
Expression of the SARS-CoV-2 Entry Proteins, ACE2 and 
TMPRSS2, in Cells of the Olfactory Epithelium: Identification of 
Cell Types and Trends with Age

Katarzyna Bilinska1, Patrycja Jakubowska1, Christopher S. von Bartheld2, Rafal Butowt1,*

1Department of Molecular Cell Genetics, L. Rydygier Collegium Medicum, Nicolaus Copernicus 
University, uI. Curie Sklodowskiej 9, 85-94, Bydgoszcz, Poland

2Department of Physiology and Cell Biology, University of Nevada, Reno School of Medicine, 
Reno, NV 89557, USA

Abstract

The Covid-19 pandemic revealed that there is a loss of smell in many patients, including in 

infected, but otherwise asymptomatic individuals. The underlying mechanisms for the olfactory 

symptoms are unclear. Using a mouse model, we determined whether cells in the olfactory 

epithelium express the obligatory receptors for entry of the SARS-CoV-2 virus by using RNAseq, 

RT-PCR, in situ hybridization, Western blot, and immunocytochemistry. We show that the cell 

surface protein ACE2 and the protease TMPRSS2 are expressed in sustentacular cells of the 

olfactory epithelium, but not, or much less, in most olfactory receptor neurons. These data suggest 

that sustentacular cells are involved in SARS-CoV-2 virus entry and impairment of the sense 

of smell in COVID-19 patients. We also show that expression of the entry proteins increases in 

animals of old age. This may explain – if true also in humans – why individuals of older age are 

more susceptible to the SARS-CoV-2 infection.
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Recent reports indicate that partial loss of the sense of smell or even total anosmia are 

early markers of SARS-CoV-2 infection.1,2 However, the cellular mechanisms of this 

phenomenon are unknown. Transient impairment of olfaction may be caused by two 

different types of processes: inflammation in the olfactory epithelium, or damage to the 

olfactory receptor neurons. The latter possibility should be considered because SARS-CoV 

virus can infect olfactory neurons, followed by axonal transport of the virus to the brain in 

transgenic mice expressing human ACE2 protein.3

If the novel SARS-CoV-2 virus indeed gains access to the olfactory pathway, with the 

potential of subsequent brain infection,4,5 then one would expect that cells in the olfactory 

epithelium express proteins that facilitate SARS-CoV-2 virus entry. This is currently not 

known but could be relevant for efforts to identify tissues that have a large viral load 

and are more sensitive for virus detection in infected, but asymptomatic individuals.6 It is 

known that SARS-CoV-2 virus invades human cells via the obligatory receptor, angiotensin 

converting enzyme II (ACE2), and that viral uptake is further facilitated by a priming 

protease, TMPRSS2.7,8 Cells with high ACE2 and TMPRSS2 expression have strong virus 

binding capacity and are particularly susceptible to infection.9 Identifying the relevant cell 

types is essential to determine the mechanism of hyposmia and anosmia observed in a 

significant fraction of COVID-19 patients and in otherwise asymptomatic carriers, as we 

have previously emphasized.6

While large-scale transcriptome studies have examined gene expression in the olfactory 

epithelium of various species, it is currently controversial whether neuronal or non-neuronal 

cells in the olfactory epithelium express the obligatory receptors, ACE2 and TMPRSS2, 

and whether expression levels differ with age.10–19 By using RNAseq, RT-PCR, in situ 

hybridization, Western blot and immunocytochemistry in a murine olfactory model system, 

we here identify sustentacular cells as the cell type with high expression of ACE2 and 

TMPRSS2, thus indicating that these cells may be targeted by SARS-CoV-2 virus in 

the human olfactory epithelium. Because sustentacular cells play key roles in supporting 

olfactory neuron metabolism and odor sensing,20 we propose that damage caused by the 

SARS-CoV-2 virus to sustentacular cells may lead to the olfactory deficits observed in 

COVID-19 patients.

