-buffered saline (PBS) and subsequently fixed with 
modified Davidson’s fixative (mDF) (37% formalin, ethanol, 
glacial acetic acid, and water) for 4 days under agitation at 
room temperature (RT). The heads were rinsed for 24 h in PBS 
and transferred to OsteoRAL R (RAL Diagnostics, #320715-
2500), a commercial decalcifier, for 5 days under agitation at 
RT. After decalcification, the mouse heads were embedded 
in paraffin. The decalcification method allowed us to obtain 
coronal sections spanning from the OE to the hippocampus/
EC for each mouse.

Paraffin sections

Paraffin-embedded sections were obtained via a microtome. 
Coronal sections of 5 μm and 10 μm thickness were placed 
on Superfrost slides for IF and IHC, respectively. The coro-
nal brain sections were collected according to standard 
stereotaxic coordinates relative to Bregma, as defined in 
the Mouse Brain Atlas by Paxinos and Franklin. Sections 
ranging from approximately Bregma − 1.82 to − 2.18 mm 
were used to analyze the hippocampal formation, Bregma 
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− 1.94 mm to analyze the PC and Bregma − 3.08 mm for 
the EC.

Immunohistochemistry, histological staining, 
and immunofluorescence

For immunohistochemistry, paraffin-embedded sections 
of 10 μm were immersed in different solutions as follows: 
2 × 5 min in toluene, 2 × 2 min in absolute isopropanol, and 
30 min in 0.3% H2O2 in methanol. The slides were finally 
placed in distilled water. Then, 1X Tris-buffered saline 
(TBS) was placed on each paraffin section for 10 min. This 
washing step was repeated two times.

Then, the sections were blocked with 10% normal goat 
serum (NGS) diluted in TBS for 1 h at room temperature. 
Primary antibodies of interest were prepared in 1% NGS 
(Supplementary Table s1), placed on each section, and left 
overnight at RT. The negative control was incubated with 
1% NGS only.

The next day, the sections were rinsed three times for 
10 min with TBS 1X. The secondary antibodies were diluted 
with TBS 1X and put on the corresponding sections for 
30 min at room temperature. This step was followed by three 
TBS rinses. Stabilized Elite ABC reagent (Vector Laborato-
ries, #PK-7100) was added to each section for 30 min. After 
another washing step, ImmPACT® DAB EqV Substrate 
(Vector Laboratories, #VEC.SK-4103-100) was prepared. 
Equivalent amounts of reagent 1 and reagent 2 were mixed 
and incubated on each section. The reaction was stopped 
after 3 min by transferring the slides into distilled water. The 
sections were dehydrated by immersion in different solu-
tions as follows: 2 min in 70% isopropanol, 2 min in 90% 
isopropanol, 2 × 2 min in absolute isopropanol and 3 × 2 min 
in toluene. The sections were mounted with DPX mount-
ing medium (Sigma-Aldrich, #1.00579.0500) and left to dry 
overnight at room temperature. The images were captured 
via an Axioskop 40 microscope (Zeiss).

Paraffin-embedded sections of 10 μm were stained with 
the Gallyas silver-staining method to identify NFTs (Alzhei-
mer and Other Tauopathies Research Group, ULB Neurosci-
ence, Karelle Leroy)[27]. The images were captured via an 
Axioskop 40 microscope (Zeiss).

For immunofluorescence, 5 μm paraffin sections were 
dewaxed by immersion in different solutions as described 
below: 3 × 5 min in toluene, 3 min in absolute isopropanol, 
3 min in 100% ethanol, 3 min in 90% ethanol, 3 min in 
70% ethanol, 2 min in distilled water, and a final rinse in 
1X PBS. Heat-induced antigen retrieval was performed 
using 10 mM sodium citrate buffer at pH 6.0. The sections 
were placed in a tank filled with antigen retrieval solution 
and heated for 3 × 5 min in a microwave, maintaining the 

temperature around 96 °C. The solution was left to cool 
for 20 min, followed by rinsing with PBS.

For the permeabilization step, the sections were 
immersed in 0.3% Triton X-100 in PBS for 30 min at room 
temperature. The blocking solution was prepared with 
PBS-Triton, normal goat serum (NGS), and bovine serum 
albumin (BSA) to reach 0.3% PBS-Triton, 3% NGS, and 
5% BSA. This solution was added to each section for 1 h at 
room temperature. The primary antibodies were prepared 
in blocking solution (Antibodies Table S1), added to the 
corresponding sections, and left overnight at 4 °C.

The next day, 3 × 5 min rinses with PBS-Triton 0.1% 
were performed, followed by 1-h incubation at room tem-
perature with the secondary antibodies prepared in in 0.1% 
Triton X-100 in PBS (Antibodies Table S1). The sections 
were rinsed twice in 0.1% Triton X-100 in PBS for 5 min, 
followed by a final rinse in 1X PBS. The sections were 
mounted with Mowiol (Merck, #475904-100GM-M) and 
left to dry overnight. The images were acquired via an 
EVOS™ FL Auto fluorescence or confocal microscope.

All immunostainings were performed in PS19 males, as 
sexual dimorphism has been described in this model, with 
males exhibiting an earlier onset of the pathology [61]. 
Additionally, all representative images shown for each 
region were taken from the same mouse at each time point.

Behavioral tests

All behavioral tests were approved beforehand by the ethi-
cal committee (2021/UCL/MD/018) and conducted in col-
laboration with the behavioral analysis platform (BEAP, 
UCLouvain) following validated protocols. A dedicated 
cohort of mice (males and females) was used to perform 
olfactory function measurements at 3, 6, and 9 months. 
One week before the required time point, the mice were 
acclimatized on the behavioral analysis platform. Each 
mouse performed the olfactory discrimination test fol-
lowed by the buried food test at each time point. Between 
the analyses, the mice were kept in quarantine and moni-
tored closely. At 9 months, after the last test, the mice 
were sacrificed by cervical dislocation, and the tissues of 
interest were harvested.

Olfactory discrimination test

Test animals were placed in a clean plastic cage with a fresh 
layer of bedding covered by a removable Plexiglas lid with 
a 1.25 cm central hole for odorant exposure. After a 5-min 
adaptation period, a dry disposable applicator with a cotton 
tip was placed at a depth of 2.5 cm through the hole in the 
cage lid. After each minute, the applicator was removed and 
immediately replaced with a new applicator. After the sixth 
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minute, an applicator with a cotton tip saturated with an 
odorant solution was positioned through the hole and again 
replaced every minute by a fresh applicator containing the 
same odor. After the 12th minute, an applicator with a tip 
saturated with a different odorant was inserted and replaced 
six times at 1-min intervals. The two odors used were geran-
iol and lime. The number of times the animal headed toward 
each applicator introduced into the cage was recorded via a 
camera throughout the experiment and was counted by an 
experimenter blinded to the experimental conditions.

Food‑seeking test

The mice were deprived of food for 16 h with access to water 
ad libitum. The test mice were introduced into a clean cage 
covered with a 3 cm-thick layer of bedding, under which a 
1.0-g food pellet had been buried. The time elapsed between 
the animal’s introduction into the cage and the moment 
it retrieved the food with its front paws was measured in 
seconds, with a maximum of 300 s. From then on, a result 
equivalent to 300 s indicates that the mouse did not find the 
food.

