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Abstract

Years before Alzheimer’s disease (AD) is diagnosed, patients experience an impaired sense of 

smell, and β-amyloid plaques accumulate within the olfactory mucosa and olfactory bulb (OB). 

The olfactory vector hypothesis proposes that external agents cause β-amyloid to aggregate and 

spread from the OB to connected downstream brain regions. To reproduce the slow accumulation 

of β-amyloid that occurs in human AD, we investigated the progressive accumulation of β-

amyloid across the brain using a conditional mouse model that overexpresses a humanized 

mutant form of the amyloid precursor protein (hAPP) in olfactory sensory neurons. Using design-

based stereology, we show the progressive accumulation of β-amyloid plaques within the OB 

and cortical olfactory regions with age. We also observe reduced OB volumes in these mice 

when hAPP expression begins prior-to but not post-weaning which we tracked using manganese-
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enhanced MRI. We therefore conclude that the reduced OB volume does not represent progressive 

degeneration but rather disrupted OB development. Overall, our data demonstrate that hAPP 

expression in the olfactory epithelium can lead to the accumulation and spread of β-amyloid 

through the olfactory system into the hippocampus, consistent with an olfactory system role in the 

early stages of β-amyloid-related AD progression.
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Introduction:

Olfactory dysfunction is a common symptom in the earliest stages of Alzheimer’s disease 

(AD), often occurring many years before the diagnostic memory and cognitive symptoms 

(Devanand et al., 2000; Attems et al., 2005). During the prodromal phase of the disease, the 

hallmark aggregates of β-amyloid and hyper-phosphorylated tau progressively accumulate 

in interconnected brain regions in a conserved pattern classified by Thal and Braak staging, 

respectively (Braak and Braak, 1995; Thal et al., 2002). β-amyloid and tau accumulate in the 

olfactory bulb (OB) of AD cases with low Braak staging, indicating that the olfactory system 

is one of the first regions affected by aggregate pathology (Kovács et al., 2001; Murray et al., 

2020). A prominent theory of AD pathogenesis is the ‘olfactory vector hypothesis’ in which 

xenobiotics, metals or pollution lead to β-amyloid accumulation and seeding in olfactory 

sensory neurons (OSNs) within the olfactory epithelium (OE) of the nose (Doty, 2008; 

Dando et al., 2014; Rey et al., 2018). OSNs project directly through the cribriform plate 

into the OB which connects to olfactory regions and other downstream brain regions (Doty, 

2008; Walker, 2018). Thus, the OB has a unique proximity to the external environment but is 

also a conduit to key forebrain structures.

β-amyloid and tau aggregates are detected in the OE of AD patients and the severity of this 

pathology correlates with the amount of cortical β-amyloid in the rest of the brain (Arnold 

et al., 2010). Furthermore, in-vitro studies have demonstrated that β-amyloid can be taken 

up by neurons, transferred to other cells in an anterograde or retrograde direction and can 

seed aggregation in the new cell (Koo et al., 1990; Morales et al., 2015; Olsson et al., 2018). 

A recent in-vivo study also demonstrated that β-amyloid injected into the OB spreads to 

connected brain regions and causes apoptosis over an acute 3-day period (He et al., 2018).

However, in the AD brain the accumulation of β-amyloid in the OE and OB is likely to be 

a slow process during aging. To simulate a more chronic process, we used a conditional 

model of olfactory-driven amyloid pathology. This mouse model expresses humanized 

amyloid precursor protein (hAPP) carrying the “Swedish” and “Indiana” familial APP 

mutations in mature OSNs. Overexpression of the hAPP gene is controlled by tetracycline 

transactivator (tTA) which is driven by the olfactory marker protein (OMP) promoter as 

previously described (Cheng et al., 2011). We refer to this line as OMP-hAPP mice. Using 

this tet-off system, spatial and temporal control of the transgene expression is achieved 

using Doxycycline (Dox, Figure 1a, b). Furthermore, by crossing OMP-hAPP mice with 
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a null β-site APP cleaving enzyme 1 (BACE−/−) line, an OMP-hAPP-BACE−/− line was 

generated which does not form β-amyloid plaques (Cheng et al., 2016). The OMP-hAPP 

and OMP-hAPP-BACE−/− mice both show OSN apoptosis and olfactory dysfunction by 

3 weeks of age, demonstrating that the OSN loss occurred independently of β-amyloid 

formation (Cheng et al., 2011, 2013, 2016). Therefore, the purpose of the present study 

was to assess whether β-amyloid produced in the OE progressively accumulates in the OB 

and downstream brain regions, and whether any atrophy in these regions is dependent upon 

β-amyloid plaque production.

We used a design-based stereology approach to assess plaque accumulation in the OB, 

anterior olfactory nucleus (AON), piriform cortex (PIR) and hippocampus (HP) of OMP-

hAPP mice at 6-, 12-, 18- and 24-months of age. We also assessed the volume of these 

regions in OMP-hAPP and OMP-hAPP-BACE(−/−) mice to determine whether plaque 

accumulation is associated with neurodegeneration. Lastly, manganese-enhanced MRI 

(MEMRI) was used to track the change in OB volume with age.

Our results demonstrate that expression of hAPPswe,ind in the OSNs results in the 

progressive accumulation of β-amyloid plaques throughout the olfactory system and 

downstream cortical regions with age. This finding implicates the olfactory system in the 

earliest stages of β-amyloid accumulation in Alzheimer’s disease.