Most of the data available from previous transcriptome experiments for murine and human 

olfactory epithelium (OE) indicate that both genes, ACE2 and TMPRSS2, are expressed 

in the OE. However, one microarray study did not find ACE2 expressed in the OE.10 

Several studies report that ACE2 expression is likely in non-neuronal cells rather than in 

olfactory receptor neurons (ORNs),12–14 based on very low or lack of ACE2 expression 

in isolated mature ORNs, yet positive expression in whole OE, but again, one microarray 

study did not find ACE2 enriched in non-neuronal cells of the OE.11 Technical factors 

could contribute to these discrepancies,21 since RNAseq data can only provide predictions 

that require independent experimental validation.15 Our own data obtained by RNAseq 
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expression profiling shows ACE2 expression within the OE in young and aged mice without 

major changes in expression during aging (Tab. 1; GEO accession GSE147771).

Analysis of previous RNAseq data indicate neuronal and non-neuronal expression of 

TMPRSS2 in the OE.12,13, except for one study which did not find TMPRSS2 expressed 

in OE.14 The levels of TMPRSS2 expression in non-neuronal OE cells seem to be higher 

than in ORNs,10,13 but different subpopulations of mature ORNs appear to differ in their 

levels of TMPRSS2;13 such a mosaic expression pattern is not typical for the majority of 

other ORN genes. Our own RNAseq profiling in murine OE readily detected expression 

of TMPRSS2 and its levels were higher as compared to ACE2 (GEO accession number 

GSE147771). TMPRSS2 expression increased with old age (Tab. 1).

In summary, our RNAseq and other available expression profiling data for murine OE 

indicate that ACE2 is mainly expressed in non-neuronal cells, and TMPRSS2 is widely 

expressed in both, neuronal and non-neuronal cells, likely with higher expression levels in 

non-neuronal cells.17 Since gene expression in murine and human OE is highly conserved,14 

these results suggest that non-neuronal cells rather than ORNs in the human OE are the most 

likely site of SARS-CoV-2 virus entry to the olfactory epithelium.

Since transcriptome data should be validated by additional gene and protein expression 

studies,15,18,21 we next used RT-PCR to examine gene expression. Our analysis of 

expression performed by real-time RT-PCR showed a slight decrease of ACE2 in the OE 

in juvenile mice, while levels of expression subsequently remained constant during aging 

(Fig. 1A). Because of recent reports discussing the possibility of SARS-CoV-2 infection 

in the brain,4,5 we also examined gene expression in the brain. Expression of ACE2 was 

significantly lower in the brain as compared to OE, and low levels in the olfactory bulb 

and frontal cortex did not change with age (Fig. 1B, C). TMPRSS2 expression in the OE 

increased from young adult to old age mice (Fig. 1D), and this is consistent with our 

RNAseq data (Tab. 1). To validate our real-time RT-PCR approach, we examined expression 

of another protease, TMPRSS4, which is also known to be expressed in non-neuronal cells, 

as is the case for TMPRSS2.12,14 Expression of TMPRSS4 has an opposite trend in OE with 

age (decreasing, Fig. 1G) as compared to TMPRSS2 (increasing in the OE with old age) 

(Fig. 1D).

Comparison of adult male and female mice showed lower levels of ACE2 expression in the 

OE of females (Fig. 1H), but not in the olfactory bulb or in frontal cortex (data not shown). 

TMPRSS2 was expressed in the OE at similar levels in male and female mice (Fig. 1I). 

Taken together, our data indicate that ACE2 and TMPRSS2 expression is much higher in the 

OE than in brain, and that the aging process does not significantly affect the levels of ACE2, 

however TMPRSS2 levels increase in old age.

Since protein content does not always correlate with gene expression, we examined 

expression of ACE2 at the protein level, by comparing protein content in the OE of young 

and old mice in Western blots. ACE2 protein increased with age in the OE, but not in the 

olfactory bulb or the frontal cortex (Fig. 2). Similar data were obtained with two different 

antibodies. Slightly different electrophoretic mobility of ACE2 bands in younger and older 
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OE may be due to differential glycosylation or other differences in post-translational 

modifications and requires further examination. Our data suggest that the OE of older mice 

(and, if true for humans, also older humans) may be more susceptible to SARS-CoV-2 

infection than younger ages.