Intranasal ZnSO4 irrigation

At 1.5 months, the mice received an intranasal application 
of either 0.17 M (5%) zinc sulfate (ZnSO4) or vehicle solu-
tion (PBS). Awake mice were held on their backs by one 
experimenter, while a second experimenter administered 
25 µL of either PBS or ZnSO4 solution, dropwise to the 
right nostril with a few seconds between each drop. After 
an hour to allow the mice to recover, the same procedure 
was repeated for the left nostril. The mice were then moni-
tored for the next hour for any breathing discomfort. Since 
the OE regenerates over time [45], the mice were treated 
three times: at 1.5, 2.5, and 4 months. The mice were finally 
sacrificed at 6 months by cervical dislocation and samples 
were retrieved. For the evaluation of olfactory functions fol-
lowing ZnSO4 treatment, the treatment was performed only 
once at 3 months, and olfactory tests were conducted 24 h 
after the treatment.

NFT‑like tau accumulations quantification

For each region of interest, the numbers of NFT-like tau 
accumulations visualized with anti-pTau immunostaining 
were counted in an equivalent area corresponding to the 
sum of five delimited areas placed in that same region (Fig. 
S11). The number of NFT-like tau accumulations per mm2 
in the vehicle and ZnSO4-treated conditions was compared 
and analyzed via statistical tests.

Intranasal hTau‑P301S AAVs irrigation

Adeno-associated viruses (AAVs) serotype 8 harboring the 
human tau sequence with the P301S mutation as well as an 
EGFP sequence (hereafter referred to as hTau-P301S AAVs) 
were designed and produced by VectorBuilder (Vector ID 
#VB240323-1105jux). At 1.5 months, the mice received an 
intranasal application of either hTau-P301S AAVs prepared 
in PBS or vehicle solution (PBS). The total dose for each 
AAV treatment was 1 × 1011 genome copies (GC), admin-
istered over two consecutive days. Awake mice were held 
on their backs by one experimenter, while a second experi-
menter administered 20 µL of either PBS or AAV solution 
(2.5 × 1010 GC/nostril/day), dropwise to the right nostril with 
a few seconds between each drop. After allowing the mice 
to recover for an hour, the same procedure was repeated for 
the left nostril. The mice were then monitored for the next 
hour for any breathing discomfort. Since the OE regener-
ates over time [45], the mice were treated twice: at 1.5 and 
2.5 months. The mice were finally sacrificed at 4 months by 
cervical dislocation and samples were retrieved.

AT8 signal quantification

A consistent threshold was established to distinguish AT8-
positive signal from background noise. This threshold was 
uniformly applied across a defined region equivalent in size 
to the sum of five delineated areas positioned within the 
same anatomical zone. The results presented in Fig. 9e rep-
resent the percentage of this total area that is positive for 
AT8 staining in the vehicle and AAVs-treated conditions. 
The results were compared and analyzed via statistical tests.

Postmortem human tissues

OBs were collected from four different Braak stage I or II 
patients and the OE was retrieved from 1 Braak stage II 
patient (Table S2). The autopsies were performed in UCLou-
vain (Belgium) in accordance with the applicable laws. 
Informed consent was obtained following local legislation. 
The recruitment protocols for the collection of human sam-
ples were approved by the ethical committees of UCLou-
vain (2020/02JUL/355). After collection, the tissues were 
immediately placed in 10% formalin for 48 h. The tissues 
were subsequently embedded in paraffin and cut to obtain 
5 and 10 μm paraffin sections. Neuropathological evalua-
tion was conducted for each patient at KU Leuven (Leuven 
Brain Institute, Dietmar Thal), and the patients were clas-
sified based on the Braak stage (I or II in this study). Neu-
ropathological analysis of these brains was approved by the 
UZ/KU-Leuven ethical committee (S-64363).
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Statistical analyses

GraphPad Prism software version 10 (GraphPad Software, 
Inc., La Jolla, CA, USA) was used for statistical analysis. 
All the data were tested for normality using the Shap-
iro–Wilk test. Parametric Student's t tests or nonparamet-
ric Mann–Whitney tests were used to evaluate the level 
of significance between two groups. When more than two 
groups were compared, parametric one-way or two-way 
ANOVA with the indicated post hoc tests or nonparametric 
Kruskal–Wallis were used. The data are expressed as the 
mean ± SEM. and P values < 0.05 were considered signifi-
cant (*P < 0.05, **P < 0.01, ***P < 0.001). The number of 
mice used in each group of experiment is indicated by “n = ”.

Results

Tau pathology in the olfactory system 
and associated CNS regions in PS19 mice

The presence of hyperphosphorylated tau protein (pTau) was 
evidenced using the AT8 antibody (pTau (Ser202, Thr205)) 
in coronal sections of the OE from WT and PS19 mice. To 
that end, a specific protocol of decalcification has been set up 
to preserve the integrity of the OE. AT8 immunoreactivity 
was observed only in PS19 mice and was localized to the OE 
middle stratum and to the axon bundles (ABs), located in the 
lamina propria underlying the OE (Fig. 1a-d). The AT8 sig-
nal in the OE was assessed and compared at different ages: 
1.5, 3, 6, and 9 months (Fig. 1a-d). AT8 immunoreactivity 
was detected as soon as 1.5 months (Fig. 1a, a’), increased 
progressively up to 6 months (Fig. 1c, c’), and decreased at 
9 months, especially in the middle stratum (Fig. 1d, d’). This 
region did not exhibit any significant bilateral asymmetry in 
tau pathology. Based on morphology, no NFT-like tau accu-
mulations were observed in this region for up to 9 months. 
A closer examination of the nasal cavity showed no pTau 
signal in the RE of PS19 mice (Fig. 1e). No pTau signal 
was detected in the OE or ABs of 6-month-old WT mice 
(Fig. 1f), indicating that the AT8 signal is specific to PS19 
mice and related to the expression of pathological human 
tau. The results were confirmed independently by Western 
Blotting (Fig. S1) using the PHF-1 antibody. This antibody 
is generated against paired helical filaments isolated from 
the brains of AD patients, that recognizes tau phosphoryl-
ated at Ser396 and Ser404. It binds to tau filaments and is 
a recognized standard to evidence the pathological confor-
mations found in NFTs [30, 50]. Immunostaining with the 
PHF-1 antibody and a human tau (hTau)-specific antibody 
showed similar results to those obtained with the AT8 anti-
body in PS19 mice (Fig. S2).

Additional staining with a total tau antibody, detecting 
both endogenous murine tau protein and human tau pro-
tein, confirmed the presence of endogenous tau in the OE 
of WT mice (Fig. S2). RT-qPCR experiments indicated 
that the expression of endogenous tau transcripts was sta-
ble from 3 to 9 months in the OE of WT mice (Fig. S3). 
Since tau aggregation does not naturally occur in WT mice, 
overexpression of human tau with aggregation-prone muta-
tions is required to induce tau pathology in animal models. 
Together, these observations indicate (i) that tau is endog-
enously expressed in the mouse OE, (ii) that the specific 
AT8-positive signal observed in the OE of PS19 mice is not 
an artifact simply related to ectopic expression of the human 
tau transgene in in OE of PS19 mice.