Results

Beta-amyloid deposition progresses along the olfactory pathway

Extracellular β-amyloid deposits were observed in OMP-hAPP mice (both with and without 

Dox pre-treatment), but not in teto-hAPP controls or OMP-hAPP-BACE(−/−) mice (Figure 

2a, b). These deposits resemble diffuse plaques (Figure 2a, b). Extracellular β-amyloid 

plaques were observed at the earliest time point (6-months) specifically in the glomerular 

layer of the OB in OMP-hAPP mice (Figure 2c). The β-amyloid plaques appeared within 

the granule cell layer by 12-months and progressively accumulated by 18- and 24-months 

(Figure 2d–f). RT-qPCR was used to confirm that expression of the hAPP gene was confined 

to the olfactory system (OE and OB) of OMP-hAPP animals and therefore the presence of 

β-amyloid deposits in downstream brain regions was not the result of aberrant expression of 

the transgene (Supplementary Figure S1). Stereological quantification of β-amyloid plaque 

load in the OB of OMP-hAPP mice using the area fraction fractionator probe showed 

a significant increase in the percentage volume of plaques with age from 6- to 12- to 

18-months (Figure 2g, Supplementary Table S1 and S2). β-amyloid was observed in the 

AON and anterior piriform cortex by 18-months. By 24-months, plaque load had increased 

in these regions and progressed to the posterior piriform cortex and hippocampus (Figure 

2h, Figure 3, Supplementary Figure S2, Supplementary Figure S4). Immunofluorescent 

triple labelling using three different β-amyloid antibodies confirmed that these plaques were 

comprised of β-amyloid (Supplementary Figure S3).

The OMP-hAPP Dox pre-treatment mice with delayed hAPP expression showed reduced 

β-amyloid plaque load in the OB at 18-months compared to the OMP-hAPP mice (Figure 
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2g, Supplementary Table S1 and S2) and qualitatively the distribution of plaques was similar 

to the 12-month OMP-hAPP mice (Figure 2h).

OB volume is reduced in OMP-hAPP mice

Comparison of gross OB volume indicated that OMP-hAPP mice had smaller OBs than 

teto-hAPP mice at all timepoints (Figure 4a). Stereological quantification showed that mean 

OB volume of OMP-hAPP mice was 38.1 ± 4.8% that of teto-hAPP mice at 6-months, 36.5 

± 4.9% at 12-months and 41.1 ± 6.8% at 18-months (Figure 4b, Supplementary Table S3 

and S4). There was no significant difference in OMP-hAPP OB volume across the time 

points, indicating OB volume did not decline with age relative to controls. The 18-month 

OMP-hAPP Dox pre-treated mice had significantly larger OBs than the OMP-hAPP mice at 

all timepoints (Figure 4b, Supplementary Table S3 and S4).

For the AON, PIR and HP of OMP-hAPP mice there was no significant difference in 

region volume as a percentage of control between the different timepoints, nor was there 

a difference between OMP-hAPP mice and OMP-hAPP Dox pre-treated mice (Figure 4b, 

Supplementary Table S3 and S4).

Similarly, the OB volume of OMP-hAPP-BACE(−/−) mice was 35.9 ± 6.3% of teto-hAPP-

BACE(−/−) mice at 6 months, 36.4 ± 10.7% at 12-months and 51.8 ± 8.6% at 18-months 

(Figure 4c, Supplementary Table S3 and S5). There was no significant difference in region 

volume for the OB, AON, PIR or HP across the timepoints.

Glomerular layer volume is reduced in OMP-hAPP mice

The glomerular layer of OMP-hAPP, OMP-hAPP Dox pre-treatment and OMP-hAPP-

BACE(−/−) mice appeared thinner and the glomeruli were disorganized compared to their 

respective controls (Figure 5a–c). Using the Cavalieri estimator, we determined that 

glomerular layer volume as a percentage of total OB volume was significantly reduced 

in 18-month old OMP-hAPP, OMP-hAPP Dox pre-treated, and OMP-hAPP-BACE(−/−) mice 

compared to their respective controls (One-way ANOVA with Šídák’s multiple comparisons 

test of pre-selected comparisons; mean OMP-hAPP: 9.97 ± 0.52% of total OB volume; 

mean teto-hAPP: 22.13 ± 2.8% of total OB volume; P < 0.0001. Mean OMP-hAPP Dox: 

16.81 ± 1.35% of total OB volume; mean teto-hAPP Dox: 23.94 ± 2.1% of total OB 

volume; P = 0.0001. Mean OMP-hAPP-BACE(−/−) : 13.82 ± 2.45% of total OB volume; 

mean teto-hAPP-BACE(−/−): 25.24 ± 1.6% of total OB volume; P < 0.0001. Figure 5d). 

Glomerular layer volume of OMP-hAPP mice was also significantly less than that of the 

OMP-hAPP Dox pre-treatment mice (One-way ANOVA with Šídák’s multiple comparisons 

test, P = 0.0002).

OB development is impaired in OMP-hAPP mice

We used MEMRI to investigate whether the reduction in OB volume is due to degeneration 

or impaired development. The average OB volume of 3-week-old OMP-hAPP mice was 

significantly less than that of teto-hAPP mice, suggesting OB growth was impaired by 

weaning age (Figure 6a, Supplementary Table S6). The teto-hAPP animals showed a 

progressive increase in OB volume at 6 weeks and 32 weeks (8-months), followed by a 
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plateau between 32 weeks and 72 weeks. However, the OB volume of OMP-hAPP animals 

decreased between 3-week-old and 6-week-old groups and plateaued between 6-week, 32-

week and 72-week-old groups (Figure 6a). This indicates that OB volume of OMP-hAPP 

animals did not decline during adulthood.

