
Introduction

Sensation is constructed through many dynamic 
sampling of the whole external world, as exemplified 
by the saccadic eye movements that underlie visual 
perception, or active touch in somatosensation. Then 
the stimuli of nature are available after being received 
by the sensory receptors, act on nerve impulses and 
are delivered to encephalon. In olfaction, sensory 
impressions have the form of chemical stimuli 

(odorants) and to a large extent they are regulated by 
respiration behavior. Animals exhibit a rich repertoire 
of olfactory sampling behavior directly depending on 
behavioral context [1]. The ability to detect, analyze, 
and exploit odors appears to reach its highest degree 
of development in mammals [2]. An important element 
affecting the sensitivity of smell is the way of life and 
obtaining food. Therefore, it is likely that wild animals 
differ significantly in olfactory sensitivity from humans 
and domestic animals.
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Abstract

The sense of smell is the main sensation in wild animals necessary for hunting, and survival.  
A good example of such animal is grey wolf, which is able to sense the victim from a distance of 
up to 2 km. Domestic dogs, especially brachycephalic, because of the morphology of nasal cavity and 
life’s conditions lost the so high developed olfactions ability. In that work, the multidisciplinary analysis 
of olfactory bulb responsible for olfaction were carried out. The research of macro- and microscope 
analyses, and also the technique of flow cytometry were used to estimate the level of high and low 
activity glomeruli in olfactory bulb in investigated animals. It was observed that in grey wolf the level 
of active glomeruli is higher than in badger and fox and the olfactory bulb has a higher size. That 
observations command that olfactory bulb as a part of telencephalon has the ability to create a new 
synapse depending on living conditions of animal. 
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The Use of Canine Smell Sense

Very different olfactory abilities are shown by dogs of 
different breeds. Dogs were used as a chemical detectors 
already 12 000 years ago simultaneously with their  
use during hunting. Canine smell played very  
important role also during Word War II when dogs 
were been used extensively by the military to locate 
explosives [3]. Today civilian used dogs to detect 
among other guns, bombs, flammable and ignitable 
liquid residues, drugs, gold ore, contraband food, gypsy 
moth larvae, pipeline leaks, and for forensic evidence. 
Dogs are also used to search people from debris and 
snowdrifts [4]. 

They is some scientific evidence that the sense of 
smell is one the major senses used by dogs, such as 
documented low thresholds for detection of odors, 
the anatomy of the olfactory system of the dog, and 
observations that dogs with measured or perceived 
problems with the sense of smell do not perform well  
in detection tasks [4]. Behavioral experiments have 
shown that the olfactory capability of the dog for 
detecting certain odors is at least 100 times greater 
than that of human [3]. However, as a result of 
intensive human selection specialized breeds suitable  
for different tasks were produced. Especially, domestic 
dogs  have been submitted to a vast process of artificial 
selection, with a focus on specific cognitive and 
behavioral skills relative to the function for which 
the dogs were used (i.e., shepherding, hunting, search 
rescue), and to date, there are hundreds of breeds that 
differ in their physical and behavioral features [5]. Due 
to the fact that the dog comes from a wolf, it can be 
regarded as an animal with the original anatomy of 
the sense of smell and referred to modern breeds of 
dogs. In the scientific literature, there are few works 
showing this sense in wild Canidae. Understanding the 
differences can contribute to a better understanding of 
functional anatomy and behavior of both this group of 
animals and people.

Olfactory Bulb – Smell Command Center

The olfactory bulb is located an outgrowth of the 
forebrain, specialized for processing the molecular 
signals that give rise to the sense of smell. It is the 
exclusive recipient of input from olfactory receptor 
neurons in the nose. The impuls received by olfactory 
bulb is than transmitted by mitral and tufted cells 
directly into higher brain centers such as piriform 
cortex, amygdala, and entorhinal cortex [1, 7]. Many 
authors described the typical cell organization circuit 
in olfactory bulb, however,  they pointing  that the 
occurrence of differences in cells morphology and their 
number in particular layers is possible. That differences 
cay be a key to understanding high perceptive ability 
in macrosmatic animals in contrast to that animals in 
which the smell is not the main sense. 