Colocalization analyses were carried out via immuno-
fluorescence to confirm the cellular localization of the pTau 
signal in the OE of PS19 mice. The following antibodies 
were used: total tau antibody (TTau), olfactory marker pro-
tein (OMP) antibody (specific to mature OSNs and their 
neurites), and AT8 antibody (Fig. 2a–c). Colocalization was 
observed between the OMP signal and both TTau and AT8 
signals in the cellular bodies and neurites of the OSNs, as 
well as in the ABs of the PS19 mice at 3 months (Fig. 2d, 
e). OMP and AT8 were also specifically colocalized in the 
superficial layer where dendritic knobs of OSNs are located 
(Fig. 2e). This result confirmed that pTau is found not only 
in mature OSNs of the OE but also in ABs within the lamina 
propria (Fig. 2e).

Since OSN axons extend through the cribriform plate 
of the ethmoid bone to reach the OB, where they form its 
outermost layer (ONL) [14], we next investigated the AT8 
staining profile in the OB of PS19 mice. The AT8 signal 
was specifically present in the ONL of the OB as early as 
1.5 months in PS19 mice (Fig. 3a–d). In addition, AT8 
immunoreactivity was also detected in the MCL. In some 
9-month-old mice, a stronger pTau signal appeared in the 
central region (e.g., GCL) of the OB (Fig. 3d). Similarly 
to the OE, no notable bilateral differences in tau pathology 
were observed in this region. Here also, no AT8 signal was 
observed in the OB of WT mice (Fig. 3f).

Accumulation of hyperphosphorylated tau in the OB 
of PS19 mice was confirmed by Western blotting of solu-
ble protein extracts using the AT8 antibody (Fig. S4). The 
experiments were repeated and quantified using the PHF-1 
antibody (Fig. S5). A band around 60 kDa was observed 
exclusively in PS19 mice, both in males and females, as 
early as 3 months of age. No positive signal for PHF-1 or 
AT8 was observed in WT mice at any age (Fig. S5a–c). 
Western blot quantification revealed no significant differ-
ences in pTau expression between males and females in the 
OB at 3, 6, and 9 months (Fig. S5a–c). Finally, the PHF-1 
signal was quite stable over time in PS19 males, suggest-
ing that pTau, although already present at 3 months, did 
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not further accumulate in the OB (Fig. S5d). The presence 
of human tau in the OBs of PS19 mice was confirmed by 
immunostaining with the Tau-13 antibody, as well as endog-
enous tau expression in the OBs of WT mice using a total 
tau antibody (Fig. S2). Endogenous tau expression in the 
OBs of WT mice was also confirmed by RT-qPCR (Fig. S6).

Immunofluorescence analyses of the OB in 3-month-old 
PS19 mice (Fig. 4a–c) revealed colocalization between TTau 
and OMP, indicating tau protein expression in both the ONL 
and the GL (Fig. 4d). Additionally, strong colocalization 
between OMP and AT8 was observed in the ONL, providing 
evidence of pTau accumulation in the outermost layer of the 

Fig. 1     pTau expression in the OE of PS19 mice. The OE from 1.5-
month (a, a’), 3-month (b, b’), 6-month (c, c’, e), 9-month-old PS19 
mice (d, d’), and 6-month-old WT mice (f) were fixed and stained 
with the AT8 antibody (pTau (Ser202,Thr205)). pTau recognized by 
the AT8 antibody is found in the middle stratum of the OE (white 
arrows) and in the ABs (black arrows) as soon as 1.5 months in PS19 

mice (a, a’). The signal increases up to 6 months (c, c’, e) and appears 
to decrease at 9  months (d, d’). No signal is detected in WT mice 
(f). All the mice used were males. The immunostainings shown are 
representative of n = 4 mice per time point. High magnification of the 
OE (white arrows) is shown in the inset (e’). ABs: axon bundles, OE: 
olfactory epithelium, RE: respiratory epithelium
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OB in PS19 mice (Fig. 4e). Some AT8 signal, which did not 
colocalize with OMP, was also observed in the inner layers 
of the OB (Fig. 4c).

Next, we explored tau pathology in CNS regions of 
PS19 mice that are connected to the OB and involved in 
the processing of olfactory information along with olfactory 
memory: the PC, the EC, and the hippocampus. All these 
CNS regions are connected by neuroanatomical pathways 
[43]. Efferent projections from the OB reach both the PC 
and EC, and the perforant path wires the EC to hippocam-
pal subregions [3]. In the PC, faint pTau immunoreactivity 
(AT8), indicative of the first step of abnormal tau modifica-
tion [4], appeared in the neuronal cell bodies at 3 months 
(Fig. 5b, b’). By 6 months, the first perikaryal NFT-like 

tau accumulations were observed, with an accumulation of 
pTau in both the cell bodies and neurites of neurons within 
the PC pyramidal layer (Fig. 5c, c’). These tau accumula-
tions progressively increased up to 9 months and eventually 
spread throughout the entire PC (Fig. 5d, d’). 9-month-old 
WT mice showed no AT8-positive accumulations in the PC 
(Fig. 5e). In the EC, AT8 immunoreactivity appeared in the 
neuronal cell bodies as early as 1.5 months and increased 
over time (Fig. 5f–i). Perikaryal NFT-like tau accumulations 
were detectable at 6 months, with signal present in both the 
cell bodies and neurites in the lateral part of the EC (Fig. 5h, 
h’). Tau lesions gradually accumulated up to 9 months and 
spread to the whole EC (Fig. 5i, i’). The accumulation pat-
tern of tau pathology was similar to that observed in the PC, 

Fig. 2   pTau expression in the OSNs and ABs of PS19 mice. Paraf-
fin sections immunostained for total tau (TTau, red) (a, d), olfac-
tory marker protein (OMP, green) (b, d, e), and pTau (AT8, purple) 
(c, e) show colocalization between TTau-OMP (yellow) (d) and 

AT8-OMP (white) (e) indicating tau hyperphosphorylation in the 
OSNs (white arrows) and in the ABs (blue arrows) of PS19 mice at 
3 months. High magnifications are shown in the insets (d’, e’). OSNs: 
olfactory sensory neurons, ABs: axon bundles
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Fig. 3   pTau expression in the OB of PS19 mice. The OB from 1.5-
month (a, a’), 3-month (b, b’), 6-month (c, c’, e), 9-month-old PS19 
mice (d, d’), and 6-month-old WT mice (f) were immunohistochemi-
cally stained with AT8 (a–d, a’–d’). pTau recognized by the AT8 
antibody is found in the external layer of the OB (black arrows) and 
in the MCL (white arrows) from 1.5 months (a–d, a’–d’). The pTau 

signal seems stable over time (a’–d’). No signal is detected in WT 
mice (f). All the mice used for immunostainings were males. The 
immunostainings shown are representative of n = 4 mice per time 
point. High magnification of the MCL (white arrows) is shown in the 
inset (a’’). ONL: olfactory nerve layer, MCL: mitral cells layer
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although with an earlier onset. In WT mice, AT8 signal was 
not detected until 9 months of age (Fig. 5j).