Our analysis of RNAseq and RT-PCR data as well as transcriptome expression data 

available from databases and the literature strongly suggest that TMPRSS2 is expressed 

in multiple cell types in the OE, while ACE2 is mainly or exclusively expressed in 

non-neuronal cells. Since both entry proteins are thought to be required for SARS-CoV-2 

infection,7,8 it is important to establish the identity of these non-neuronal cells. We used 

immunocytochemistry to localize ACE2 protein. As predicted by gene expression studies, 

the fluorescence signal from deeper layers of the OE was relatively low, while the highest 

intensity of label was found at the luminal side immediately adjacent to the nasal cavity (Fig. 

3A–C and 3D–F). This location contains the dendrites of ORNs as well as cell bodies of the 

sustentacular cells.

Our single-labeling experiments suggest that sustentacular cells contain most of the ACE2 

protein in the OE, consistent with RNAseq data showing that neuronal expression of ACE2 

is unlikely. The non-neuronal expression of ACE2 is not surprising, since transcriptome 

data for cerebral cortex indicated that ACE2 was expressed mostly by endothelial cells and 

astrocytes, but not by neurons.22 However, others reported that ACE2 is also distributed in 

the cytoplasm of neuronal cell bodies.23,24

In order to clarify whether ACE2 protein is present in dendrites and cilia of olfactory 

receptor neurons (ORNs), we performed double labeling experiments with a marker for 

mature ORNs, olfactory marker protein (OMP). Double labeling shows that the majority of 

ACE2 signal is located within the layer of sustentacular cells, adjacent to the OMP signal, 

just below the heavily OMP-labeled ORN knobs and cilia protruding into the nasal cavity 

(Fig. 4A, B, D and E, F, H). Although it is possible that rare microvillar cells also express 

ACE2, we conclude that in the OE, ACE2 protein is located mainly in the sustentacular 

cells, but not in the ORN cilia. This finding is significant, because sustentacular cells 

are exposed to a hostile external environment, thus they are accessible to airborne 

pathogens including viruses. Sustentacular cells support ORN function by endocytosing 

olfactory binding protein-odorant complexes,25 and therefore may compromise olfaction 

when infected by viruses. In the olfactory bulb, ACE2 was localized mostly in mitral cells, 

and no or very low signal was detected in glomeruli or periglomerular interneurons (Fig. 

4I–L). Intriguingly, some dendritic localization of ACE2 was visible in mitral cells (Fig. 4I, 

L). This suggests that some distinct neuronal populations in the brain may contain ACE2, as 

was earlier observed by others.22,23

Recent RNAseq results for respiratory epithelium of the human nasal cavity did not detect 

clear ACE2 signals,16,26 while single cell RNAseq in human respiratory epithelium did show 

ACE2 expression.17 We detected ACE2 protein in the respiratory epithelium of the nasal 

cavity, however with a lower signal intensity as compared to the sustentacular cell layer of 

the OE (Fig. 5E).
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To localize TMPRSS2 expression in the OE, we used in situ hybridization, because 

available antibodies produced high background label. As shown in Fig. 5H–J, TMPRSS2 

transcripts were present in the sustentacular cells and also in deeper layers of the OE, 

which includes immature ORNs and stem cells, but label was low or non-existent in mature 

ORNs. This localization clarifies previous controversies about TMPRSS2 expression in the 

OE,10–12,14,18 by confirming low expression in mature ORNs.18 TMPRSS2 expression in 

deeper layers of the OE is consistent with some of the RNAseq studies.10,11,18

In summary, our mouse model shows that with older age, amounts of ACE2 protein increase 

in the OE, as does gene expression of TMPRSS2, the two SARS-CoV-2 host receptors. 

This may explain why animals (and humans) are more susceptible to COVID-19 infection 

when they reach old age.27 In mice, we have identified the sustentacular cells as the cell 

type in the OE which expresses both SARS-CoV-2 host receptors required for cell entry. 

Our results suggest that SARS-CoV-2 virus accumulates in sustentacular cells first and, 

by interfering with their metabolism, affects the function of olfactory receptor neurons. 

