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olfactory bulb via AR, AR, and
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The present study shows that animals with experimental autoimmune
encephalomyelitis (EAE) exhibit olfactory dysfunction and impaired general
cognitive abilities, as well as anxiety-like behavior. Olfactory dysfunction occurs
on average at 2 dpi, well before the onset of the first motor signs of EAE (8-10
dpi). After the initial olfactory dysfunction, the EAE animals show a fluctuation in
olfactory performance that resembles the relapsing—remitting course of human
MS. The study also shows severe neuroinflammation in the olfactory bulb (OB),
with numerous infiltrated CD4* T cells and peripheral macrophages in the
superficial OB layers, marked microgliosis, and massive induction of TNF-a,
IL-18, and IL-6. Reduced tyrosine hydroxylase activity in the glomerular layer,
pronounced granule cell atrophy, and reduced numbers of type B neuroblasts
in the rostral migratory stream also indicate altered plasticity of the neuronal
network in the OB. Considering the exceptionally high purinome expression in
the OB, the possible involvement of purinergic signaling was also investigated.
The study shows that macrophages infiltrating the OB overexpress A;R, while
highly reactive microglia overexpress the adenosine-producing enzyme eN/
CD73 as well as AR, AR, and P2X,R. Given the simultaneous induction of
complement component C3, the results suggest that the microglial cells develop
a functional phenotype of phagocytizing microglia. The study also demonstrates
transcriptional and translational upregulation of A;R in mitral and tufted cells,
which likely influence resting network activity in OB and likely contribute to
olfactory dysfunction in EAE. Overall, our study shows that olfactory dysfunction
and altered social and cognitive behavior in EAE are associated with increased
adenosine signaling via AjR, AxR, and AsR.
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1 Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated,
inflammatory, and neurodegenerative disease of the central nervous
system (CNS) that primarily affects young adults (Greer and
McCombe, 2011). It is characterized by autoimmune attacks on
components of the myelin sheath, leading to demyelination and
axonal loss (Filippi et al., 2018) and ensuing motor and cognitive
disabilities (Mandolesi et al., 2010). In most patients, the disease takes
a relapsing-remitting course (RRMS), which develops into a
secondary progressive form (SPMS) over time, while in a smaller
number of patients, the disease takes a progressive course from the
start (PPMS). In both cases, the chronic course of the disease worsens
other neurological abilities, including mental health and cognition. As
a result, MS leads to early retirement and permanent disability for
those affected, which places an enormous socio-economic burden
on society.

Although the main neurological manifestations of MS include
motor disability and impaired cognition, transient sensory
dysfunctions, known as clinically isolated syndrome (CIS), typically
occur in the early prodromal phase of the disease, long before full-
blown symptoms develop. Impaired vision, facial tactile, and hearing
loss may occur in the prodromal phase (Christogianni et al., 2018);
however, anosmia is one of the most common CIS manifestations
observed retrospectively in MS patients (Lucassen et al., 2016; Kim
et al., 2018). Recent meta-analyses show a prevalence of 25-45%
olfactory dysfunction in MS patients (Lucassen et al, 2016;
Mirmosayyeb et al.,, 2022), with a recent study showing that the degree
of olfactory dysfunction positively correlates with a severity of the
disease (Todd et al., 2023). Since early deterioration of olfactory
function is also characteristic of other neurodegenerative diseases
such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and Lewy
body disease (Slabik and Garaschuk, 2023), full knowledge of the
mechanism of olfactory dysfunction could enable the use of olfactory
performance as a diagnostic marker or as a marker of the efficacy of
intervention or therapy.

Recent studies show that the blood-cerebrospinal fluid (CSF)
barrier (Strominger et al., 2018) and the CSF-filled subarachnoid
space are the initial sites where immune cells infiltrate the subpial and
periventricular spaces of the brain and spinal cord in EAE (Shin et al.,
2019; Lazarevic etal,, 2023). Several studies conducted in experimental
autoimmune encephalomyelitis (EAE), the predominant animal
model for MS (Constantinescu et al., 2011; Bjelobaba et al., 2018),
have found altered odor-related behaviors and histopathological
changes in olfactory bulb tissue in diseased animals (Kim et al., 2018;
Schubert et al, 2022). However, the underlying mechanism of
olfactory dysfunction and the contribution of neuroinflammation are
still unclear. Sensation of smell begins in the olfactory sensory neurons
(OSN), which are specialized bipolar neurons embedded in the
olfactory epithelium at the roof of the nasal cavity. The axons of the
OSN enter the cranial cavity through the holes of the cribriform plate
and terminate in the olfactory bulb (OB) (Figure 1). These short,
non-myelinated axons are surrounded by olfactory ensheathing cells
(OEC), a special type of glial cell which together form the olfactory
nerve layer (ONL) (Field et al., 2003). The sensory axon terminals
enter the glomerular layer (GL), where they synapse on the apical
dendrites of mitral and tufted cells in the so-called glomeruli
(Nagayama et al., 2014). The glomeruli also include various types of
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interneurons and astrocytes that surround the glomerular neuropil.
The cell bodies of the tufted neurons are located in the external
plexiform layer (EPL), while the mitral cell bodies form a single-row
mitral cell layer (MCL) directly below the EPL. Mitral cells have large
pyramidal cell bodies and apical dendrites that terminate in a single
glomerulus, while their lateral dendrites branch into the EPL, where
they form reciprocal dendro-dendritic synapses with granule cells and
local interneurons. Immediately below the MCL, the axons of the
mitral and tufted cells gather and extend caudally through the internal
plexiform layer (IPL), forming the lateral olfactory tract (LOT). The
deepest OB layer is the granule cell layer (GCL), occupied by small
axonless granule interneurons that project their dendrites into the
EPL. The medial part of the OB consists of the subependymal layer
(SE), which comprises the tip of the rostral migratory stream (RMS).
The RMS is a migratory route along which migrating type A
neuroblasts that originated in the subventricular zone (SVZ) of the
brain migrate to reach the OB, surrounded by specialized type B cells
that form glial tubes that provide scaffolds for the migration
(Nagayama et al., 2014).