In the hippocampus, AT8 immunoreactivity was faintly 
detected in the CA3 subregion at 3 months (Fig. 6b). By 
6 months, pTau (AT8) was clearly present in the CA3 region 
and in the dentate gyrus (DG) (Fig. 6c), with an increased 
signal at 9 months (Fig. 6d). In the CA3 region, pTau was 
found in the CA3 mossy fibers and in the stratum pyramidale 
(Sp). In the DG, pTau was located primarily in the granular 
cell layer (Fig. 6e). No AT8 signal was detected in the hip-
pocampus of WT mice (Fig. 6f).

pTau expression in soluble hippocampal extracts was con-
firmed by Western blotting with the AT8 antibody (Fig. S7). 
Equivalent results were obtained and quantified using the 

PHF-1 antibody. pTau was detected as a band around 60 kDa 
and was present only in PS19 mice, as soon as 3 months of 
age in both males and females. No positive signal for PHF-1 
or AT8 was observed in the WT mice regardless of the aging 
stage (Fig. S8a–c). At the same age, the average pTau levels 
were significantly greater in males than in females. Although 
the difference was already significant at 3 months, it was 
more pronounced at 9 months (Fig. S8a-c). Western blot 
analysis finally revealed a significant increase in the pTau 
signal between 3 and 9 months in PS19 males, consistent 
with the staining results, suggesting that pTau accumula-
tion in the hippocampus occurs in a time-dependent manner 
(Fig. S8d).

Fig. 4   pTau expression in the ONL of PS19 mice. Paraffin sec-
tions immunostained for total tau (a, d) (TTau, red), OMP (b, d, e) 
(green), and AT8 (c, e) (purple) show colocalization between TTau-
OMP (yellow) (d) and AT8-OMP (white) (e) indicating tau protein 

expression both in ONL and GL as well as pTau expression in the 
ONL and inner layers of the OB from 3-month-old PS19 mice. ONL: 
olfactory nerve layer, GL: glomerular layer
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To distinguish AT8-positive NFT-like tau accumula-
tions from mature filamentous tau aggregates referred to 
as mature NFTs, Gallyas silver staining was performed in 
all previously studied regions and time points. No NFTs 
were observed in the OE (Fig. 7a–d) and OB (Fig. 7f–i) of 
PS19 mice. In the PC and EC, Gallyas-positive NFTs were 
detected only at 9 months of age in PS19 mice (Fig. 7n, s), 
and were very sparse compared to the AT8 signal observed 
previously (Fig. 5). In the hippocampus of PS19 mice, no 
NFTs were observed at any age (Fig. 7u–x). As a control, 
no NFTs were detected by silver staining in any region of 
interest in WT mice (Fig. 7e, j, o, t, y).

These results clarify some aspects of the temporal and 
spatial staging of tau pathology in PS19 mice by distin-
guishing pTau (i.e., recognized by AT8 or PHF-1 antibod-
ies), perikaryal NFT-like tau accumulations or pretangles 
(AT8-positive) and mature NFTs evidenced by Gallyas 
staining. Strikingly, pathological pTau accumulated very 
early (from 1.5 months of age) in the OE without the 
formation of typical NFTs, as shown by the Gallyas stain-
ing. A similar profile (pTau staining without NFTs) was 
observed in the OBs. pTau immunoreactivity was found 
in the EC and OE from 1.5 months on and in the hip-
pocampus from 6 months. NFT-like tau accumulations 
appeared later, from 6 months in the PC and EC, and 

Fig. 5   pTau expression in the PC and EC of PS19 mice. The PC 
(Bregma −  1.94  mm) from 1.5-month (a, a’), 3-month (b, b’), 
6-month (c, c’), 9-month-old PS19 mice (d, d’), and 9-month-old 
WT mice (e, e’) were immunohistochemically stained with AT8 
(a–e). pTau recognized by the AT8 antibody is found in the PC as 
soon as 3 months (b, b’) with an accumulation up to 9 months (b–
d, b’–d’). The first NFT-like tau accumulations appear at 6  months 
(c, c’). There is no AT8 signal in the PC of WT mice (e, e’). The 
EC (Bregma −  3.08  mm) from 1.5-month (f, f’), 3-month (g, g’), 

6-month (h, h’), 9-month-old PS19 mice (i, i’), and 9-month-old WT 
mice (j, j’) were immunohistochemically stained with AT8 (f–j). 
pTau recognized by the AT8 antibody is found in the EC as soon as 
1.5 months (f, f’) with an accumulation up to 9 months (f–i, f’–i’). 
PS19 mice develop NFT-like tau accumulations in this region at 
6 months (h, h’). No AT8 signal is detected in the EC of WT mice (j, 
j’). All the mice used were males. The immunostainings shown are 
representative of n = 4 mice per time point. Insets were taken from the 
PC area (a’–e’) and in the lateral EC (f’–j’)
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at 9 months in the hippocampus (Sp). While only a few 
NFTs (Gallyas-positive) were present in the PC and EC 
at 9 months. Taken together, our extensive analysis of 
the accumulation of pTau in connected olfactory regions 
gives a solid support to the hypothesis that tau pathology 
progresses along the olfactory system to reach regions of 
the temporal lobe that are particularly vulnerable in AD 
(e.g., EC and hippocampus).

Olfactory function in PS19 mice

The impact of tau lesions in the olfactory system on olfac-
tory function was assessed in PS19 mice using two specific 
olfactory tests: the olfactory discrimination test and the 
food-seeking test. The first test evaluated odor discrimina-
tion, whereas the food-seeking test measured odor threshold 
in mice. As a proof of concept, control and ZnSO4-treated 

mice were first evaluated, since intranasal irrigation with 
ZnSO4 induces OE stripping and transient anosmia [46].

In the olfactory discrimination test, the curve for the 
number of sniffing events in non-treated (control mice) 
showed two peaks at 6 and 12 min (Fig. S9a). The first 
peak corresponded to the presentation of the geraniol 
odor, which induced a greater number of head move-
ments toward the cotton swab in the control mice. Fol-
lowing this peak, the mice exhibited fewer head move-
ments as they became accustomed to the odor. A second 
peak was observed after 12 min, when the second odor, 
lime, was presented. Both peaks were absent in the mice 
that received intranasal ZnSO4 administration (Fig.
S9a). Similarly, during the food-seeking test, none of the 
ZnSO4-treated mice were able to locate buried food before 
the end of the test (300 s) (Fig. S9a’).