As OMP gene expression is activated during pre-natal development, the hAPP transgene 

is presumably expressed during this early stage of OB development in the OMP-hAPP 

mice. Therefore, to examine the effect of hAPP expression during adulthood, we carried out 

MEMRI scans every 6–8 weeks on OMP-hAPP mice pre-treated with Dox until weaning 

age. Withdrawal of the Dox treatment at weaning permits expression of the hAPP gene from 

3-weeks-old. The OB volume of OMP-hAPP mice in this Dox pre-treatment group was 

smaller than that of the teto-hAPP controls at 6-weeks (Figure 6b), but larger than that of the 

OMP-hAPP animals without Dox pre-treatment (Figure 6a). OB volume of the OMP-hAPP 

Dox pre-treatment group was consistent until 32-weeks, and subsequently declined slowly 

until 65-weeks. The teto-hAPP Dox-treated control group showed a steady increase in OB 

volume until 46 weeks before plateau.

Qualitative inspection of the MEMRI scans for each group showed that OMP-hAPP mice 

had reduced OB length (horizontal plane), depth (sagittal plane) and height (coronal plane) 

at all ages compared to teto-hAPP controls (Figure 6c–d). The late onset OMP-hAPP Dox 

pre-treatment mice had reduced OB depth (sagittal plane) at 6 weeks old (Figure 6c) but 

appeared to have more reduced OB length (horizontal plane) and height (coronal plane) at 

65-weeks-old (Figure 6d).

Discussion:

In this study we assessed the spread of β-amyloid from the OE to the OB and downstream 

connected brain regions. As olfactory deficits are an early symptom of AD, and β-amyloid 

and tau aggregates accumulate in the OB very early in the disease, the olfactory system 

may be an initial site of aggregate accumulation in the human disease. While a previous 

study has demonstrated the acute spread of β-amyloid injected directly into the OB over 

72 hours, in human AD the process of β-amyloid accumulation is likely to be slow (He et 

al., 2018). Furthermore, the olfactory vector hypothesis implies that the olfactory sensory 

neurons would be the source of the β-amyloid rather than the OB. Our study is the first 

demonstration that APP expressed in the OE can lead to the passive spread of β-amyloid 

plaques to downstream brain regions over time.

Our results show that the β-amyloid plaques progressively accumulate in brain regions 

further downstream of the OE with age, and at each timepoint the density of plaques in 

these regions increased. This pattern of progressive plaque deposition from the OE to the 

OB, then piriform cortex and hippocampus agrees with previous studies where amyloid 

or alpha synuclein were injected directly into the bulb (Rey et al., 2016, 2019; He et al., 

2018), but our study shows a slower pace of spread. We have inferred that the progressive 

appearance and increased density of β-amyloid labelling in these regions at subsequent 

time-points is indicative of β-amyloid movement from upstream regions. However, it 

should be considered that as different animals are studied at each timepoint, we are not 
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able to conclusively demonstrate this movement. The steady spread and accumulation of β-

amyloid is highlighted by the Dox pre-treatment OMP-hAPP mice where hAPP expression 

is delayed. By 18-months of age, the plaque distribution in these Dox pre-treated mice 

more closely resembled the 12-month-old OMP-hAPP mice. However, quantitatively the 

plaque load in these regions resembled the 6-month-old OMP-hAPP mice. The more rapid 

accumulation of β-amyloid in the OMP-hAPP mice might reflect the prenatal production 

of hAPP in these animals, as the OMP promoter becomes active at embryonic day 14 

(Graziadei et al., 1980). However, the conserved pattern of plaque progression in both 

the OMP-hAPP and the OMP-hAPP Dox pre-treated mice, suggests the mechanism of 

deposition from OE to OB is conserved regardless of when hAPP expression begins.

The distribution of β-amyloid within the OMP-hAPP olfactory system differs to that 

observed in the human AD OB. We observed β-amyloid plaques concentrated within the 

glomerular and granule cell layer in the OMP-hAPP mice, however in human AD, the 

density of plaques is higher in the AON than in these layers (Murray et al., 2020). This 

discrepancy highlights a key anatomical difference between rodent and human olfactory bulb 

anatomy. The AON is located within the olfactory bulb in humans while the rodent AON 

is situated posterior to the bulb. Therefore, the difference in β-amyloid distribution between 

the OMP-hAPP mice and that of human AD may reflect a fundamental difference in the 

anatomical route by which amyloid may spread along the olfactory pathway in humans and 

rodents.

Our design-based stereology analysis of OB volume showed that OMP-hAPP and OMP-

hAPP-BACE−/− mice had reduced OB volume compared to controls. However, OB volume 

as a percentage of controls did not decline with age. This suggests the reduced OB volume is 

not due to degeneration. The reduced volume may instead reflect impaired OB growth due to 

pre-natal hAPP expression. To investigate this, we examined OB volume in OMP-hAPP Dox 

pre-treated mice, where the hAPP expression is delayed until 3-weeks old. At 18-months 

the OB volume of Dox pre-treatment mice was significantly less than controls but larger 

than the OMP-hAPP mice without Dox pre-treatment, indicating that delayed onset of the 

transgene expression had reduced the volume deficit.