Purinergic signaling plays an important role in sensory
transduction and information flow through the olfactory system and
is also involved in inflammation (Burnstock and Kennedy, 2011;
Fredholm, 2014; Rotermund et al., 2019; Santiago et al., 2020;
Pietrowski etal., 2021). ATP is released in the olfactory epithelium or
co-released with glutamate from the axon terminals of the OSN in the
glomeruli and ectopically along the axons in the ONL (Rotermund
etal, 2019). Another important source of ATP are astrocytes, which
constitutively release ATP via connexin 43 hemichannels (Roux et al.,
2015) and contribute by 50% to the unusually high extracellular ATP
levels in the OB. ATP acts upon P2 receptors, of which P2X,R, P2X,R,
P2X,R, and P2X(R have been detected in mitral and tufted cells
(Rotermund et al., 2019), while they are absent in glial cells (Collo
et al., 1996; Vulchanova et al., 1997; Guo et al., 2008; Kaneda et al,,
2010), which in contrast abundantly express the P2Y,R receptor
subtype (Doengi et al., 2008). Extracellular ATP is rapidly hydrolyzed
by ectonucleotidase enzyme chain that terminates its signaling activity.
ATP is hydrolyzed to ADP or directly to AMP by ecto-nucleoside
triphosphate diphosphohydrolase 2 (NTPDase2) and ecto-nucleoside
triphosphate diphosphohydrolase 1 (NTPDasel/CD39), respectively,
(eN/CD73)
hydrolysis by forming adenosine. Adenosine can be further degraded

while ecto-5"-nucleotidase completes nucleotide
by adenosine deaminase (ADA) or transported back into the cells by
equilibrative (ENT) or concentrative (CNT) nucleoside transporters
(Zimmermann and Braun, 1999). The localization and activity of
individual ectonucleotidases varies between the different OB layers
but is significantly higher compared to other brain regions, indicating
rapid extracellular ATP turnover and the importance of adenosine
signaling in this sensory system (Langer et al., 2008). Particularly high
activity has been demonstrated for eN/CD73 and ADA in the EPL,
IPL, and GCL (Langer et al., 2008), which are by far the highest within
the whole rodent brain. As for NTPDasel/CD39 and NTPDase2, both
ectonucleotidases show strong expression in the EPL and IPL and
weak expression in the GL (Rotermund et al., 2019), with NTPDase2
being very strongly expressed in the RMS (Shulkla et al., 2005; Gampe
etal., 2015).

While the degradation of other signaling molecules leads to their
inactivation, purinergic signaling is unique in that the products of
ATP hydrolysis also function as signaling molecules. Specifically, ADP
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Purinergic signaling in the olfactory bulb (OB). (A) Schematic representation of the OB tissue section (left) and schematic representation of the OB
(right). The frame shows the part enlarged in the drawing in (B), showing the distribution of puronoreceptors and ectonucleotidases in the OB cellular
network, based on physiological, immunological, and histochemical data (see Rotermund et al., 2019). ATP is released from sensory axon terminals and
periglomerular astrocytes in the ONL and GL. Adenosine A;R and AR as well as P2X,R/P2X,R/P2XsR were identified in the mitral cells and tufted cells.
The expression of P2Y;R and AR was detected in astrocytes in the GL, EPL, and MCL. Unusually high activity and expression of eN/CD73 and
adenosine deaminase (ADA) were detected in the EPL, IPL, and GCL. GCL, granule cell layer; GL, glomerular layer; EPL, external plexiform layer; IPL,
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acts at P2Y(R and P2Y;R, which are mainly located in microglia
(Chen et al, 2018), while adenosine acts at four subtypes of P1
receptors that are coupled to inhibition (AR, A;R) or activation
(AR, ApR) of adenylate cyclase (Fredholm et al., 2011). While all
adenosine P1 receptors are found in the OB, AR, and A, R are among
the most abundant throughout the rodent brain (Rotermund et al.,
2019). AR is found in mitral and tufted cells (Kaelin-Lang et al.,
1999), while AR is found in periglomerular interneurons and
astrocytes as well as granule cells (Rotermund et al., 2018). A recent
study has shown that AR plays an important role in the modulation
of dendro-dendritic synapses between mitral and granule cells and
influences the processing of olfactory information (Rotermund et al.,
2018; Schubert et al., 2022).

Purinergic signaling also plays a special role in neuroinflammation
when ATP is released in large quantities from neurons and astrocytes
in inflamed tissue. Under such conditions, ATP primarily activates the
low-affinity P2X,R (Domercq et al., 2019), which triggers the assembly
of inflammasomes in microglia and astrocytes and the secretion of
inflammatory cytokines (for a review, see Di Virgilio et al., 2023).
Microglia and astrocytes in the affected tissue upregulate NTPDasel/
CD39 and eN/CD73, which enable increased ATP turnover and
efficient production of adenosine (Lavrnja et al.,, 2009; Lavrnja et al,
2015; Jakovljevic et al., 2019). Although adenosine is generally
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considered an anti-inflammatory molecule (Cunha, 2005), under such
conditions it activates A,,R, which mediates inflammatory response
in reactive astrocytes and microglia (Cunha, 2016). Due to the
exceptionally high expression of purinergic receptors and nucleotide-
degrading enzymes in the OB and the involvement of purinergic
signaling in neuroinflammatory processes associated with MS/EAE,
in the present study, we mainly focused on adenosinergic signaling in
the OB in rats with induced EAE.