Fig. 6   pTau expression in the hippocampus of PS19 mice. The hip-
pocampus (Bregma −  1.82 to −  2.18  mm) from 1.5-month (a), 
3-month (b), 6-month (c), 9-month-old PS19 mice (d, e), and 
9-month-old WT mice (f) were immunohistochemically stained with 
AT8 (a–f). pTau recognized by the AT8 antibody is found in specific 
hippocampal subregions like the CA3 (e’’) and DG (e’) as soon as 

6 months with an increased signal at 9 months (c–e). No AT8 signal 
is found in the hippocampus of WT mice (f). All the mice used for 
immunostainings were males. The immunostainings shown are repre-
sentative of n = 4 mice per time point. DG: Dentate gyrus, CA: Cornu 
Ammonis, Sp: Stratum pyramidale
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The same tests were conducted in WT and PS19 mice 
at 3, 6, and 9 months (Fig. 8a–f) to evaluate the impact 
of tau pathology in the OE and associated CNS regions 
on olfactory function. In the olfactory discrimination test, 

both WT and PS19 mice showed two peaks correspond-
ing to the introduction of each new odor. Each peak was 
followed by reduced reactions due to habituation to the 
odor (Fig. 8a–f). All mice appeared to react more strongly, 

Fig. 7   Gallyas staining in the OE, OB, PC, EC, and hippocampus of 
PS19 mice. The OE (a–e), OB (f–j), PC (k–o), EC (p–t), and hip-
pocampus (u–y) of PS19 mice at 1.5, 3, 6, and 9 months, as well as 
9-month-old WT mice were stained with Gallyas silver staining to 
highlight NFT inclusions. A few Gallyas-positive inclusions (black 
arrows) are only observed in the PC (n) and EC (s) from 9 months 
PS19 mice. No NFTs are detected in the OE, OB, or hippocampus 

at any time point, nor in the PC or EC before 9  months. No signal 
is detected in WT mice (e, j, o, t, y). High magnifications of the 
Gallyas-positive aggregates (black arrows) are shown in the inset (n’) 
and (s’). All the mice used for Gallyas silver staining were males. 
The Gallyas stainings shown are representative of n = 3 mice per time 
point
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with a greater number of head movements, when presented 
with the second odor of lime. The superposition of curves 
indicates that all the mice, independently of their geno-
type and age, have similar olfactory capacities and that 
PS19 mice do not perform worse as they age. Statistical 
analyses revealed a significant impact of time as the mice 
responded to odor changes. However, no significant effect 
of genotype on olfactory capacities was observed at 3, 6, 
and 9 months in both males and females (Fig. 8a–f). The 
results from the olfactory discrimination test suggested 
that the odor discrimination abilities of PS19 mice are not 
impaired by the presence of tau pathology in the OE. In 
the food-seeking test, there was no significant difference 
between WT and PS19 mice in the latency to find the pel-
let. This observation was consistent at 3, 6, and 9 months 
in both males and females. Compared to WT mice, PS19 

mice did not exhibit an impaired ability to find the food 
(Fig. 8a’–f’). Together, these data indicate that despite 
progression of tau pathology along the olfactory regions 
with age, PS19 mice did not show a significant impairment 
in odor discrimination or detection threshold (sensitivity). 
Of note, another parameter (odor identification) difficult to 
address in mice was not evaluated here.

Modulation of tau pathology in the CNS 
via intranasal interventions

Given the staged progression of tauopathy in olfactory 
regions and its early manifestation in the OE, we adminis-
tered localized treatments to the OE to either mitigate tau 
pathology or exacerbate its spread to the CNS.

Fig. 8   Olfactory function assessment in PS19 mice. The olfactory 
discrimination (a–f) and food-seeking tests (a’–f’) show no signifi-
cant effect of genotype (PS19) on olfaction at either 3, 6, or 9 months, 
both in males and females (a–f, a’–f’). For PS19 males; n = 9 
(3 months), n = 9 (6 months), and n = 7 (9 months). For WT males; 
n = 9 (3  months), n = 9 (6  months), and n = 9 (9  months). For PS19 

females; n = 8 (3  months), n = 8 (6  months), and n = 5 (9  months). 
For WT females; n = 8 (3  months), n = 8 (6  months), and n = 8 
(9 months). Data were analyzed using two-way ANOVA with Šídák’s 
multiple comparisons test (olfactory discrimination test) or using 
independent t test (food-seeking test)
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First, we examined the impact of targeted removal of 
the source of pathological tau present in the OE on tau 
pathology progression in the CNS. Our approach was 
designed to specifically remove the pTau accumulation 
in the OE using ZnSO₄ nasal irrigation, known to strip 
the OE and ONL (OB), and cause transient anosmia [32, 
45], which can later regenerate (OE) and recover (anos-
mia). The impact on tauopathy progression was assessed 
in regions with varying degrees of connectivity to the OB, 
such as the PC, EC, and amygdala. PS19 mice were intra-
nasally administered either ZnSO₄ or phosphate-buffered 
saline (PBS, control). To ensure that the accumulation of 
tau in the OE was prevented for a sufficiently long period, 
nasal irrigation with ZnSO₄ was performed repeatedly at 
1.5, 2.5, and 4 months prior to analysis of tauopathy at 
6 months.

In vehicle-treated PS19 mice, the structure of the OE 
remained intact, with strong AT8-positive tau immunore-
activity in OSNs and ABs. However, following intranasal 
ZnSO₄ administration, the OE was completely stripped, and 
the AT8 signal was almost absent at 6 months (Fig. 9a). In 
the OB of PBS-treated mice, all six layers were present and 
structurally preserved, with AT8-positive signal character-
istic of PS19 mice. After ZnSO₄ treatment, the AT8 signal 
in the ONL was no longer detectable (Fig. 9a). The efficient 
stripping of the OE and the ONL after ZnSO₄ treatment 
was further confirmed by Masson’s trichrome blue staining 
(Fig. S10a–d). Tau pathology was next examined in regions 
receiving direct inputs from the OB, such as the PC, EC, and 
amygdala. At 6 months, vehicle-treated PS19 mice exhib-
ited NFT-like tau accumulations in these regions. However, 
following ZnSO₄ treatment of PS19 mice, no NFT-like tau 
accumulations were detectable in the PC, and only a few 
remained in the EC and amygdala at 6 months compared to 
control PS19 mice (Fig. 9a). Quantification of the number 
of NFT-like tau accumulations per mm2 in the PC, EC, and 
amygdala (Fig. S11) further confirmed a massive reduction 
of pTau signal associated with tau pathology in the PC, EC, 
and amygdala following intranasal ZnSO4 administration 
(Fig. 9b). No overt morphological alterations were found in 
these regions after staining with Masson’s trichrome blue 
(Fig. S10e–j), indicating that ZnSO₄ treatment of the OE 
did not result in loss of density of the connected olfactory 
regions. In other terms, removing the source of pTau present 
in the OE sharply reduces tau pathology in the connected 
regions of the temporal lobe and limbic system.

To further validate the hypothesis that tau pathology 
spreads from olfactory regions, we aimed to determine 
whether increasing pathology at the OE level could acceler-
ate the progression of tau pathology in the CNS. To this end, 
we performed intranasal administrations of AAVs encod-
ing the P301S-mutated human tau protein (referred to as 
hTau-P301S AAV). The efficacy of AAV infection was first 

validated by the presence of GFP, which is co-expressed 
from the same vector. One week after the infection, a GFP-
positive (green) signal was detected exclusively in the OE of 
AAV-treated mice, but not in PBS-treated controls (Fig. 9c), 
confirming successful transduction.