To further confirm that the OB volume loss is due to impaired development rather than 

degeneration, we examined OB volume changes over time using MEMRI. This contrast 

technique highlights the laminar anatomy of the OB as previously described (Saar et al., 

2015). By tracking the OB volume of each group over time it was evident that the OBs 

of OMP-hAPP mice are smaller than controls from the earliest time point we measured 

and do not grow over time. Similarly, the OB volume of Dox pre-treatment OMP-hAPP 

mice did not increase once the transgene was activated at weaning age. Overall, our results 

suggest that expression of hAPP in the OE leads to impaired OB growth rather than 

neurodegeneration.

Our results also showed that reduced glomerular layer volume is a contributing factor to the 

overall reduction of OB volume in OMP-hAPP mice. Previous studies using the OMP-hAPP 

mice show apoptosis of OSNs occurs by 3 weeks of age as well as distortion of glomerular 

structure and loss of OSN axonal convergence (Cheng et al., 2013). Loss of OSNs leads to 
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loss of sensory input which is necessary for postnatal OB growth as studies of unilateral 

naris occlusion at birth show that OB volume is reduced on the occluded side while the 

open side develops normally (Cummings et al., 1997; Pothayee et al., 2017). Therefore, 

the reduced OB volume is likely due to a loss of OSN input from the onset of hAPP 

expression, which prevents OB growth. As this loss of glomerular input occurs before 

plaques form in the OB, and the OMP-hAPP-BACE(−/−) mice also show reduced glomerular 

layer volume, we conclude that the glomerular distortion is independent of β-amyloid plaque 

production, which agrees with previous findings(Cao et al., 2012b; Cheng et al., 2016). 

Therefore, it is likely that loss of glomerular input is caused by mutant hAPP(sw,ind) or 

other hAPP cleavage products. Previous studies of this OMP-hAPP model demonstrate 

that expression of hAPP(sw,ind) causes OSN death via the caspase-9-mediated intrinsic 

apoptosis pathway(Cheng et al., 2016). Based on this data, we propose that apoptosis of 

OSNs caused by hAPP expression leads to reduced sensory input and impaired OB growth.

Reduced glomerular volume has functional consequences as previously demonstrated. OMP-

hAPP mice show impaired odour detection and discrimination compared to controls and 

OSN loss is correlated with deficits in olfactory performance (Cao et al., 2012b; Cheng et 

al., 2013). In-vivo functional imaging also shows reduced strength of the OSN-glomeruli 

synapse (Cheng et al., 2013). These previous studies examined OMP-hAPP mice at 3 weeks 

and 3–5 months, so additional behavioural studies would be required to assess whether the 

functional deficit increases with older mice. Overall, our results align with previous studies 

to conclude that OSNs are either sensitive to elevated hAPP levels or the familial AD hAPP 

mutations impair OSN function.

Reduced glomerular volume due to OSN loss is also relevant to the human OB. A recent 

study of the OB in human AD shows a significant reduction in glomerular layer volume 

and elevated β-amyloid and microgliosis, particularly on the ventral side of the OB (Son et 

al., 2022). Their analysis indicated that the glomerular layer shrinkage was due to glomeruli 

atrophy rather than a reduced number of glomeruli. In agreement with our data, we propose 

the reduced glomerular volume in human AD is likely due to the loss of OSN axons or 

disrupted axon targeting rather than bulbar degeneration. The accumulation of β-amyloid 

specifically in the ventral glomerular layer of the human AD OB is likely due to deposition 

by the OSNs as we observed in the OMP-hAPP mice. Altered glomeruli morphology 

could also be due to loss of OSN input. The distorted and irregular shape of glomeruli 

in the human bulb, even in older neurologically normal individuals, may arise from the 

combination of OSN loss and axon retargeting over a lifetime (Murray et al., 2022; Son 

et al., 2022). We observed the glomeruli in OMP-hAPP mice to have a similar distorted 

shape while control mice have a more consistent spherical morphology. As we observed loss 

of glomerular layer volume in OMP-hAPP-BACE(−/−) mice independent of plaques, it is 

plausible that peri-glomerular β-amyloid accumulation in human AD is not the direct cause 

of the glomerular alterations.

The delayed appearance of β-amyloid plaques in the OB of Dox pre-treated animals may 

reflect the more mature state of the OB when hAPP expression begins. During early 

postnatal development OSN axons gradually refine their precise targeting to the OB while 

undergoing continuous turnover in the OE. This refinement process may result in greater 
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levels of β-amyloid deposits in the OB as new axons are introduced to establish an accurate 

olfactory bulb map. Once the OB matures and axonal refinement is complete, β-amyloid 

deposits may accumulate at a reduced rate. Consistent with this we find that developmental 

axon targeting is less disrupted when the OSN hAPP expression is delayed. A previous study 

using the OMP-hAPP model shows that early hAPP overexpression causes OSN axons to 

mistarget and innervate many glomeruli rather than one (Cheng et al., 2013). Therefore, 

delaying hAPP expression may result in a less extensive innervation of OSN axons that 

contain hAPP entering the OB and thus a slower accumulation of β-amyloid plaques. While 

APP presumably does not accumulate in human OSNs during development, remodelling 

of the OE may occur in response to external insults such as injury, infection, or exposure 

to toxins. In such a case, OSNs would regenerate as BACE1 is upregulated in response to 

injury (Cole and Vassar, 2007) and facilitate remodelling through cleavage of axon guidance 

proteins (Rajapaksha et al., 2011; Cao et al., 2012a). Therefore, an injury to the OE during 

adult life could also lead to increased BACE1 expression, subsequent APP cleavage and 

gradual accumulation of β-amyloid within OSNs that target to the OB and slowly spread to 

downstream brain regions in human Alzheimer’s disease.