2 Materials and methods

2.1 Animals

The study was performed on 2-month-old male Dark Agouti (DA)
rats (Supplementary Table S1). Animals were obtained from the
animal facility of the Military Medical Academy, University of
Defense, Serbia (RRID: RGD_21409748). All experimental procedures
complied with ARRIVE guidelines and were performed in accordance
with EU Directive 2010/63/EU. The Ethics Committee for the Care
and Use of Laboratory Animals of the Faculty of Biology of the
University of Belgrade issued a positive opinion under the number
119-01-4/11/2020-09. All animals were kept under standard
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conditions with 12-h light/dark cycles at constant ambient temperature
(22+2°C) and humidity. All other conditions were kept constant in
all experimental units and throughout the study to avoid
performance bias.

2.2 Induction of EAE and neurological
assessment

Experimental autoimmune encephalomyelitis was induced by
intradermal injection of 150 pL of an encephalitogenic emulsion into
the left hind paw. The encephalitogenic emulsion was prepared by
mixing spinal cord homogenate [1mg tissue/pl phosphate-buffered
saline (PBS)] with the same volume of complete Freund’s adjuvant
(CFA) supplemented with 4 mg/mL Mycobacterium tuberculosis, as
previously described (Dragi¢ et al., 2021a). Prior to immunization,
animals were anesthetized by intraperitoneal injection of ketamine
(50 mg/kg) and xylazine (10 mg/kg). Nothing was injected into the
hindpaw of control rats.

The animals were daily weighed and scored according to the
clinical EAE severity scale for motor disability (Bachmann et al.,
1999): 1—limp-tailed, 1.5—clumsy, 2—mild monoparesis or
paraparesis, 3—hind paw paralysis, 3.5—paraplegia or/and
quadriparesis, 4—quadriplegia, 5—moribund state or death. Animals
were sacrificed on average at 12-14 dpi when they reached the EAE
score of 2.5-3, which corresponded to the state of paraplegia and/or
quadriparesis (Figure 1B). The control group consisted of age-matched
animals that underwent the same experimental protocol, except for
the encephalitogenic injection. Complete epidemiological data are
summarized in Supplementary Table S1.

2.3 Buried food test

Olfactory performance was analyzed by a buried food test (Kim
et al., 2018; Machado et al., 2018). The test was performed daily,
starting at —3 dpi until sacrifice. Animals had no access to food during
the 17h preceding the testing (17:00-08:00h). The body mass was
monitored daily to assure that testing did not impact their overall
health condition. The feeding regimen resulted in <5% loss of the
initial body mass (Supplementary Table S1). Each morning, the
animals (n=10 per experiment repeated three times) were brought
into the experimental room, where they were allowed to adapt for
60 min. Each animal was placed in the experimental arena (box
50 cm x 50 cm x 50 cm, 3 cm thick bedding) and allowed to rest for
2 min. The animal was then moved to the clean cage while the pellet
was buried 0.5cm below the bedding in any corner of the test arena.
The animal was again placed in the test arena, and activity was
recorded for 5min in dim light (>100 lux) with an ANY-MAZE
camera. After each test, the bedding was changed, and the arena was
cleaned with 70% ethanol for the next test. Animals that did not show
typical exploratory behavior in BFT, which means they did not move
from one spot of the arena during the trial at all, were excluded from
the study.

The recorded material was analyzed after each measurement. For
each animal, the average latency to find buried food, determined from
—3 dpi to 0 dpi, was referred to as the baseline latency (s). The time
taken by an animal to find buried food from 0 dpi afterwards was
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expressed relative to its baseline latency, i.e., each animal was a control
to itself.

2.4 Olfactory discrimination task

Odor discrimination was tested at 3 dpi and 7 dpi in the odor
discrimination task (ODT), with slight modifications (Soffié¢ and
Lamberty, 1988). Baseline performance was determined for each
animal (n=10) on the day before immunization (—1 dpi). The rats
were placed in the test room and had 60 min to adapt. The test arena
consisted of two identical compartments (50 cmx25cm x50 cm)
connected by a passageway (10cmx10cm). One compartment
contained sawdust from the cage in which the tested animals had
spent the last 24h (familiar odor), while the other compartment
contained sawdust from a cage of an unrelated group of animals
(unfamiliar odor). The activity of the animal was recorded for 5min
with the ANY-MAZE camera under dim light, and the time (min) the
animal spent in each compartment (familiar vs. unfamiliar) was
measured. After each trial, the sawdust in the test arena was changed,
and the sides of the test arena were cleaned with 70% ethanol. As a
parameter for ODT, the discrimination index (DI) represents the
difference in exploration time between the two compartments
(unfamiliar compartment - familiar compartment) divided by the
total amount of exploration in both compartments (unfamiliar
compartment + familiar compartment) x 100 (%). DI values can range
from —100 to 100%. The DI value close to zero indicates that the
animal explores both compartments equally, which indicates loss of
odor discrimination ability. The opposite is to be expected if an animal
with intact olfactory function prefers to explore a particular
compartment. Animals that tend to explore unfamiliar odors have
high positive DI values, while animals that tend to spend more time
in the compartment with the familiar odor have negative DI values.
Data are presented as mean DI (+SD) from one determination in three
experimental units.