The standard model of cells circuit of olfactory bulb 
consists of 6 layers: a layer of olfactory threads (axons 
entering from the nasal cavity), the glomerular layer  
in which the axons of olfactory receptor neurons enter, 
make synapses and terminate in the glomeruli; external 
plexiform layer projecting axons into the internal 
plexiform layer; mitral cells layer with mitral cells and 
tufted cells extend dendrites into the glomerular layer 
and next external plexiform layer; internal plexiform 
layer, and granule cells layer with granule cells without 
axons (dendrites of that cells penetrate the external 
plexiform layer, internal plexiform layer and granule 
cell layer) [8].  

Olfactory Glomeruli

Olfactory glomeruli act as functional units in coding 
olfactory information and contain a complex network of 
synaptic connections [9]. The glomerular layer of the 
olfactory bulb forms a kind of map of olfactory axon 
terminals. The axonal projection of olfactory sensory 
neurons to the glomeruli is precisely arranged in such 
a way that olfactory sensory neurons expressing a 
given odorant receptor converge their axons to a few 
topographically fixed glomeruli. Since individual 
glomeruli represent a single odorant receptor, the 
glomerular layer forms a map of odorant receptors [10].

An important role in the developing and maintaining 
of glomeruli shape play the neuropil-associated glia 
cells, which form the nearly complete envelope that 
appears so conspicuously around each adult glomerulus 
[11-12].

Our attention in that work has been focused 
especially on glomeruli as the relay station between the 
first section from the nasal cavity and the subsequent 
cells that make up the pathways in the brain. Moreover, 
our aim was to compare the macro- and microanatomy 
of olfactory bulb in wolf and dogs as well as between 
selected individual dog breeds. 

Materials and Methods

Animals

Studies were conducted on 5 specimens of the dog 
(Canis familiaris), 7 of the grey wolf  (Canis lupus), 
3 of the fox (Vulpes vulpes) and 3 of the badger 
(Meles meles). Dog individuals had been euthanized 
due to incurable health condition, mostly caused by a 
severe trauma, the rest of animals which were found 
dead in their natural habitat in Poland. The dogs owners 
agreed to collect the tissues for the experiments. Heads 
of all investigated animals were dissected from the rest 
of the body at the level of first cervical vertebra and 
then sagittal section were done. Olfactory bulbs were 
isolated and subjected to microscopic and cytometric 
analyzes. 
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Methods

Morphology 

The macroscopic structure of nasal cavity of 
investigated animals were assessed and compared. 

Scanning Electron Microscopy

In  scanning electron microscopy, olfactory bulb 
cells were collected with a sterile swab and the smear 
on the surgical steel plate was done. Then, preparations 
were air dried and immersed in formalin for 2 hours. 
After it were dehydrated in ascending grades of ethanol 
(10% up to 99.8% ethanol). Dried tissues were mounted 
on metal stub, coated with platinum (16 nm thick) using 
sputter coater (Quarum Q150tes) and examined under  
a Zeiss EVO18 Scanning Electron Microscope.

Flow Cytometry with Bioscreening

The viability of cells from olfactory bulbs was 
evaluated using the advanced approach being a 
combination of cellular integrity assessment and 
measurement/detection of the intracellular concentration 
of amines (increased intracellular amines levels are 
associated with cell death). For this purpose the Fixable 
Viability Stain 660 reagent was employed. This dye 
due to its high affinity to intracellular amines is an 
alternative for the PI or SYTOX family dyes, which 
discriminate live and dead cells mainly on the basis 
of cellular membrane integrity. Those routinely used 
dyes penetrate easily through disrupted (compromised) 
membranes and has affinity to genomic DNA.  
The Fixable Viability Stain 660 dye has the potential 
to detect dead cells as it stains additional marker 
of cell death – intracellular amines. This enables  
live/dead discrimination, to some extent, irrespectively 
of the integrity status of cell membranes. Moreover, 
as the stained cells were measured using the imaging 
flow cytometer we were able to discriminate olfactory 
bulb cells from non-cellular debris, cellular debris and 
cellular aggregates based on the brightfield digital image 
processing parameters like Aspect Ratio and Area to 