The damage to these cells caused by the virus may impair smell sensation as is often 

observed in COVID-19 patients. Whether the virus may be transferred from sustentacular 

cells to olfactory receptor neurons requires further studies. The dendrites of olfactory 

receptor neurons are enwrapped by sustentacular cells, and such contacts may engage in 

cross-communication by exosomes.28 Herpes viruses can hijack host exosomes to infect 

neighboring cells.29 Therefore, further investigations are needed to verify the sustentacular 

cells as a primary SARS-CoV-2 target in the human OE and to examine whether the virus 

can pass from sustentacular cells to olfactory neurons with a potential route to infect the 

brain. An additional important finding of our work is that the murine OE contains a more 

intense accumulation of ACE2 protein than the respiratory epithelium. If this is true for the 

human OE, then the OE (and specifically the sustentacular cells) rather than the respiratory 

epithelium may be most susceptible to SARS-CoV-2 infection, and for this reason may be 

the most relevant source of tissues to detect COVID-19 infection in early stages and in 

asymptomatic carriers. This could reduce the rate of false negative tests in early and in 

asymptomatic cases of COVID-19.

Methods

Animals and tissue processing

A total of 16 C57BL/6J mice (Jackson Laboratory) were used to obtain tissue material for 

experiments. Mice were housed at 12/12h light/dark cycle and given access to water and 

food ad libitum. All animal experiments were approved by the local ethics committee for 

animal research at Bydgoszcz (Poland). Immediately after cervical dislocation the mice were 

exsanguinated and tissues dissected. Olfactory epithelium and brain was frozen at −80°C for 

storage and further used or fixed 3 h at 4°C in 4% (w/v) paraformaldehyde in PBS (pH 7.4) 

and was then incubated in 25% (w/v) sucrose/PBS at 4°C for 16–24 h, frozen in Tissue-Tek 

O.C.T. (Sakura Finetek) and cryosectioned at 10 μm.
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RNAseq gene expression profiling

PolyA mRNA was isolated using Dynabeads purification kit (Thermo Scientific). Libraries 

were constructed using standard Illumina protocol. Olfactory mucosa mRNA profiles of 

2-month old and 2-year old wild-type male mice were generated by deep sequencing, in 

triplicate, using Illumina NovaSeq6000. To verify the quality of RNA-Seq data, the 100 

most abundant genes were taken from all samples and heatmaps were generated to observe 

the relation between samples/conditions. The sequence reads that passed the quality filters 

were analyzed at the transcript isoform level with TopHat followed by Cufflinks. Using our 

data analysis workflow, we mapped at least 30 million sequence reads per sample to the 

mouse genome (build mm10) and identified 25,867 transcripts in the olfactory epithelium 

of WT with TopHat workflow. All raw data were submitted to GEO database (accession 

GSE147771).

Reverse-transcription polymerase chain reaction

Total RNA was extracted from frozen tissue samples using Qiagen RNeasy plus mini 

kit with on-column DNAase I digestion according to the manufacturer’s protocol. About 

1 μg of total RNA was used for cDNA synthesis using Maxima first strand cDNA 

synthesis kit (Thermo Scientific). Real-time qPCR reactions were performed on PikoReal 

96 real-time PCR apparatus (Thermo Scientific) with 5x hot FIREPol EvaGreen qPCR 

mix plus (Solis Biodyne). PCR primers were obtained through Harvard PrimerBank 

(www.pga.mgh.harvard.edu). The following primers were used for relative gene expression 

quantification:

ACE2-qF1 5’-TCCAGACTCCGATCATCAAGC-3’

ACE2-qR1 5’-GCTCATGGTGTTCAGAATTGTGT-3’;

TMPR2-qF1 5’-CAGTCTGAGCACATCTGTCCT-3’

TMPR2-qR1 5’-CTCGGAGCATACTGAGGCA-3’

TMPR4-qF1 5’-CCAACCCCTCAACAACCGT-3’

TMPR4-qR1 5’-CTCAGCAGCACTGCAATGAT-3’

GAPDH-F1 5’-ATGACATCAAGAAGGTGGTG-3’