2.5 Open field test

Spontaneous behavior was analyzed in the open field arena at 7
dpi and was compared to baseline behavior determined at —1 dpi. The
animals (n=12) were habituated to a new environment for 2h. Each
animal was placed in the center of the empty black arena
(100x 100 x 50 cm), and activity was recorded continuously for 10 min
using the ANY-MAZE camera under dim light (>100 lux). The sides
and floor of the test arena were cleaned with 70% ethanol after each
session. The following parameters were extracted by digitally analyzing
the recorded video material: number of entries into central/peripheral
fields/corners, time spent in central/peripheral fields/corners, distance
traveled in central/peripheral fields, latency to enter central field,
average speed in central/peripheral fields/corners, maximum speed in
central/peripheral fields/corners, mobile time spent in central/
peripheral fields/corners, immobile time spent in peripheral fields/
corners, number of immobile episodes in peripheral fields/corners,
number of freezing episodes in peripheral fields/corners and freezing
time spent in peripheral fields/corners (freezing time was calculated
if the animal was not moving for more than 10s, while if the animal
was not moving for more than 30 it was considered as immobility).
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2.6 Novel object recognition test

The impact of neuroinflammation on general cognitive ability
was tested with novel object recognition test (NORT) at 7 dpi. Each
animal (n=12) was placed in the center of the testing arena at the
position equidistant from two identical rectangular objects
(uniformly yellow-colored, diameter 5x 5 x 20 cm). The animal was
left to freely explore objects for 10 min and then returned to their
home cages (sampling phase). For the testing phase, one object was
replaced with a new one (uniformly red-colored conical object,
15x 20 cm, d x h). The animal was returned to the test arena after 3h
and left to freely explore for another 10 min (testing phase). Animal
activity was recorded with ANY-MAZE camera under dim light
(>100 lux). After each session, both arena and objects were carefully
cleaned with 70% alcohol to ensure the complete removal of any
olfactory cues which could interfere with the testing. Percentage of
time spent exploring the novel object relative to the total time spent
exploring both objects is expressed as recognition index (RI) and
was used to assess novel object recognition (Antunes and
Biala, 2012).

2.7 Immunohistochemistry and confocal
immunofluorescence

The animals (n=4/group) were sacrificed by decapitation. Brains
were carefully dissected, fixed in 4% paraformaldehyde/0.1 phosphate
buffer (pH 7.4) for 24 h, and cryoprotected/dehydrated in 10, 20, and
30% sucrose-phosphate buffer. Serial 25-pm coronal brain sections at
stereotaxic coordinates Bregma 7.56-6.60 mm (Paxinos and Watson,
2013) were cut on a cryostat, mounted on SuperFrost™ Plus adhesion
microscope slides (Epredia Inc., United States), air-dried at RT for
1-2h, and stored at —20°C until use.

For immunohistochemical staining, sections were left at RT for
30 min, rehydrated in PBS (pH 7.4) for 2 x 5min, and incubated with
0.3% H,0,/methanol at RT for 20min to inhibit endogenous
peroxidase activity. After washing in PBS for 2 x 5min, the sections
were blocked with 5% normal donkey serum (NDS)/PBS for 1h at
RT. The sections were then incubated overnight with the primary
antibodies at 4°C (Supplementary Table 52). After washing in PBS for
3 % 5min, sections were incubated for 2h at RT with HRP-conjugated
secondary antibodies (Supplementary Table S2).
3,3-S-diaminobenzidine tetrachloride (DAB kit, Abcam, UK) was
used as a chromogen for HRP-conjugated secondary antibodies. The
reaction was stopped in PBS. Sections were incubated with thionin for
20 min at RT to counterstain the tissue. Sections were dehydrated in
50, 70, 95, and 100% ethanol for 5min each, cleared in xylene for
2x5min, and mounted with DPX medium (Sigma Aldrich,
United States). Digital images (2,088 x 1,550 pixels) were acquired
using LEITZ DM RB light microscope (Leica Mikroskopie & Systems
GmbH, Wetzlar, Germany), LEICA DFC320 CCD camera (Leica
Microsystems Ltd., Heerbrugg, Switzerland), and LEICA DFC Twain
software (Leica, Germany).

For immunofluorescence staining, sections incubated with
primary antibodies were incubated with fluorophore-labeled
secondary antibodies (Supplementary Table S2) for 2h at RT in a dark
chamber. Sections were washed in PBS for 3 x 5min and mounted
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with Mowiol (Sigma Aldrich, USA). Images (1,024 x 1,024) were
captured using a confocal laser scanning microscope (LSM 510, Zeiss)
with an argon laser (488 nm) and two helium-neon lasers (534 nm
and 633 nm) at 40x or 63x magnification.

2.8 Quantification of
immunohistochemistry,
immunofluorescence, and multi-image
colocalization analysis

A number of Ibal* and TH* cells were counted in low-power
micrographic images (40x) using the Image] Cell Counter plugin.'
The number of immunopositive cells was counted in the
corresponding OB layers in n=7 sections per experimental group
and expressed as a number of cells/mm?’. High-resolution images
(1,024 x 1,024) were analyzed for integrated density in the JACoP
plugin (Bolte and Cordelieres, 2006), and the degree of overlap
between multiple signals was assessed by calculating the Pearson
correlation coefficient (Dunn et al., 2011). The Pearson correlation
coefficient (PSS) is a statistical parameter that reflects the
co-occurrence of pixels from different channels, regardless of the
intensity levels and signal offset. Seven to nine images/animal (four
animals/experimental group) were acquired with the same laser gain
and exposure. PCC analysis was performed at 40x or 63x
magnification. Whole images were used for analysis. Prior to
colocalization analysis, confocal images were adjusted by background
correction (Landmann and Marbet, 2004).