characterize shape and size of the analysed objects. 
As a result of the excitation (maximum = 649 nm), 
the dye emits red fluorescence (maximum = 660 nm), 
whose intensity is a measure of changes in cell viability 
(necrotic cells are characterized by the highest level of 
intensity of red fluorescence). Analysis of the prepared 
samples was carried out using a flow cytometer with 
FlowSight imaging (Luminex , USA) equipped with 3 
lasers (405 nm, 488 nm and 625 nm), 5 fluorescence 
channels (acquisition in the form of a multi-channel 
CCD camera) and a scattered laser detector - side scatter 
(SSC). The characteristics of the cells were carried out 
based on the following parameters : aspect ratio and 
area, derived from digital image processing of cells 
in a bright field of view, raw max pixels and intensity 
from the SSC detector (channel 6), and intensity of red 
fluorescence (channel 11) excited by red laser (642 nm) 
derived from the Fixable Viability Stain reagent 660. 
Data were analyzed using Ideas software (Amnis Merck 
Millipore). Cell sub-populations were defined by gating 
on a dot plot of the relationship of red fluorescence 
(channel 11) to the area of   the signals from the clear 
field of view (channel 1).

Results

Microscope Analyzes

Olfactory bulb of all investigated Canidae  were 
observed in light microscope. In all probes the olfactory 
glomeruli were observed. The diameter of glomeruli 
were significantly different in even inter individual 
dog̀ s breeds. Generally, glomeruli in investigated 
Canidae can be divided into 3 groups dependently on 
their diameter: small (75-125 µm), medium (200-300 
µm) and big (575-624 µm). All 3 groups of glomeruli 
were observed in olfactory bulb in all investigated 
animals (Fig. 1).

Flow Cytometry with Bioscreening

As it was mentioned above, glomeruli are a very 
metabolically active nervous structure. So, it was 

Fig. 1. An examples of glomeruli in olfactory bulb in investigated animals. a) Canis lupus, b) Canis familiaris (Syberian Husky), 
c) Meles meles.
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decided to estimate intracellular metabolic activity of 
glomeruli in olfactory bulb of investigated animals. 
Glomeruli were divided into 3 groups: active, low 
active, and dead (Fig. 2). As we can see, tested Canidae 
individuals differed in the percentage of glomeruli 
in each group. The sensitivity of olfaction is directly 
connected with the number of active glomeruli. It is one 
of the most important factors informing us about the 
olfaction ability in tested animals. 

Moreover, the shape  and size of dominant cells 
were estimated (Table 1). It was observed that size of 
glomeruli and their metabolic activity are correlated – 
the smallest glomeruli are highly active, medium have 
decreased activity and the biggest are death. Moreover, 
the smallest have more regular shape, and the biggest 
are unregular. Such observations were compatible for all 
tested individuals. It confirmed our theory, developed 
during hours of observation of microscopic specimen  
of olfactory bulb of  divers animals, that glomeruli arise 
as small structures and grow over time and eventually 
die. 

Discussion

Morphology

Olfactory bulb is located in in the nasal part of the 
forebrain and has divers size and shape in investigated 
animals. Patterns of flow during inhalation in Canidae 
show that most air passes ventrally through the nasal 
airway, en route to the nasopharyngeal duct. Air that 
enters the naris dorsally tends to flow via a dorsal 
conduit to the rear of the nasal cavity  where most of 
the olfactory epithelium is located.  Once air from the 
dorsal conduit reaches the epithelium region, it slows 
down substantially. It migrates ventrally and laterally 
before passing over the transverse lamina and then 
exiting the airway at the choana, along with the rest of 
the non-olfactory inhaled air [13-16].  

The size of glomeruli is diverse in individual 
species of animals. Our observations showed that in 
investigated dogs the medium glomeruli were dominant. 

Fig. 2. Glomeruli in 3 groups a) Canis lupus b) Canis familiaris c) Vulpes vulpes d) Meles meles.