GAPDH-R1 5’-CATACCAGGAAATGAGCTGG-3’

BACTIN-F1 5’-ACTCTTCCAGCCTTCCTTC-3’

BACTIN-R1 5’-ATCTCCTTCTGCATCCTGTC-3’

Gene expression was normalized to GAPDH or to beta actin, with similar results. Data 

were analyzed by the comparative Ct method using the Ct values and the average value of 

PCR efficiencies obtained from LinRegPCR software. Ct values obtained for GAPDH and 

actin were in the range of 15–19 cycles, and Ct values obtained for ACE2, TMPRSS2 and 

TMPRSS4 were in the range of 22–32 cycles. Real-time PCR experiments were performed 
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at least in triplicate and the results were analyzed using GraphPad Prism software and 

unpaired two-tailed Student’s t test. Results are presented as mean ± SEM.

Western blotting

ACE2 protein in tissue homogenates was detected by Western blotting. Briefly, frozen tissue 

was homogenized on ice in N-Per Total Protein Extraction reagent (Thermo Scientific) 

with addition of protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Homogenates 

were centrifuged at 20,000 g at 4°C and supernatants were collected. Protein content was 

measured by BCA method (Thermo Scientific). Equal amounts of total proteins were mixed 

with 4x Laemmli sample buffer and boiled for 10 min at 80°C. Protein extracts were 

separated on 8% SDS-PAGE denaturing acrylamide gels using approximately 35 μg of 

total protein per lane and then blotted to nitrocellulose membrane (0.45 μm, Amersham) 

using standard Tris-glycine wet method. Membranes were blocked with 5% dry milk (Bio-

Rad), incubated with anti-ACE2 (Proteintech #21115-1-AP or R&D Systems, #AF3437) 

at 1/1000 or anti-GAPDH (Proteintech #10494-1-AP) at 1/5000 dilution rabbit polyclonal 

antibodies overnight at 4°C, washed several times in TBST buffer (pH 8.0) and incubated 60 

min with secondary anti-rabbit-HRP antibody (Pierce). Signal was detected using Clarity 

chemiluminescence substrate (Bio-Rad). Blots were repeated at least three times with 

comparable results. Densitometric band analysis was performed by Un-scan-it software (Silk 

Scientific, Inc) on 3 independent blots using GAPDH band for relative comparisons.

Immunocytochemistry and colocalization analysis

For single immunofluorescence labeling frozen sections cut at 10 μm were stained overnight 

with primary anti-ACE2 (Proteintech 21115-1-AP) at 1/400 dilution, sections were washed 

5 times in PBST (0.05% Triton X-100) and incubated with secondary anti-rabbit-AF488 

antibody (Jackson) at 1/500 dilution. Next, sections were stained 5 min at RT in Hoechst 

33258 (Sigma-Aldrich) and embedded in anti-fade medium (Vector labs). Alternatively, 

cryosections were stained with anti-ACE2 goat polyclonal Ab at 1/500 (R&D Systems 

AF3437). Labeling with anti-HSP25/27 (Proteintech # 18284-1-AP) was performed using 

serial sections on the same slide as labeling for anti-ACE2. The protocol was the same 

as for single labeling but dilution of the primary anti-HSP25/27 antibody was 1/400. 

For double labeling, sections were probed overnight at 4°C with antiACE2 at 1/400 and 

anti-OMP (Wako, #544-10001) at 1/500 dilution in PBST, followed by 5 washes and 

incubation with mixture of anti-rabbit-AF594 and anti-goat-AF488 at dilution 1/500 in 

PBST. After staining with Hoechst 33258, sections were embedded in anti-fade medium. 

Immunocytochemistry for light microscopy was performed using ImmPRESS HRP reagent 

kit (Vector Laboratories, # MP-7401) following the manufacturer’s protocol. Dilutions of 

primary anti-ACE2 and anti-HSP25/27 antibodies were the same as for immunofluorescence 

experiments. After immunocytochemical reactions, sections were analyzed on a Nikon 

Eclipse 80i microscope and images were taken using a Nikon DP80 camera. Microscopic 

images were processed using CellSense software (Nikon corp).