2.9 Gene expression analysis

Total RNA was extracted from OB tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA, United States), according to the
manufacturer’s instructions. The concentration and purity of RNA
were determined using OD260 and OD260/0D280, respectively.
Complementary DNA (cDNA) was synthesized using the High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific,
Waltham, MA, United States) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed by the ABI
Prism 7000 Sequence Detection System (Applied Biosystems,
United States) by mixing cDNA with primers (Supplementary Table 53)
and Fast EvaGreen qPCR Mastermix (Applied Biological Materials
Inc., Richmond, BC, Canada), under the following conditions: 10 min
enzyme activation at 95°C, 40 cycles of 15 s denaturation at 95°C, 30s
annealing at 60°C, 30s amplification at 72°C, and 5s fluorescence
measurement at 72°C. Samples from five animals/experimental group
were run in duplicate. The relative expression of target genes was
quantified using the 27 method relative to CycA, which was used as
a reference gene. Data were expressed as fold-change of gene
expression in EAE compared to control. At the end of each experiment,
a melting curve analysis was performed to confirm the formation of a
single PCR product.

1 https:/

/imagej.net/ij/plugins/cell-counter.ntml
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2.10 Preparation of crude membrane
fraction (P2 fraction)

Crude membrane fraction (P2) was isolated from OB tissue by
using a previously established protocol (Gray and Whittaker, 1962).
Briefly, OB tissue (g) was homogenated in nine volumes (ml) of
ice-cold isolation buffer (0.32M sucrose in 5mM HEPES pH 7.4)
supplemented with 0.5% w/v protease inhibitor cocktail (ab65621,
Abcam, UK). The crude nuclear fraction (P1) was pelleted by
centrifugation at 1,000x g for 10min, while centrifugation of the
resulting supernatant at 16,000 x g for 30min yielded the plasma
membrane fraction (P2). The P2 pellet was resuspended in HEPES
buffer, and the samples were stored at —20°C until use. Protein content
was determined using the Micro BCA Protein Assay Kit (Thermo
Fisher Scientific, Rockford, United States). Samples were aliquoted
and stored at —80°C until use.

2.11 Western blot analyses

P2 samples adjusted to 1mg/mL in 6x Laemmli buffer [4%
sodium dodecyl sulfate (SDS), 0.02% bromophenol blue, 20%
glycerol, and 125 mmol/L Tris-HCI] were boiled at 95°C for 5min.
About 20-pl aliquots were separated on 10% SDS-polyacrylamide
gels and electrotransferred to 0.45pm PVDF support membranes

10.3389/fncel.2024.1407975

(Millipore, Germany) using the Trans-Blot Turbo Transfer System
(Bio-Rad, Hercules, CA, United States). The support membranes
were blocked for 1h at RT with 5% non-fat dry milk (SERVA,
Germany) in Tris-buffered saline containing 0.1% Tween-20 (TBST)
and then incubated overnight at 4°C with the primary antibodies
diluted in TBST (Supplementary Table 52). After washing in TBST
for 3x5min, the immunoreactivity profile was detected by
incubating the support membranes at RT for 1h with
HRP-conjugated  secondary diluted in TBST
(Supplementary Table 52) and rinsing in TBST for 3 x 5min at 4°C

antibodies

using the SmartBlot device. The chemiluminescent signal was
detected with ECL solution (Bio-Rad, Hercules, CA, United States)
using the ChemiDoc-It Imager (Ultra-Violet Products Ltd.,
Cambridge, United Kingdom). Primary and secondary antibodies
were removed using a mild stripping protocol (0.2 mmol/L glycine,
0.1% SDS, and 1% Tween-20, pH 2.2) to blot the GAPDH, which was
used as a loading control. The abundance of the target protein was
quantified by densitometry using ImageJ software (NIH, Bethesda,
MA, United States). The optical density (OD) of the target protein
band was normalized to the OD of the GAPDH band in the same
lane, and the ratio was expressed relative to the control sample
(defined as 100%). Data were expressed as mean target protein
abundance + SD (%) of four samples/group blotted two times.
Cropped PVDF support membranes presented in Figure 2 are
presented integrally in Supplementary Figure S2.

EAE scores and buried food test performance

A B

Adaptation (120 s)

~ EAE Score
-+~ Relative latency
-+ Body weight

Premotor phase

Motor phase

21008 3v3
(6) uBrom Apog

Relative latency (fold-change)

Number of entries in central fields

T T T T T T 0
234567809101112131415

opt

Olfactory discrimination task

c

-n

Habituation (120 s)

i

Test (300 s)

699

DI (%)

Number of entries in peripheral fields

€2

0 [ o
o

odpi  3dpi  7-dpi

100

80|

20|

® 0dpi
® 7dpi

Open-field test

7004

250 Gl

600-{

500

150

400 . 100

"
8
T

300-|

Time spent in peripheral fields (s)

Immobile time spent in peripheral fields (s)