Subsequently, we assessed tau pathology using the AT8 
antibody. We focused our analysis on the PC, a region 
directly connected to the OB and one of the first affected 
areas in tauopathies. At the end of the treatment, when the 
mice were 4 months old, we observed that the intranasal 
delivery of hTau-P301S AAV increased AT8 immunoreac-
tivity in the PC of AAV-treated mice compared to controls 
(Fig. 9d, e). Although the difference did not reach statisti-
cal significance—likely due to variability in transduction 
efficiency—the pattern was consistent: all control mice 
displayed similar baseline levels of pathology, whereas all 
AAV-treated mice exhibited more advanced tau pathology, 
with severity likely varying in relation to the efficacy of 
AAV delivery (Fig. 9d, e).

Overall, our data indicate that early accumulation of 
pTau in the OE can be instrumental to the progression of 
tau pathology that eventually reaches the EC and the hip-
pocampal formation.

Pathological pTau protein in the human olfactory 
system

Finally, we investigated whether a similar pattern of tau 
pathology was observed in OE and OB collected from 
patients at early Braak stages I and II (patients 1–4, 
Table S2). In the OE collected from patient 4 (Braak stage 
II), pTau immunoreactivity (PHF-1 Ser396, Ser404) was 
detected and colocalizing with the OMP signal, indicating 
the presence of pTau in OSNs (Fig. 10b). PHF-1 signal was 
also detected in the ABs present within the OE structure and 
revealed by the OMP antibody (Fig. 10c–e). Still, PHF-1 
and OMP signals are not fully overlapping. PHF-1 signal 
is mostly around the nuclei, while the OMP stains all the 
axonal fibers present in the ABs (Fig. 10f’). Interestingly, 
while colocalization was observed between OMP and PHF-1 
within the ABs (Fig. 10f), AT8 signal was detected neither 
in the ABs (Fig. 10g) nor in the OSNs.

In the OB of Braak stage I/II patients, PHF-1 and OMP 
colocalization was consistently detected in the ONL, and to 
a lesser extent, in the GL (Fig. 11a–d, d’). Some PHF-1 pTau 
signal was additionally found in the inner layers of the OB 
(Fig. 11a–d, d”). No colocalization was observed between 
OMP and AT8 in the ONL (Fig. 11e–h, h’), but similarly to 
PHF-1, neuropil threads highlighted by the AT8 antibody 
were observed in the inner layers of the OB from Braak 
stage I and II patients (Fig. 11e–h, h”). All OB included in 
the study were Gallyas-negative, highlighting the absence of 
mature NFTs at this stage (Braak stage I/II) of the pathology 
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(data not shown). These results underscore the early appear-
ance of pathological tau markers in the sensory regions of 
the human olfactory system in agreement with observations 
in the PS19 mouse model.

Discussion

The OE forms a direct appendix of the CNS. In fact, OSNs 
are the only neurons connected to the CNS being in direct 
contact with the external environment [60], lacking the pro-
tection of the blood–brain barrier [10]. These unique ana-
tomical characteristics make the OE highly vulnerable to 
harming environmental conditions and a possible starting 
point for the spread of pathologies through its connections to 
various regions of the olfactory and central nervous systems. 
It also sheds light on the importance of studying this region 
from both diagnostic and therapeutic perspectives. Regard-
ing tauopathies, the presence of pTau immunoreactivity in 
the OE of AD patients has been reported [5, 58, 60, 66]. 
NFTs are also present in the OB of AD patient early in AD 
progression [37, 48] and are correlated to bulb size reduction 
[44]. Tau pathology could thus appear early in the sensory 
part of the olfactory system (OE), due to neurotoxic com-
pounds present in the environment or to the gradual loss of 
its ability to regenerate. Considering that tau spreading along 
neuronal connections is now well documented [53], one can 
imagine that pathological forms cross the cribriform plate 
to penetrate the CNS and spread through the olfactory tract 
to regions known to be affected in AD (EC, amygdala, hip-
pocampus). Here, we provide the first evidence of the stag-
ing of tau pathology across the olfactory system, and, more 
importantly, that preventing the accumulation of pathologi-
cal tau in the OE reduces NFT-like tau accumulations in the 
PC, EC, and amygdala.

Prion‑like spreading of tauopathy 
within the olfactory system

Our study revealed the presence of hyperphosphorylated 
tau protein in the OSNs of the OE as early as 1.5 months 
in PS19 mice. The signal increased up to 6 months, and 
decreased at 9 months, which could be explained by the 
reduction in the number of OSNs with aging [23]. Neurogen-
esis occurs in the OE throughout life, but aging and exposure 
to pathogens contribute to a reduction in this regenerative 
capacity [16, 51]. Strong positive signal was observed in 
the superficial layer where the dendritic knobs of OSNs are 
located. This signal appears to persist over time—unlike in 
OSNs—suggesting that pTau could be secreted and become 
trapped in the mucus of this layer, where it may not be effi-
ciently cleared. pTau immunoreactivity was also detected 
in ABs, suggesting that the signal appears early in OSNs 
and spreads following their axonal projections to accumulate 
within ABs. These nerve fibers then reach the OB following 
efferent projections and constitute its most external layer, the 
ONL. Immunohistochemical analyses showed strong pTau 
signal in the ONL but also in the MCL. Mitral cells in the 
MCL are neurons that receive afferences from OSNs within 
the olfactory glomeruli and project to various regions in the 
brain, notably the PC or EC that are part of the olfactory 
cortex. The OC allows the integration of olfactory informa-
tion [10, 59]. pTau was also detected in these two cortical 
regions: as early as 3 months in the PC—which receives 
direct inputs from the OB—and 1.5 months in the lateral 
EC—receiving direct inputs from the PC [13]. Finally, the 
last region investigated was the hippocampus due to its 
connections with the EC layers II and III, which project to 
specific hippocampal subregions. Neurons from EC layer II 
project to the DG via the perforant path, initiating the tri-
synaptic circuit: from the DG to CA3 through mossy fibers, 
and from CA3 to CA1 via Schaffer collaterals. In parallel, 
neurons from EC layer III project directly to CA1 [69]. pTau 
immunoreactivity was observed in these hippocampal sub-
regions, especially in the molecular layer of the DG where 
the axons coming from the medial EC terminate [33]. The 
presence of tau pathology in PS19 mice was demonstrated 
in all areas of interest, from the OE to the hippocampus, and 
its time-dependent spread seemed to follow neuroanatomi-
cal pathways, such as the perforant path, consistent with the 
previous findings in the CNS regions of PS19 mice [53]. It 
was suggested that tau pathology may spread along neuro-
anatomically connected pathways. For instance, injection of 
brain extracts from PS19 mice into the brains of transgenic 
animals expressing human tau animals induced the assembly 
of WT human tau into filaments and the spread of pathology 
from the injection site to neighboring brain regions [15]. 
This type of neuron-to-neuron progression is found in many 
cerebral proteinopathies, which share similar cellular and 