Lastly, we found that the volume of downstream brain regions (AON, PIR, HP) was not 

altered in OMP-hAPP or OMP-hAPP-BACE(−/−) mice at any timepoint, despite plaques 

forming in the AON and PIR of OMP-hAPP mice by 18-months. This further supports 

the conclusion that plaque accumulation and impaired OB growth does not directly affect 

the gross anatomy of these regions. A more detailed assessment of neuron number using 

stereology would be needed to detect more subtle differences. However, our results align 

with previous evidence showing that β-amyloid alone does not cause cortical atrophy in vivo 

(Jankowsky and Zheng, 2017).

Overall, our results suggest that olfactory dysfunction in Alzheimer’s disease is unlikely 

to be solely due to β-amyloid-induced degeneration. From current literature it is unclear 

whether human OB volume is reduced in Alzheimer’s disease (Jobin et al., 2021). Several 

MRI studies that measured the human OB and olfactory tract reported reduced volume in 

Alzheimer’s disease patients (Thomann et al., 2009b, 2009a; Petekkaya et al., 2020), while 

an additional study reported no difference in volume when the OB alone was measured 

(Servello et al., 2015). These studies are limited by the resolution of clinical MRI relative 

to the very small size of the human OB, together with small sample sizes and large inter-

individual variability in human OB volume. Therefore, it is currently unclear whether OB 

degeneration is a feature of human Alzheimer’s disease and if not, then the absence of 

degeneration in the Dox- pre-treated OMP-hAPP mice is perhaps not unexpected.

In conclusion, this study provides evidence that β-amyloid produced by OSN expression of 

hAPP can spread to the hippocampus via the OB. These results support an olfactory route of 

β-amyloid spread and accumulation and highlight the potential involvement of the olfactory 

system in the earliest stages of in Alzheimer’s disease.
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Methods:

Transgenic Lines

All animal experiments were performed in accordance with the NIH guidelines and were 

approved by the Animal Care and Use Committee of the National Institute of Neurological 

Disorder and Stroke, National Institutes of Health (Bethesda, MD USA). Reporting in this 

manuscript follows the recommendations in the ARRIVE guidelines(du Sert et al., 2020).

The OMP-hAPP line was bred by crossing the TetO-hAPP line containing the hAPP 

transgene with familial AD mutations KM570, 571NL “Swedish” and V617F “Indiana” 

(RRID: MMRRC_034846-MU) with the OMP-tTA line (RRID: IMSR_JAX:017754) that 

expresses the tTA in mature OSNs (Yu et al., 2004; Jankowsky et al., 2005; Nguyen 

et al., 2007). The expression of hAPP by the OSNs presumably begins when the OMP 

promoter is activated during embryonic development. OMP-hAPP animals were confirmed 

by genotyping. Littermates with only the tetO-hAPP transgene or the OMP-tTA transgene 

were examined and the results were indistinguishable as previously described (Cheng 

et al., 2016). In most cases, littermates with the tetO-hAPP transgene were selected as 

controls. The OMP-hAPP animals were crossed with a null β-site APP cleaving enzyme 

1 (BACE−/−) line (RRID: IMSR_JAX:004714) to generate OMP-hAPP-BACE+/− and OMP-

hAPP-BACE−/− lines as previously described (Cheng et al., 2016). All mice were of mixed 

(129 × C57BL/6) background and both sexes were used in the study.

For the study of late-onset hAPP expression, Dox-containing chow (6 g/kg, 0.5-inch pellets, 

Bio-Serv, Frenchtown, NJ) was fed to lactating mothers until the pups were weaned at 2- 

to 3-weeks old. Dox prevents the tTA-protein from binding to the tetO-sequence, thereby 

preventing the expression of hAPP until weaning age.

PCR genotyping

The following PCR primers were used for genotyping: OMP-tTA: 5’ 

GGTTGCGTATTGGAAGATCAAGAGC 3’; 5’ GAG-GAGCAGCTAGAAGAATGTCCC 

3’; tetO-hAPP: 5’ CCGAGATCTCTGAAGTGAAGATGGATG 3’; 5’ CCAAGC-

CTAGACCACGAGAATGC 3’; BACE: 5’ AGG CAG CTT TGT GGA GAT GGTG3’ (wild 

type); 5’ CGGGAAATGGAAAGGCTACTCC 3’ (common); and 5’ TGG ATG TGG AAT 

GTG TGC GAG 3’ (mutant) as described previously (Cheng et al., 2016).