°
T

200-

ok

Novel object recognition test

@ 0dpi
@ 7 dpi

*kkk o

in peripheral fields

Number of immobile episodes
Recognition index

FIGURE 2

Neurological data and behavioral testing in EAE. (A) Schematic representation of the buried food test protocol, consisting of a 120-s adaptation and a
300-s test series. (B) The timeline shows the changes in neurological scores (red circles), average body mass (blue squares), and relative latency
(black squares) over the course of the EAE (dpi). Data are presented as mean+SD (colored area). The dashed lines represent the day of immunization
(0 dpi) and the day of onset of motor symptoms (8 dpi), which determine the duration of the premotor phase of EAE. Green arrows indicate the days
on which the behavioral tests were performed. (C) Schematic representation of the olfactory discrimination test protocol and (D) variations in the
discrimination index (DI), which represents the difference between the time spent in the unfamiliar and familiar compartments divided by the total
time spent in both compartments x 100 (%). The olatfactory discrimination test was performed at —1, 3, and 7 dpi with three experimental units, and
the data are expressed as mean DI (+SD). (E-1) Parameters from the open field test performed at —1 and 7 dpi with 3 experimental units, and data are
expressed as mean+SD. (J) Recognition index (RI), calculated in novel object recognition test, as the time spent with a new object relative to the total
time spent exploring both objects x 100 (%). The test was performed at —1 dpi and 7 dpi with three experimental units, and the data are presented as
mean (+SD). Significance within the graphs: *p<0.05; **p<0.01; ***p<0.001.
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2.12 Ectonucleotidases enzyme assays

Ectonucleotidase activities were determined by measuring the
amount of inorganic phosphates (Pi) released by enzymatic hydrolysis
of ATP, ADP, or AMP (Nedeljkovic et al., 2003), using the malachite
green protocol as previously described (Grkovic et al., 2019). About
10-pl aliquots of the P2 sample (1 mg/mL protein concentration) were
pre-incubated at 37°C in the assay buffer (10mM HEPES pH 7.4 and
1 mM MgCl,) for 10 min (for ATP and ADP hydrolysis) or 30 min (for
AMP hydrolysis). The reaction was started by adding 1 mM nucleotide
solution to the assay buffer. The reaction was stopped by adding
22.5pL of 3M perchloric acid. 20 uL of malachite green working
solution (0.1% malachite green in 20% H,SO,, 7.5% ammonium
molybdate, and 11% Tween-20 in a ratio of 10:2.5:0.2) was added to
80 pL of the reaction mixture and incubated at RT for 30 min to form
a green-colored complex whose absorbance was measured at 620 nm.
The amount of Pi released was calculated using the calibration curve
generated with KH,PO, as standard. The results were expressed as
mean activity (nmol Pi/mg/min) £ SD, determined in four different P2
samples per experimental group, performed two times in duplicate.

The activity of adenosine deaminase (ADA) was determined by
measuring the amount of NH," ions released by the enzyme reaction
(Dragic et al,, 2022). Aliquots containing 20 ug of the P2 sample
proteins were pre-incubated for 10 min at 37°C and the reaction was
started by adding 1 mM adenosine. The reaction was carried out for
2h at 37°C and stopped by adding 500 uL phenol nitroprusside reagent
and 500 pL sodium hypochlorite reagent. After 15min at 37°C, the
absorbance, which is directly proportional to the NH," concentration,
was measured at 635nm. The amount of NH," was calculated from the
calibration curve using NH,Cl as a standard. The results were
expressed as mean activity (nmol NH,*/mg/h) + SD, determined on
four different P2 preparations per group, performed two times
in duplicate.

2.13 Study design and statistics

A total of 90 animals were divided into 22 experimental units (4-5
animals/cage), of which 17 experimental units (66 animals) were
randomly assigned to the EAE group, while the remaining five (18
animals) formed the control group (Supplementary Table S1). The
sample size was estimated using G*Power analysis (Faul et al., 2007).
All animals were weighed daily and examined for motor signs of
EAE. Each animal was sacrificed on the day it had an EAE score of
2.5-3, which was an average at 12 dpi. In addition to weighing and
EAE scoring, each experimental unit was used only for one particular
behavioral test prior to sacrifice and preparation of OB samples
(microscopic sections, mRNA extracts, and P2 membrane fractions).
Samples from animals belonging to one experimental unit were not
pooled and used only for one particular analysis. Each behavioral test
and molecular analysis was repeated minimum of two times with
different animals.

Quantitative data obtained within the study fell into the category
of continuous data, with the exception of neurological scores, which
were discrete. Data were analyzed using descriptive statistics and
expressed as mean+SD or SEM, as indicated in figure legends. The
normality of data was tested using the Shapiro-Wilk test, and then
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appropriate parametric or non-parametric tests were used. For EAE to
control group comparisons (gene expression level, WB, hydrolysis rate,
PCC), the two-tailed Student’s t-test was used or Wilcoxon signed rank
test if the normality condition was not met. Values of p <0.05 were
considered statistically significant. Neurological assessments (BFT,
ODT, OFT, and NORT) were performed as repeated measurements in
the EAE group only, and the collected data were compared within-
subject and between-group. Differences were assessed using a
repeated-measures ANOVA followed by a Dunnett’s post-hoc test, with
the significance level set at 0.05 or with Mann-Whitney U test if the
normality condition was not met, while for between-group
comparison, the two-tailed Student’s t-test was used.