Fig. 9   Modulation of tau pathology in the CNS via intranasal inter-
ventions. Sections of the OE, OB, PC, EC, and amygdala from 
6-month-old PS19 males were fixed and stained with the AT8 anti-
body. After intranasal ZnSO4 irrigation, the OE and ONL from the 
OB are stripped, no more pTau signal is found in these regions (a). 
Quantification of the number of NFT-like tau accumulations/mm2 
was performed in the PC, EC, and amygdala. In the PC, there are 
no NFT-like tau accumulations compared to the PBS-treated mice. 
In the EC and amygdala, there is a significant decrease in NFT-like 
accumulations compared to the control condition. **P < 0.01 (Mann–
Whitney test, n = 6 mice/group) (b). OE sections immunostained for 
GFP (green), AT8 (purple), and DAPI showed efficient transduction 
following intranasal AAVs administration (c). In the PC, AT8 immu-
noreactivity appeared increased in AAV-treated mice compared to 
PBS controls (d). Quantification of the AT8-positive area in the PC 
showed a trend toward increased pTau signal following nasal deliv-
ery of hTau-P301S AAVs (Mann–Whitney, n = 5 mice per group) (e). 
ONL: olfactory nerve layer, AG: amygdala

◂



	 Acta Neuropathologica          (2025) 149:64    64   Page 18 of 25

molecular patterns of pathological protein propagation [22]. 
Termed “prion-like” propagation, this process implies that 
the tau protein can actively propagate trans-synaptically and 
that misfolded tau can affect tau folding in healthy surround-
ing neurons through a seeding mechanism [22]. Owing to its 
direct connection with the OE and other CNS regions, the 
OB is often regarded as a hub for the spread of misfolded 

proteins or as an entry point for pathogens [60, 73, 75]. Our 
results suggest that pTau appears early in OSNs from the 
OE of PS19 mice and likely spreads following the olfactory 
pathway to the OB, without maturation of tau seeds into 
mature NFTs in these regions, as shown by the Gallyas stain-
ing. pTau then appears in the olfactory cortex (PC and EC) 
and further in the hippocampal regions (essentially CA3 and 

Fig. 10   pTau expression in human OE. The OE was obtained from 
a Braak stage II patient (patient 4). The sections were immunohisto-
chemically stained with PHF-1 or with OMP (a–e). PHF-1 signal is 
observed in the OMP-positive OSNs (b) and ABs (c–e) of the OE. 
Paraffin sections immunostained for OMP (green) and PHF-1 (pur-
ple) show colocalization between OMP-PHF-1 (white) in the AB (f, 

f’). PHF-1 signal is also observed inside the tissue (f). Paraffin sec-
tions immunostained for OMP (green) and AT8 (purple) show no 
colocalization between OMP-AT8 (g, g’). No signal is detected in 
the negative controls without primary antibodies. Scale bar: 100 μm. 
OSNs: olfactory sensory neurons, ABs: axon bundles
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DG) which are projection regions of neurons from layer II 
(and possibly layer VI) of the EC. Of note, Gallyas-positive 
inclusions are readily present only in PC and EC 9 months, 
indicating that NFTs are a late manifestation of tau pathol-
ogy that do not appear in all brain regions where pathologi-
cal tau (e.g., AT8-positive) is available. This crucial point 
should be further investigated to define what pathological 
forms of tau are responsible for its transsynaptic spreading. 
Evidence from studies in the retina suggests that the induc-
tion of fibrillar aggregates is essential to induce pTau spread-
ing in the brain [68]. Additionally, it is imperative to eluci-
date how pTau contributes to the formation of typical paired 
helicoidal filaments (PHFs) in more specific subregions.

Given the anatomical proximity between the OB and lim-
bic regions, and considering the olfactory deficits in AD 
patients, it has previously been suggested that tau pathology 
spreads from olfactory circuits to limbic structures includ-
ing the amygdala, as well as the piriform and entorhinal 
cortices [2, 56]. This route of propagation may exacerbate an 
already existing tauopathy within the CNS, making the OE a 
promising target region for early treatment intervention. The 
expression pattern of tau pathology observed in the olfac-
tory system of PS19 mice might resemble that found in AD 
patients where tau-immunoreactive fibers have been reported 
in the ONL [36], and tau-containing neurites were present 
in the OE [5, 36]. We showed here pTau staining (PHF-1) in 
the ONL—formed by the axons of olfactory neurons—from 
Braak stage I/II patients, as well as in OSNs and ABs within 
the OE. PHF-1 has been reported to detect phosphorylated 
tau in axons and the neuropil, preceding pretangle forma-
tion, while AT8 stains pretangles and is considered an early 
marker of tau pathology [4]. In our observations, PHF-1 
staining was detected in the OE and in the ONL of the OB 
but also evidenced neuropil threads in the inner layers of 
the OB, whereas AT8 staining was restricted to these inner 
layers of the bulbs. This suggests that hyperphosphorylated 
tau may be present in the OE at early Braak stages without 
converting over time to aggregate, possibly due regenera-
tive capacity of the OE that continuously produces newborn 
OSNs. Still, these pTau forms detected by PHF-1 in the 
OSNs could be heading for the ONL, which is formed by the 
axons of the OSNs. Consistent with our data, hyperphospho-
rylated tau then accumulates within the inner layers of the 
OB to form pretangles evidenced by both AT8 and PHF-1 
staining. These results and the underlying scenario of pTau 
progression are consistent with the other studies showing 
phosphorylated tau evidenced by AT8 or PHF-1 staining in 
the OB of AD patients [25, 58].

This strongly suggests that tau pathology may develop 
early in these regions. These findings extend beyond the 
transgenic mouse model, indicating the relevance of our 
observations to human pathology. While there is an ongo-
ing debate regarding whether tau pathology in the olfactory 

system arises earlier, simultaneously, or subsequently than 
in the EC, our results suggest that the olfactory system may 
be a site of early tau pathology development in NDs [36, 67]. 
Importantly, the direction of the progression of tau pathol-
ogy in the olfactory system is matter of different hypothesis. 
On the one hand, different studies postulate that the olfac-
tory system serves as an entry point for pathogens or as an 
access point for environmental aggressions, which can trig-
ger pathological changes that would then spread throughout 
the brain via anterograde olfactory pathways [16, 21, 54, 60] 
Our data illustrate this hypothesis but are not at odds with 
the one supporting Tau pathology appears early in the brain, 
particularly in the EC, and then spreads to the olfactory sys-
tem using the retrograde olfactory circuit [18].

Olfactory dysfunction: a prodromal sign 
of dementia

Olfactory deficits have been observed and associated with 
NDs, including AD, since 1974 [18, 70]. Olfactory dysfunc-
tion is present not only in the early stages of AD but also 
in MCI patients [60] and is now recognized as a prodromal 
sign of dementia [10] and as a tool to predict MCI-to-AD 
conversion [38].