Comparative Anatomy and Functioning... 2791

Canidae Glomeruli activity Dominant morphology

Domestic dog
Syberian Husky

Dead cells

Low active cells

Active cells

Domestic dog
German Shepherd

Dead cells

Low active cells

Active cells

Grey wolf

Dead cells

Low active cells

Active cells

Fox

Dead cells

Low active cells

Active cells

Table 1. The dominant morphology and glomeruli activity in investigated Animals.
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That observation is not in line with the investigations 
presented by Leise [17-20] which stated that olfactory 
glomeruli in mammals have diameter equal between 
50 and 200 µm.  However,  our observations are in 
accordance with Galizia and Menzel [21] that glomeruli 
are located in each animal in some specific individual 
maps. Mori et al. [10] stated that glomeruli can be 
divided into clusters dependently on their localization 
in olfactory bulb and recognized odorants. That are: 
cluster A located at the anteromedial part of the 
dorsal surface of olfactory bulb, respond to aliphatic 
acids and aliphatic aldehydes; cluster B located in the 
anterior region of the lateral part of the dorsal surface 
of olfactory bulb, respond to aliphatic alcohols with 
a relatively long carbon chain and to a wide range of 
aliphatic ketones, as well as esters; cluster C located at 
the central region of the lateral part of the dorsal surface, 
respond to salicylaldehyde, phenols and phenyl ethers; 
cluster D located at the caudal region of the lateral part 
of the dorsal surface, respond to wide structural classes 
of odorants like ketones (aliphatic ketones, aliphatic-
aromatic ketones, diketones, and cyclic ketones); 
cluster E located at the dorsal-most part of the lateral 
surface, did not systematically respond to any classes 
of odorants tested by authors; and cluster F located 
at the rostroventral part of the dorsolateral surface, 
respond to aliphatic ketones, secondary alcohols, phenyl 
ethers, diketones, aliphatic-aromatic ketones, and cyclic 
ketones; cluster G located at the ventrocaudal part 
of the dorsolateral surface, respond to phenyl ethers, 
diketones, aliphatic ketones with relatively short side 
chains, aliphatic-aromatic ketones, cyclic ketones, and 
ethers; cluster H extend from the posterocentral region 
to the posterodorsal region of the postero-ventrolateral 
surface respond to one or more of the benzene-family 
odorants; cluster I located at the anteroventral region 
of the postero-ventrolateral surface respond to at least 
one of the cyclic terpene hydrocarbons [10, 22-25]. 
Unfortunately, the authors did not calculate the diameter 
of glomeruli in particular clusters.

Flow Cytometry with Bioscreening

According to Malun et al. [22-27] glomerular 
organization of the olfactory bulb is initiated by the 
arrival of sensory axons from the antenna. Bundles 
of axon terminals coalesce into spheroidal knots of 
neuropil assigned as protoglomeruli. Previous studies 
have suggested that the protoglomeruli form a template 
for the mature glomerular array, but an early role 
for projection neurons in establishing the template  
has not been excluded. Protoglomeruli form in a wave 
beginning at the entry point of the antennal nerve  
and proceeding across the lobe to the opposite pole. 
A second wave follows in which projection neurons 
become tufted and innervate the newly formed 
glomeruli, sometimes extending into the glial border 
surrounding the protoglomeruli. The early presence 
of projection neuron processes in the protoglomeruli 
and the formation of at least one glomerulus-
like structure in unafferented lobes suggest that 
uniglomerular projection neurons play an active role in 
the construction of olfactory glomeruli [22-23, 27-32].  
The formation of mature glomeruli is a highly 
metabolically active process, as well as maturation  
of glomeruli. That’s probably the reason why the 
youngest (and simultaneously the smallest) glomeruli 
are the highest activity ones. Unfortunately, we 
cannot compare our observations with other studies, 
because these are the first scientific studies focusing 
on the analysis of glomeruli for their metabolic activity 
using flow cytometry. However, we are sure that 
these preliminary studies open up a very important  
research path related to learning about olfactory in 
mammals.

Our cytometry analyses give an important 
information about the tenderness for the sense of 
smell. Additionally, these are the first study using 
flow cytometry to determine the activity of the nerve 
structures associated with olfaction.  

Table 1. Continued.

Badger

Dead cells

Low active cells

Active cells
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Conclusions

The process of domestication influenced for the 
evolution of olfaction. Wolf as a wild animal needs a 
very special olfactory abilities for hunting. Dog in the 
domestic conditions lost the highly developed olfaction. 