Relevant biases were identified, and methods were applied to
reduce them. Confounding factors were mitigated by randomization
to experimental units with equal and predetermined sample sizes
sufficient to ensure statistical power without compromising the data
quality or robustness of the study. Performance biases were attenuated
by standardization and constant conditions in the experimental
groups. The bias resulting from repeated measurements was mitigated
by testing each animal at the same time of day each day. Neurological
assessment was performed by two investigators who had no knowledge
of the experimental groups, and other phases of behavioral assessment
and data analysis were performed blindly. The OD and image analyses
were performed using Image].

All statistical analysis and graphing were performed using the
GraphPad Prism 9.0 software package (San Diego, CA).

3 Results
3.1 Olfactory performance testing

Animals were daily scored by EAE neurological scale, which
reflects the severity of motor neurological symptoms (Figure 2B). In
most animals, the first discrete motor signs appeared between 7 dpi
and 9 dpi and then progressed fast in the next few days. Accordingly,
the disease progression up to 8 dpi was referred to as the premotor
phase, while the subsequent phase was referred to as the motor phase
of EAE. Each animal was sacrificed when it reached the neurological
score of 2.5-3, which corresponds to paraplegia and/or quadriparesis.
At the time of sacrifice, EAE animals lost no more than 5.0% of their
initial body mass (Figure 2B).

In parallel, animals were tested in a buried food test, which measures
the time required by animals to find buried food. Animals were tested
3 days before EAE induction to establish their individual baseline latency
(s). Each animals performance in BFT from 0 dpi afterwards was
expressed as relative to the baseline latency (fold change) and the average
daily latency + (SD) was plotted in Figure 2B. A transient decline in
olfactory performance was observed at ~2 dpi, as evidenced by more
than 3-fold increase in latency to find buried food compared to the
baseline latency before immunization (Figure 2B). After a brief recovery,
a second, more pronounced increase in relative latency occurred at ~8
dpi, just with the appearance of discrete signs of motor impairment.
Thereafter, relative latency in BFT increased in parallel with EAE score
and development of motor impairments (Figure 2B). A one-way ANOVA
with repeated measurements and Dunnett’s post-hoc comparison of the
data revealed a statistically significant increase in latency to detect buried
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TABLE 1 Motor parameters from OFT.

Number of entries in central fields 14+14 0.7+1.1

(t=0.9575, df=9, p =0.363)

Time spent in central fields (s) 13.0+22.4 3.0%5.0

(W ==23,p=0.275)

Distance traveled in central fields (m) 0.7+0.7 0.3+0.6

(W==21,p=0322)

Average speed in central fields (m/s) 0.05+0.06 0.03+£0.05

(t=0.6359, df=9, p =0.541)

Maximal speed in central fields (m/s) 0.20+0.18 0.13+£0.17

(t=0.6482, df=9, p =0.533)

Mobile time in central fields (s) 13.0+£22.3 3.0+5.0

(t=1.277,df=9, p=0.233)

Time spent in peripheral fields (s) 457+44 583+34

(W =55, p =0.002%)

Distance traveled in peripheral fields (m) 16.6+4.6 12.6+5.1

(t=2.615,df=9, p =0.028*)

Average speed in peripheral fields (m/s) 0.04+0.01 0.02+0.01

(t=4.118, df=9, p =0.0026*)

Maximal speed in peripheral fields (m/s) 0.52+0.11 0.48+0.11

(t=1.113,df=9, p =0.2944)

Mobile time spent in peripheral fields (s) 450+51 475+74

(t=1.149, df=9, p =0.2803)

food at 3 dpi (#=2.043, p<0.021) and 7 dpi (t=3.097, p<0.0069) and
thereafter compared to —1 dpi (i.e., before immunization).

Next, we examined the ability of animals to discriminate
between familiar and non-familiar social odors (ODT) by
determining the discrimination index (DI) (Figures 2C,D).
Discrimination index of ~70% at —1 dpi indicated strong animals’
preference to explore the compartment with non-familiar odor.
One-way ANOVA [F (1, 95, 10, 74)=9.452, p<0.0044] and
Dunnett’s post-hoc tests showed a significant decrease in the DI
values at 3 dpi (16.0+£41.3, p<0.0132) and 7 dpi (24.9+29.8,
p<0.0314), which indicated an reduced ability to discriminate
social odors due to impaired olfactory ability.

The open field test (OFT) was used to evaluate general
locomotion and anxiety-related behavior in EAE rats at 7 dpi, which
reflect animal’s capacity and willingness to move. Parameters
reflecting general locomotor activity, including distance traveled,
average, and maximal speed, did not vary at 7 dpi with respect to
pre-immunized animals (Table 1). Significant changes were observed
in the amount of time spent in central and peripheral areas of the
chamber and tendency of animals to remain close to walls, which
strongly implied anxiety-like behavior (Figures 2E-T). EAE animals
displayed less number of entries in peripheral fields (Figure 2F t =
8.259, df=9, p<0.0001), increased time spent in peripheral fields
(Figure 2G, W =55, p=0.002), and increased number of immobile
episodes (Figure 2H, p < 0.01) and total immobile time spent in
peripheral fields (Figure 21, W = 45, p=0.0039) compared to their
performance at —1 dpi. All parameters obtained in OFT are
summarized in Supplementary Table S4.
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Novel object recognition test (NORT) was conducted to assess
cognitive performance in EAE animals (Figure 2]). Intact animals
have natural tendency to explore novel unfamiliar objects. At —1 dpi,
animals spent greater amount of time with the novel object, while at
7 dpi, they did not show a preference for the novel object,
demonstrated by significantly lower decrease in recognition index (RI)
at 7 dpi compared to —1 dpi (¢t=2.227, df=9, p=0.0488). Parameters
obtained in NORT are summarized in Supplementary Table S5.