Since then, behavioral studies aimed at evaluating 
olfactory function have been conducted to characterize 
mouse models of these pathologies. In our study, the 
results of the food-seeking and olfactory discrimination 
tests did not show any significant difference between the 
PS19 and age-matched control mice. PS19 mice did not 
take longer to find the buried food and reacted in the 
same way as the control mice did when presented with 
two different odors, contrary to what had been previously 
demonstrated [41]. These results could be explained by 
the fact that the term "olfactory deficits/dysfunction/
impairment" encompasses several functions, such as a 
decline in odor threshold, odor identification, odor dis-
crimination, and odor memory that cannot be measured 
by the same tests [10]. In addition, differentiating olfac-
tory deficits caused by physiological aging from those 
associated with NDs presents a challenge [23]. During 
normal aging, the OE, which contains OSNs, is gradually 
replaced by respiratory epithelium. This is accompanied 
by ossification and closure of the foramina in the cribri-
form plate. Together, these changes can disrupt the trans-
duction of olfactory information from the OE to the OB 
and the olfactory cortex [10, 60] and lead to an increase 
in odor threshold, which relies solely on the integrity of 
the OE and OSN transduction [10, 35]. In contrast, olfac-
tory memory relies on hippocampal integrity, whereas 
odor identification/discrimination relies on the integrity 
of central olfactory structures [23, 36]. In AD patients, 
it has been shown that odor identification is particularly 
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impaired [10, 38, 60, 70]. This impairment reflects a cog-
nitive deficit rather than a direct impairment of olfactory 
perception [24, 36, 38], since higher cognitive skills, such 
as verbal and semantic skills, are required [23]. Some 
odor identification tests have already been proposed, in 
which certain odors can differentiate AD patients from 
individuals with normal aging [60]. Our findings show 
that following intranasal ZnSO4 irrigation, which disrupts 
the peripheral olfactory system [32], mice are no longer 
able to find buried food, suggesting an increased odor 
threshold. Additionally, they are no longer able to differ-
entiate between odors, indicating that their discrimination 
abilities could be impaired. The effectiveness of the tests 
conducted cannot, therefore, be questioned. These tests 
primarily evaluate peripheral damage at the level of the 
OE (odor threshold). It is thus possible that PS19 mice 
do not present strong peripheral impairment despite the 
presence of tau pathology in the OE. They might retain 
their ability to smell odors because of the lack of fibril-
lar tau (NFTs) in this region. However, the presence of 
lesions in the primary olfactory cortex (OB, PC, and EC) 
might compromise olfactory discrimination and iden-
tification [10], two functions that are truly challenging 
to evaluate in mice. Consistent with our hypothesis, in 
Tg2576 mice—an amyloid mouse model—odor memory 
is impaired, while odor perception is spared, suggesting 
that the underlying mechanisms might be different [10]. 
In addition, it is known that, compared with mice, humans 
have a poorly developed sense of smell [40]. In rodents, 
the OE covers 50% of the nasal cavities, while it covers 
only 3–5% of these cavities in humans. Consequently, 
olfactory neuronal loss has a greater impact on odor per-
ception in humans than in rodents [20]. Mice rely heavily 
on their olfactory function for survival, and given their 
significant olfactory capabilities, we hypothesize that 
the pTau pathological pattern detected in the olfactory 
regions might not be sufficient to induce olfactory dys-
function detectable by the two tests conducted.

Targeting the OE mitigates tau pathology in the CNS

To establish a causal link demonstrating that the OE 
serves as a gateway for pathology and worsens pre-exist-
ing conditions in the CNS of PS19 mice, we directly tar-
geted the OE and assessed its impact on the tau pathology 
progression in the CNS. Intranasal ZnSO4 irrigation was 
used to specifically strip the OSNs in the OE and ONL 
in the OB [32, 39], providing a model to study the down-
stream effects on the CNS. Repeated intranasal irriga-
tion with ZnSO4 in PS19 mice resulted in near-complete 
stripping of the OE and ONL. Additionally, NFT-like 
tau accumulations were absent in the PC and only a few 
residual lesions were present in the EC and amygdala, 
compared to vehicle-treated controls. This suggests that 
modulating tau pathology in the olfactory system delays 
its progression in interconnected CNS regions. Given that 
all these regions receive input from the OB, our findings 
reinforce the hypothesis that the olfactory pathway—par-
ticularly the OE—serves as an early site for pathology 
development and as a potential entry point for the spread 
of pathology to the PC and EC. Our “prion-like” propa-
gation hypothesis was further strengthened by the results 
obtained following intranasal administration of AAVs 
encoding the P301S-mutated human tau protein, which 
lead to increased tau pathology in the PC of PS19 mice.

These findings highlight the potential of intranasal drug 
delivery to target NDs via the olfactory pathway, offering 
a way to reduce the side effects associated with systemic 
administration [36]. Research in mouse models has dem-
onstrated that nasal tau immunotherapy can clear intracel-
lular tau pathology and improve cognitive function in aged 
tauopathy mice [26]. In humans, the intranasal route has also 
been explored in multiple studies as a promising therapeutic 
strategy for various NDs [19, 31, 42].

Limitations of this study

In this study, the limitations of using PS19 mice, a trans-
genic model with random transgene insertion and arti-
ficial overexpression driven by the mouse prion protein 
promoter, must be taken into account when interpreting 
the results [55]. It is also important to emphasize that this 
is exclusively a tauopathy model, with no amyloid pathol-
ogy present. As a result, we were unable to study the 
impact of co-existing amyloid pathology on the appear-
ance and progression of tau pathology in the olfactory 
and central nervous systems, which would be of interest 
but particularly challenging to carry out. We focused on 
tauopathy rather than on amyloid pathology for its closer 
correlation to neurodegeneration. To partially address 
this limitation and give indication about the relevance of 
our results, we incorporated results obtained from human 

Fig. 11   pTau expression in human OB. The OB were obtained either 
from patients 1 and 2 (Braak stage I) (a, b, e, f) or from patients 3 
and 4 (Braak stage II) (c, d, g, h). Paraffin sections immunostained 
for OMP (green) and PHF-1 (purple) show colocalization between 
OMP-PHF-1 (white) in the ONL of all patients (a–d, d’). PHF-1 
signal is also found in the inner layers of the OB (a–d, d’’). Paraffin 
sections immunostained for OMP (green) and AT8 (purple) show no 
colocalization between OMP-AT8 (e–h, h’). AT8 signal is only found 
in the inner layers of the OB, similarly to PHF-1 (e–h, h’’). No signal 
is detected in the negative controls without primary antibodies. Scale 
bar: 100 μm. ONL: Olfactory nerve layer, GL: Glomerular layer
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samples with a postmortem diagnosis of early Braak stage 
pathology.

Conclusions

Our study highlights that pTau appears early in the OE of 
PS19 mice and subsequently spreads to the CNS following 
neuroanatomical pathways, like the olfactory and perforant 
pathways. Despite the presence of tau lesions in regions of 
the olfactory system, the olfactory threshold of PS19 mice 
was not significantly impaired. By specifically targeting 
olfactory neurons in the OE, we were able to either miti-
gate or increase tau pathology in CNS regions that share 
direct connections with the OB. We additionally confirmed 
the appearance of pTau signal in the olfactory regions of 
Braak stage I/II patients. Overall, our findings support the 
spread of tau pathology according to anatomical neuronal 
connectivity, highlight the therapeutic potential of the OE 
region in tauopathies, and suggest its likely contribution to 
the progression of pathology in the CNS.
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