Validation of hAPP mRNA expression

RT-qPCR was used to confirm that hAPP mRNA was not expressed in the hippocampus 

of OMP-hAPP animals. 18-month-old OMP-hAPP animals and their teto-hAPP littermates 

were euthanized and whole brains were removed from the skull and stored in RNALater 

(Sigma-Aldrich) at −20°C. Skulls with nasal epithelium intact were stored whole in 

RNALater (Sigma-Aldrich) at −20°C. 12-month-old C57BL/6J mice were euthanized, whole 

brains were removed from the skull, and one hemisphere was flash-frozen and stored 

at −80°C. Human tissue was obtained from the Neurological Foundation Human Brain 

Bank at the University of Auckland, New Zealand. The tissue was donated with informed 

consent from the family before brain removal, and all procedures were approved by the 
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University of Auckland Human Participants Ethics Committee (Ref: 011654). Total RNA 

was isolated from micro-dissected olfactory bulb, AON, hippocampus, and nasal epithelium 

of OMP-hAPP and teto-hAPP mouse brains, olfactory bulb of C57BL/6J mouse brains, 

and middle temporal gyrus of human Alzheimer’s disease brains using the RNeasy Mini 

Kit (QIAGEN) following the manufacturer’s instructions for tissue samples. The purity 

(OD260/280) and concentration of total RNA was analyzed using spectrophotometry 

(NanoDrop 1000, Thermo Fisher). Total RNA was diluted to a concentration of 20 ng/μl 

prior to cDNA synthesis to ensure that RNA input was consistent across samples. RNA 

was stored at −80°C until use. For cDNA synthesis, the High-Capacity RNA-to-cDNA Kit 

(Applied Biosystems) was used according to manufacturer’s instructions. RT-qPCR was 

performed using SYBR Green RT-qPCR SuperMix-UDG with Rox (Life Technologies) as 

per previously published methods(Highet et al., 2021) and run on a QuantStudio 12K Flex 

machine (Applied Biosystems). CT was determined automatically using QuantStudio 12K 

Flex Software v.1.3. Primers were designed to be specific to either human or mouse APP 
in the expectation that OMP-hAPP mice would express both human and mouse APP in 

the olfactory system, while teto-APP mice would only express mouse APP. Details for the 

primers used in this study are available in Table 1.

Manganese-enhanced MRI (MEMRI)

100 mM of isotonic MnCl2 (Sigma-Aldrich) solution was infused into the tail vein using 

a syringe pump (Cole-Parmer Instrument) at a dose of 88 mg/kg and an infusion rate of 

0.25 ml/h (total infusion time of ~20 min). During the infusion, mice were anesthetized with 

1–2% isoflurane (1:4 air:oxygen mixture) and their body temperature was maintained by a 

heated water pad. After infusion, mice were returned to the cage and were monitored until 

fully awake. No abnormalities were observed after infusion in all mice. MRI scanning was 

performed 24 h after manganese administration. Animals were anesthetized with 1.2–2% 

isoflurane using a nose cone, and their body temperature maintained at 37 °C by a heated 

water bath.

Images were acquired on an 11.7 T/31 cm horizontal bore magnet (Agilent, Oxford, UK), 

interfaced to an Avance III console (Bruker Biospin, Billerica, MA). A custom built 9 cm 

diameter birdcage coil was used for homogeneous RF transmission and a small surface 

coil, 6 mm in diameter, placed in the area of the OB, was used during acquisition. Each 

animal from the Dox pre-treatment group was imaged every 4–10 weeks between the ages 

of 6–65 weeks and sacrificed after the final scan. For the OMP-hAPP animals without Dox 

pre-treatment, scans were performed on cohorts of animals at ages of 3, 6, 32 and 72 weeks 

prior to sacrifice (Figure 1c).

Manganese enhanced MRI (MEMRI) images were acquired using a 3D T1 weighted fast low 

angle shot (FLASH) sequence, at 50 μm isotropic resolution, with TR/TE = 40/4.4 ms, 25° 

pulse, and bandwidth = 50 kHz. At early ages (< 20 weeks): FOV = 12.8 × 12.8 × 7.4 mm3, 

matrix size = 256 × 256 × 148, number of averages = 2, and total scan time of 50 min. At 

later ages: FOV = 16 × 12.8 × 7.5 mm3, matrix size = 320 × 256 × 150, number of averages 

= 3, and total scan time of 1h 25 min.
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MRI analysis

The OB volume was measured using Medical Image Processing, Analysis, and Visualization 

(MIPAV) software (NIH; http://mipav.cit.nih.gov). Both bulbs were manually segmented, 

and the total bulb volume measured. Measurements are presented as average bulb volume ± 

standard deviation (SD) per group.

Tissue Processing

Mice were anesthetized with isoflurane and transcardially perfused with 1x phosphate-

buffered saline followed by 4% PFA. The brains were removed, post-fixed, embedded 

in 10% gelatin + 0.1M phosphate buffer and cryoprotected in 2% PFA + 10% sucrose 

overnight, then 30% sucrose overnight. The blocks were subsequently snap frozen in chilled 

isopentane and stored at −80°C prior to sectioning. The blocks were embedded in O.C.T. 

freezing medium (Tissue-Tek) and coronally sectioned at 50 μm thickness on a cryostat at 

−18°C. The sections were stored at −80°C prior to immunohistochemistry.