In-situ hybridization

Frozen tissue sections obtained from mice at PD21 were prehybridized, hybridized, 

and washed as described previously.30 Sense and anti-sense Digoxigenin-labeled 
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cRNA probes specific for TMPRSS2 were generated by transcription in vitro using 

murine TMPRSS2 cDNA fragment (NCBI reference NM_01577.2) located between 5’-

GAGGAAAGCCTGGTATCCCG-3’ (F) and 5’-AAATGCCGTCCAGTACCTCG-3’ (R) and 

subcloned into pGEM-T easy plasmid (Promega). SP6 and T7 RNA polymerases (Roche) 

and Dig-labeled ribonucleotide mix (Roche) were used according to the manufacturer’s 

protocol. To increase tissue penetration the final probe size was reduced by hydrolysis 

in sodium carbonate to approximately 250–300 nt. Sections were developed using 

anti-Digoxigenin Fab fragments antibody (Roche) and NBT/BCIP chromogenic alkaline 

phosphatase substrates in the presence of endogenous alkaline phosphatase inhibitor.
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Fig. 1. 
Gene expression analysis by RT-PCR for ACE2 and TMPRSS2 in murine olfactory 

epithelium (OE), olfactory bulb (OB), and frontal cortex (FC) at different ages.

Relative expression levels were normalized to expression in 2-month old OE (100%) 

using GAPDH as housekeeping gene. Similar results were obtained with beta actin as the 

housekeeping gene. A. Relative expression of ACE2 in OE decreases from juvenile 1-month 

old (1MO) to 2-month old (2MO), but it is stable in 2-year old (2YO). B, C. ACE2 levels 

observed in OB and FC are lower as compared to OE and stable during aging. Note that 

OE has higher expression level than OB and FC at each stage analyzed. D. For TMPRSS2, 

much higher expression was detected in OE as compared to OB (E) and FC (F). Note that 

with aging the level of TMPRSS2 increases significantly in OE but not in OB or FC. G. 

Expression of another protease, TMPRSS4, in OE significantly decreases during aging. H. 

Lower expression of ACE2 was noted in OE of female as compared to male 2-month old 
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mice. I. TMPRSS2 expression in OE did not show gender-specific differences. All graphs 

give the mean values, and error bars represent ± SEM. * P ≤ 0.01, ** P ≤ 0.005, *** P ≤ 

0.001.
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Fig. 2. 
Detection of ACE2 protein in tissue lysate by Western blot.

A. One or more bands just above 100 kDa is visible which is more intense in aged olfactory 

epithelium (OE) (2YO) than in 2-month old (2MO). In contrast, in olfactory bulb (OB) and 

frontal cortex (FC), ACE2 bands are weaker and decrease with age. GAPDH verifies similar 

loading per lane. B. Quantification of the relative band intensity shows significant increase 

of ACE2 in aged OE but not in aged OB and FC. Intensity of ACE2 band for 2MO FC was 

set at 100%. Graphs give the mean values, and error bars represent ± SEM. * P ≤ 0.01.

Bilinska et al. Page 13

ACS Chem Neurosci. Author manuscript; available in PMC 2024 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Cross-sections through the olfactory epithelium (OE) (A-F), respiratory epithelium (RE) 

(G-I) and olfactory bulb (OB) (J-L) probed with an anti-ACE2 antibody; nuclei were 

stained with Hoechst 33258 (B, E, H, K).

A thin layer of labeling is visible at the luminal surface of the OE (A, D). Higher 

magnification shows labeling just above the layer of sustentacular cell nuclei (D-F), while 

the olfactory knobs and cilia (red arrows) do not contain ACE2, and neither do the olfactory 

receptor neurons (ORN, asterisks in D and F). C, D. Merging of the images from A and 

B as well as D and E reveals that the cell bodies of the sustentacular cells (SC) contain 

most of the ACE2 label. ACE2 label was weaker in the RE of the nasal cavity (G-I). In 

the OB, ACE2 antibodies labeled some mitral cells, including their proximal dendrites (J-L, 

arrows). Control sections probed without primary antibodies or with control rabbit IgG had 

no detectable signal (not shown). Other abbreviations: NC- nasal cavity; MCL- mitral cell 
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layer; EPL- external plexiform layer; GL- glomerular layer. Scale bars: 20 μm (A-C, G-I), 

10 μm (D-F), and 25 μm (J-L).
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Fig. 4. 
Representative cross-sections through the olfactory epithelium (OE) in the center of the 

nasal cavity (NC) probed with antibodies against ACE2 (red channel) and against olfactory 

marker protein (OMP) (green channel).