Author contribution 

 Conceptualization K.S-L.; Methodology and 
investigation K.S-L, W.J, T.U.; Writing K.S-L, T.U; 
Supervision K.S.L., T.U.

Conflict of Interest

The authors declare no conflict of interest.

References

1. CURY K.M., UCHIDA N. Robust Odor Coding via 
Inhalation-Coupled Transient Activity in the Mammalian 
Olfactory Bulb. Neuron. 68, 570, 2010.

2. KEPECS A., UCHIDA N., MAINEN Z.F. Rapid and 
precise control of sniffing during olfactory discrimination 
in rats. J. Neurophysiol. 98, 205, 2007.

3. GAZIT I., TERKEL J. Domination of olfaction over 
vision in explosives detection by dogs. Applied Animal 
Behaviour Science. 82, 65, 2003.  

4. ONG T.H., MENDUM T., GEURTSEN G., KELLEY J., 
OSTRINSKAYA A., KUNZ R. Use of mass spectrometric 
vapor analysis to improve canine explosive detection 
efficiency. Analytical Chemistry. 89, (12), 6482, 
2017. 

5. JAKOVCEVIC A., ELGIER A.M., MUSTACA A.E., 
BENTOSELA M. Breed differences in dogs’ (Canis 
familiaris) gaze to the human face. Behavioural Processes. 
84, 602, 2010.

6. DÍAZ-QUESADA M., YOUNGSTROM I.A., TSUNO Y., 
HANSEN K.R., ECONOMO M.N., WACHOWIAK M. 
Inhalation frequency controls reformatting of mitral/tufted 
cell odor representations in the olfactory bulb. Journal of 
Neuroscience. 38, (9), 2189, 2018.

7. SMITH T.D., CRAVEN B.A., ENGEL S.M., VAN 
VALKENBURGH B., DELEON V.B. “Mucosal maps” of 
the canine nasal cavity: Micro-computed tomography and 
histology. The Anatomical Record. 304, 127, 2021.

8. SINAKEVITCH I., BJORKLUND G.R., NEWBERN 
J.M., GERKIN R.C., SMITH B.H. Comparative study 
of chemical neuroanatomy of the olfactory neuropil in 
mouse, honey bee, and human. Neuropsychology Review. 
112, 127, 2018.

9. GARCÍA DE LOS RÍOS Y LOSHUERTOS A., 
SOLER LAGUÍA M., ARENCIBIA ESPINOSA A., 
LÓPEZ FERNÁNDEZ A., COVELO FIGUEIREDO P., 
MARTÍNEZ GOMARIZ F., SÁNCHEZ COLLADO C., 
GARCÍA CARRILLO N., RAMÍREZ ZARZOSA G. 
Comparative Anatomy of the Nasal Cavity in the Common 
Dolphin Delphinus delphis L., Striped Dolphin Stenella 
coeruleoalba M. and Pilot Whale Globicephala melas T.: 
A Developmental Study. Animals. 11 (2), 441, 2021. 

10. MORI K., TAKAHASHI Y.K., IGARASHI K.M., 
YAMAGUCHI M. Maps of Odorant Molecular Features 
in the Mammalian Olfactory Bulb. Physiol. Rev. 86, 409, 
2006.

11. WACHOWIAK W., SHIPLEY M.T. Coding and synaptic 
processing of sensory information in the glomerular layer 
of the olfactory bulb. Seminars in Cell & Developmental 
Biology. 17 (4), 411, 2006.

12. LASKA M. Human and Animal Olfactory Capabilities 
Compared. In: Springer Handbook of Odor, Buettner A. 
(eds). Springer, Cham 123, 2017.

13. EITING T.P., PEROT J.B., DUMONT E.R. How much 
does nasal cavity morphology matter? Patterns and rates 
of olfactory airflow in phyllostomid bats. Proc. R. Soc. B. 
282, 2014, 2015. 

14. CRAVEN B.A., NEUBERGER T., PATERSON E.G., 
WEBB A.G., JOSEPHSON E.M., MORRISON E.E., 
SETTLES G.S. Reconstruction and morphometric 
analysis of the nasal airway of the dog (Canis familiaris) 
and implications regarding olfactory airflow. The 
Anatomical Record: Advances in Integrative Anatomy and 
Evolutionary Biology. 290, 1325, 2007.