Fluorescent Immunohistochemistry and microscopy

A 1:6 series of sections were fluorescently labelled for stereological quantification of region 

of interest (ROI) volume. At least five mice per group were used per time point. Sample 

size was determined based on previous publications (Cheng et al., 2011, 2016; Saar et al., 

2015) and loss of animals with aging. No animals from any group were excluded from 

the analysis. Immunohistochemistry was performed as previously described (Cummings and 

Belluscio, 2010; Saar et al., 2015; Cheng et al., 2016). Primary antibodies included: mouse 

anti-beta amyloid diluted 1:100 (6E10, Biolegend 803002, reactivity with Human beta 

amyloid, RRID: AB_2564654), goat anti-OMP diluted 1:1000 (WAKO 019-22291, RRID: 

AB_664696) and rabbit anti-NeuN diluted 1:500 (Millipore ABN78, RRID: AB_10807945) 

in immunobuffer (3% horse serum, 0.2% triton in tris-buffered saline). Secondary antibodies 

were diluted 1:600 in immunobuffer: donkey anti-rabbit Alexa Fluor 488 (Jackson Lab 

711-545-152), donkey anti mouse cy3 (Jackson Lab 715-165-150) and donkey anti-goat 

Alexa Fluor 647 (Jackson lab 705-605-147). Stitched images of the full tissue sections were 

obtained using a Zeiss LSM800 confocal microscope with a 10x objective.

Stereological Quantification

Estimation of ROI volume and percentage volume of β-amyloid plaques was obtained 

using the Area Fraction Fractionator probe within the StereoInvestigator software 

(MBF Bioscience). The whole section stitched confocal images were imported into the 

StereoInvestigator software. Contours for the ROIs (OB, AON, PIR and HP) were manually 

drawn according to the Allen Mouse Brain Atlas (©2011 Allen Institute for Brain Science. 

Allen Mouse Brain Atlas) Available from: mouse.brain-map.org (Lein et al., 2007). We used 

a 300 × 300 μm sampling grid with a 150 × 150 μm2 counting frame and 20 μm marker 

spacing. At each predetermined site, one type of marker was placed over β-amyloid plaques 

and a different marker was placed over the rest of the tissue area. The process was repeated 

until all sites were quantified. The output is an estimate of total ROI volume and percentage 

of the total ROI volume containing β-amyloid plaques. The ROI volume of OMP-hAPP 

Murray et al. Page 11

Neuroscience. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://mipav.cit.nih.gov/
http://mouse.brain-map.org


mice was normalized to the average ROI volume for teto-hAPP control mice at the same 

time-point.

Estimation of glomerular layer volume was obtained using the Cavalieri estimator. A 

contour was manually drawn around the glomerular layer and a 35 × 35 μm2 grid was 

superimposed on the OB images. The grid points that fell within the contour were counted 

with a marker and the marker count was used to determine the glomerular layer volume 

across the OB sections per case. The glomerular layer volume for each case was normalized 

to the total OB volume that was determined using the Area Fraction Fractionator probe 

described above.

Statistical Analysis

The data were analyzed using GraphPad Prism version 9. The stereological plaque load 

and volume estimates for each ROI were compared between OMP-hAPP mice at different 

time points using a one-way ANOVA with Tukey multiple comparisons t-test. The plaque 

load estimates were compared between OMP-hAPP and control animals at each time point 

using a Mann-Whitney test as the data did not fit the assumption of normal distribution. 

The ROI volume estimates were compared between OMP-hAPP and control animals at each 

time point using an unpaired t-test as the data fit the assumptions of normal distribution 

and equality of variance. The MEMRI OB volume measurements for OMP-hAPP mice and 

OMP-hAPP Dox pre-treatment mice were compared to control mice at each time point 

using an unpaired t-test where the data fit the assumptions of normal distribution and 

equality of variance. If the data did not satisfy these assumptions, then a non-parametric 

Mann-Whitney U test was performed. Values are reported as mean ± standard deviation. 

Statistical significance was set as P = 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This research was supported by the Intramural Research Program of the NIH, NINDS.

H.C.M is a Heath Education Trust Postdoctoral Research Fellow, and this research was funded by the Health 
Education Trust.

Data Availability

The image data used for this study is available from the corresponding author on reasonable 

request. All other data generated or analysed during this study are included in this published 

article (and its Supplementary Information files).

Abbreviations:

OE olfactory epithelium

OMP olfactory marker protein

Murray et al. Page 12

Neuroscience. Author manuscript; available in PMC 2024 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hAPP humanized amyloid precursor protein

BACE β-site APP cleaving enzyme 1

SD standard deviation

ROI region of interest

OB olfactory bulb

OMP olfactory marker protein

AON anterior olfactory nucleus

PIR piriform cortex

HP hippocampus

Dox doxycycline
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Highlights

• Spread of β-amyloid from olfactory sensory neurons to the olfactory bulb 

with age

• Reduced olfactory bulb volume due to APP-mediated disruption of 

development

• Progressive spread of β-amyloid to the piriform cortex and hippocampus

• β-amyloid deposition was not accompanied by regional atrophy
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Figure 1. Schematic of the OMP-hAPP transgenic mice and timeline of experiments.
(a) The OMP-tTa and teto-hAPP lines were crossed to generate OMP-hAPP mice. hAPP 

expression is controlled by tTA under the OMP promoter, which is activated in mature 

OSNs. (b) In this tet-off system, when Dox is administered the expression of hAPP is 

turned off. For the OMP-hAPP Dox-pre-treatment group, this system was used to delay 

hAPP expression until mice were 3-weeks old. (c) Timeline of MRI and brain collection 

for immunohistochemistry each line. Note that for OMP-hAPP and OMP-hAPP-BACE(−/−) 

lines, different groups of animals were studied at each timepoint. For the OMP-hAPP 

Dox pre-treatment group, the same animals were scanned at each timepoint. Created with 