ACE2 immunoreactivity was located just below the luminal surface (A, D; arrows), between 

the OMP-labeled olfactory receptor knobs and cilia (arrowhead) and the layer of the 

olfactory receptor neurons (ORN) (A-D). At higher magnification, it is apparent that OMP-

labeled ORN dendrites (arrows in H) penetrate the layer of ACE2-labeled sustentacular cells 

(SC), while the knobs and cilia (KC) of the ORNs at the luminal surface only contain OMP, 

but not ACE2 (E-H). The border between the KC and the SC layers is indicated in the 

merged image (H, arrowhead). In the olfactory bulb (OB), ACE2 label is mainly in some 

mitral neurons (arrow), while glomeruli (GL) and olfactory nerve layer at the top of OB 

are not labeled (I, L). Nuclei were stained with Hoechst 33258. ORN- olfactory receptor 

neurons, MCL- mitral cell layer; EPL- external plexiform layer; GL- glomerular layer; OL- 

olfactory nerve layer. Scale bars: 20 μm.
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Fig. 5. 
Sections through the olfactory epithelium (OE) probed with antibodies against ACE2 

(21115-1-AP, green channel) and Hsp25 (red channel), and with in situ hybridization for 

TMPRSS2 in a P21 mouse.

ACE2 immunoreactivity is visible mainly at the luminal surface of the OE (A, arrow) where 

Hsp25 antibodies label sustentacular cells (B, arrow). Nuclei were stained with Hoechst 

33258 (C, I). Merging of ACE2 and Hsp25 signal shows that the two fluorescence signals 

largely overlap (D, arrow). Section stained at the border between the respiratory epithelium 

(RE) and olfactory epithelium (OE) reveals much stronger labeling of the OE (arrowhead) as 

compared to the RE (E). ACE2 labeling using chromogenic DAB-based visualization shows 

the same localization at the OE surface (F). Hsp25 shows the same localization but much 

stronger label (G). In situ hybridization for TMPRSS2 produces label in the sustentacular 

cells (SC), but very little or no label in the mature olfactory receptor neurons (ORN), and 
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label in only a few cells of the deeper layers of OE where immature olfactory neurons are 

located (asterisk, H). The same section is stained with Hoechst to show the nuclei (I), and an 

adjacent section is the sense control (J). NC- nasal cavity. All scale bars: 20 μm.
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Tab. 1.

RNAseq expression profile for ACE2 and TMPRSS2 (normalized estimation of expression, in FPKM units) in 

olfactory epithelium (OE) for 2-month old (2MO) and 2-year old mice (2YO). Expression profiling from adult 

to aged animals shows similar levels for ACE2 (p > 0.05), but a significant increase for TMPRSS2 (p < 0.05). 

Data are based on 3 independent libraries prepared from OE of 3 male mice for each age (GEO accession 

GSE147771). FPKM – fragments per kilobase of transcripts per million mapped reads.

Gene 2MO (FPKM) 2YO (FPKM) Fold change P value

ACE2 0.963 0.918 −0.07 0.865

TMPRSS2 35.101 46.103 0.39 0.038

ACS Chem Neurosci. Author manuscript; available in PMC 2024 January 25.


	Abstract
	Graphical Abstract
	Methods
	Animals and tissue processing
	RNAseq gene expression profiling
	Reverse-transcription polymerase chain reaction
	Western blotting
	Immunocytochemistry and colocalization analysis
	In-situ hybridization

	References
	Fig. 1
	Fig. 2.
	Fig. 3
	Fig. 4
	Fig. 5
	Tab. 1.