15. NEGUS V.E. Comparative anatomy and physiology of the 
nose and paranasal sinuses. London: Livingstone 89, 1958.

16. PROCTOR D.F., CHANG J.C.F. Comparative anatomy and 
physiology of the nasal cavity. Nasal tumors in animals 
and man. CRC Press, 1, 2017. 

17. SMITH T.D., ROSSIE J.B., COOPER G.M., DURHAM 
E.L., SCHMEIG R.M., DOCHERTY B.A., BURROWS 
A.M. Microanatomical variation of the nasal capsular 
cartilage in newborn primates. The Anatomical Record. 
295, 950, 2012.

18. DENNIS J.C., AONO S., VODYANOY V.J., MORRISON 
E.E. Development, morphology, and functional anatomy 
of the olfactory epithelium. In Handbook of olfactionand 
gustation, R. L. Doty (Ed.), 3rd, New York.  93, 2015.

19. WANNER A.A., FRIEDRICH R.W. Whitening of odor 
representations by the wiring diagram of the olfactory 
bulb. Nature neuroscience. 23, (3), 433, 2020.

20. PETTO A., ZACHARY F., BURDO J. The use of modular, 
electronic neuron simulators for neural circuit construction 
produces learning gains in an undergraduate anatomy and 
physiology course. Journal of Undergraduate Neuroscience 
Education. 15, (2), 151, 2017. 

21. GALIZIA C.G., MENZEL R. The role of glomeruli in 
the neural representation of odours: results from optical 
recording studies. Journal of Insect Physiology. 47, 115, 
2001.

22. SMITH T.D., BHATNAGAR K.P., ROSSIE J.P., 
DOCHERTY B.A., BURROWS A.M., MOONEY 
M.P., SIEGEL M.I. Scaling of the first ethmoturbinal 
in nocturnal strepsirrhines: Olfactory and respiratory 
surfaces. The Anatomical Record. 290, 215, 2007.

23. OMOTO J.J. Analysis of the Neural and Glial Lineages 
Establishing the Cytoarchitecure of the Drosophila 
melanogaster Central Brain. University of California, Los 
Angeles, 2017.

24. MAEDA T., NISIMURA T., HABE S., UEBI T., OZAKI 
M. Visualization of antennal lobe glomeruli activated 
by nonappetitive D-limonene and appetitive 1-octen-3-
ol odors via two types of olfactory organs in the blowfly 
Phormia regina. Zoological Letters. 6, (1), 1, 2020.

25. KERMEN F., LAL P., FATUROS N.G., YAKSI E. 
Interhemispheric connections between olfactory bulbs 
improve odor detection. Plos Biology 18, (4), e3000701, 
2020.



Serwańska-Leja K., et al.2794

26. BERCK M.E., KHANDELWAL A., CLAUS L., 
HERNANDEZ-NUNEZ L., SI G., TABONE C.J., LI F., 
TRUMAN J.W., FETTER R.D., LOUIS M., SAMUEL 
A.D., CARDONA A. The wiring diagram of a glomerular 
olfactory system. Elife. 5, 2016.

27. ZDEB K. Anatomical organization of the central olfactory 
pathways: mapping the transverse tract in the moth brain. 
MS thesis. NTNU, 2016.

28. DOCAMPO-SEARA A., CANDAL E., RODRÍGUEZ 
M.A. Study of the glial cytoarchitecture of the developing 
olfactory bulb of a shark using immunochemical markers 
of radial glia. Brain Structure and Function. 227 (3), 1067, 
2022.

29. SHAO X., LAKHINA V., DANG P., et al. Olfactory 
sensory axons target specific protoglomeruli in the 
olfactory bulb of zebrafish. Neural development. 12 (1), 1, 
2017.

30. RYBA A.R., MCKENZIE S.K., OLIVOS-CISNEROS 
L., CLOWNEY E.J., PIRES P.M., KRONAUER D.J.C. 
Comparative development of the ant chemosensory 
system. Current Biology. 30, (16), 3223, 2020.

31. DORREGO-RIVAS A., GRUBB M.S. Developing and 
maintaining a nose-to-brain map of odorant identity. Open 
Biology. 12 (6), e220053, 2022.