BioRender.com
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Figure 2. Progression of amyloid pathology along the olfactory pathway with age.
(a-b) Representative images of coronal OB sections from an 18-month teto-hAPP and 

OMP-hAPP animal labelled for DAPI (blue) and β-amyloid (green) illustrating diffuse 

plaques in the granule cell layer and glomerular layer in OMP-hAPP animals only. (c-f) 

β-amyloid accumulation in the OB at 6 (c), 12 (d), 18 (e) and 24-months (f). (g) Interleaved 

scatter with bars plot of plaque load in each ROI at 6-, 12- and 18-month-old OMP-hAPP 

animals and 18-month-old OMP-hAPP Dox pre-treated animals. Plaque load is expressed 

as percent of total volume for each region of interest, as determined using the area fraction 

fractionator probe of the StereoInvestigator software. Points represent individual animals, 

bars represent mean ± SD. P ≤ 0.0001 for all statistically significant results (****). See 

Supplementary Table S1 for data on plaque load for each ROI and animal group. (h) 
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Schematic representation of plaque distribution on coronal sections at 6-, 12-, 18- and 

24-month-old OMP-hAPP animals and 18-month-old OMP-hAPP Dox pre-treated animals. 

Examples of labelling classified as mild, moderate and severe is presented in Supplementary 

Figure S4. Abbreviations: olfactory bulb, OB; anterior olfactory nucleus, AON; piriform 

cortex, PIR; hippocampus, HP. Scale bars (a-b) 200 μm, (c-f) 50 μm.
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Figure 3. Distribution of amyloid pathology in 2-year-old OMP-hAPP mice.
A coronal series throughout the brain of a representative 2-year-old OMP-hAPP mouse (a) 

and teto-hAPP control littermate (b). High magnification images of the β-amyloid labelling 

in the OB (c), AON (d), piriform cortex (e-f), and hippocampus (g-h). The sections were 

labelled for DAPI (blue), β-amyloid (Aβ42, green) and NeuN (red). Scale bars 1 mm (a-b), 

20 μm (c-h).
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Figure 4. Volume analysis of olfactory regions of interest in OMP-hAPP and OMP-hAPP-
BACE(−/−) mice.
(a) Representative brains from an OMP-hAPP and teto-hAPP mouse at 12-months old 

demonstrating the difference in gross OB structure and size. (b-c) Interleaved scatter with 

bars plot of volume expressed as percent average volume of control animals for OMP-hAPP 

(b) and OMP-hAPP-BACE(−/−) (c) animals at each time point. Points represent individual 

animals, bars represent mean ± SD. Two-way ANOVA was used with Tukey’s multiple 

comparisons test to compare the means of each timepoint for each ROI. See Supplementary 

Table S3 for data on volume for each ROI and animal group. Abbreviations: OA, OMP-

hAPP; tA, teto-hAPP; olfactory bulb, OB; anterior olfactory nucleus, AON; piriform cortex, 

PIR; hippocampus, HP. Scale bar (a) 2mm. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 

0.0001.
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Figure 5. Glomerular layer volume in 18-month-old OMP-hAPP mice.
(a-c) Representative images of coronal OB sections from 18-month OMP-hAPP (a), OMP-

hAPP-BACE(−/−) (b) and OMP-hAPP Dox pre-treated animals (c) and their respective teto-

hAPP controls, labelled for DAPI (blue), NeuN (green) and OMP (red). The glomerular 

layer (inset) is thin and disorganized in all OMP-hAPP groups compared to controls. (d) 

Interleaved scatter with bars plot of the glomerular layer volume as a percentage of total 

bulb volume for 18-month-old OMP-hAPP and OMP-hAPP Dox pre-treated mice and their 

respective controls. Points represent individual animals, bars represent mean ± SD. Scale 

bars (a-c) 200 μm, (a-c inset images) 100 μm.
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Figure 6. Olfactory bulb volume analysis from MEMRI of OMP-hAPP mice.
(a) Total olfactory bulb volume for teto-hAPP and OMP-hAPP mice at 3, 6, 32 and 72 

weeks old. Different groups of mice were studied for each time point so points are not 

connected. (b) Time course of total olfactory bulb volume for teto-hAPP and OMP-hAPP 

mice that were treated with Dox until 3 weeks of age to prevent hAPP expression until 

weaning. The same mice were scanned at regular 6–8 week intervals from 6 weeks to 

65 weeks. Values plotted represent mean ± SD for each group at each time point. (c-d) 

Representative horizontal, sagittal and coronal T1 weighted images (MEMRI), at 50 μm 

isotropic resolution, acquired 24 hours after i.v. infusion of 100mM MnCl2 at 6 weeks old 

(c) and 65 weeks old (Dox pre-treated group) or 72 weeks old (OMP-hAPP group). **P ≤ 

0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Table 1:

Details for the primers used in this study

Accession Number Gene Sequence (5’–3’) Amplicon Length

NM_000484.4 APP (human) Fw CCCGCTGGTACTTTGATGTGA 157

Rv AGAGGTTCCTGGGTAGTCTTGAGT

NM_001198823.1 APP (mouse) Fw TGTGCCAGCCAATACCGAAA 86

Rv CAGAACCTGGTCGAGTGGTC

NM_001289726.1 GAPDH (mouse) Fw TGTGTCCGTCGTGGATCTGA 77

Rv CCTGCTTCACCACCTTCTTGA
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