3.2 Assessment of neuroinflammation in OB

The observed decrease in olfactory performance and odor-related
behavior in EAE prompted us to investigate the histopathological
status of OB. It has been previously postulated that neuroinflammation
decreased plasticity and renewal of interneurons in the OB are the
underlying mechanisms of olfactory dysfunction in EAE (Tepavcevic
et al, 2011). The presence of infiltrated CD4* cells in OB was
investigated by CD4-directed immunohistochemistry (Figure 3).
CD4" cells were not present in healthy OB tissue; only a few CD4" cells
were restricted to the meningeal surface in the control OB
(Figures 3A-C). In EAE sections, numerous CD4" cells infiltrated the
OB in the EAE (Figures 3D-F). CD4" cells were accumulated along
the axons of the olfactory nerve in the ONL, GL, and EPL (Figure 3E)
and around the blood vessels (Figure 3F). Since massive infiltrates
were seen on the EAE sections, the images are a qualitative
confirmation of a disturbed blood-brain barrier and infiltration with
peripheral cells.

Ibal immunohistochemistry was performed to detect infiltrated
monocytes/macrophages and resident microglia cells. In control OB,
Ibal-ir labeled quiescent microglial cells, with small cell bodies and
thin radial processes, which were evenly distributed throughout the
OB (Figures 4A-C). In EAE, Ibal-ir was much more prominent
throughout the OB, with distinct patterns of Ibal-ir in the superficial
and deeper OB layers (Figure 4D). Specifically, in the ONL, Ibal-ir
labeled numerous monocytes/macrophages and highly reactive
ameboid microglia (Figures 4D,E), which were more abundant on
the lateral side than on the medial side of the OB. In the GL, clusters
of highly reactive microglial cells lost their domain organization
(Figure 4F). However, in the EPL and GCL, especially in the parts
that did not show infiltrates (Figures 4G-1), microglial cells showed
slightly reactive morphology but preserved their domain
organization (Figures 4G-I). Ibal-directed immunofluorescence
confirmed differences in microglial shape/reactivity from the
superficial to inner OB layers (Figures 4]-L). Quantification of
Ibal-ir signal intensity shows the spatial gradient of Ibal* cell
density from the ONL to the innermost OB layer (Figure 4M), i.e.,
the density of Ibal* cells observed gradually decreases from the ONL
to the center of the OB.

Astrocyte reactivity in the inflamed OB was analyzed by GFAP
immunohistochemistry (Figure 5). In the control OB, GFAP-ir
labeled a network of OEC processes in the ONL and typical astrocytes
in successive OB layers (Figure 5B). In the center of the OB, GFAP-ir
moderately labeled glial tubes bordering the RMS (Figure 5C). In
EAE, astrocytes showed signs of hypertrophy, reflected as moderately
GFAP
(Supplementary Figure S1), although the cells retained the

increased overall protein abundance of

non-overlapping arrangement (Figure 5D). In the ONL, GFAP-ir
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FIGURE 3

CD4-directed immunohistochemical labeling of the olfactory bulb. (A—C) In control sections, CD4" cells were not seen within OB tissue; only a few
CDA4* T cells were restricted to the meningeal surface (arrows). (D,E) In EAE sections, numerous CD4* T cells infiltrated the ONL from the meningeal
side and reached the GL and EPL. (F) CD4" cells around the blood vessels. Scale bar: (A,D) 1,000 pm; (B,E) 200 pm; (C,F) 100 pm. GCL, granule cell
layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer.

labeled ticked processes of OEC and slightly activated astrocytes
(Figures 5E,F), while in the successive layers, astrocyte hypertrophy
gradually decreased (Figures 5G,H), so that astrocytes in the GL
showed a similar morphology to those of controls (Figure 51, arrow).

As a consequence of the massive infiltration of immune cells and a
strong activation of glial cells, we expected further signs of
neuroinflammation. Quantitative RT-PCR was used to assess expression
of the proinflammatory mediators of glial activation in EAE. Student’s
t-test showed several-fold induction of genes encoding for TNF-a, IL-1p,
IL-6, complement component C3, and lipocalin-2 (Lcn) (Table 1).

3.3 Assessment of neuronal plasticity in OB

The plasticity of neuronal networks in OB was analyzed by
immunohistochemistry directed to tyrosine hydroxylase (TH),
doublecortin (DCX), and NTPDase2. Tyrosine hydroxylase was
used as a marker for dopaminergic neurons. In the control OB, very
strong TH-ir labeled small to medium cell bodies in the GL
(Figure 6A) and the dense network of their neurites extending
between the glomeruli (Figure 6B). TH-ir also stained sparse
medium-sized neurons in EPL (Figure 6C) and GCL (Figure 6D).
Although the overall intensity of TH-ir apparently decreased in
EAE (Figures 6E-H; Supplementary Figure S3A), particularly in
periglomerular neurites (Figure 6F), the number of TH-ir cell
bodies increased in EAE in respect to control (p<0.0001)
(Supplementary Figure S3B).

Doublecortin (DCX) was used as a marker for actively dividing
neuroblasts. In the control OB, DCX-ir labeled migrating type A cells
in the RMS (Figures 71-L), which are responsible for the continual
replacement of granular and periglomerular interneurons. In EAE, the
density of DCX-ir cells decreased significantly both in the RMS
(Figure 7M) and in GCL and GL (Figures 7N,0). In addition to the
reduced number, the DCX-ir cells in the GCL also changed their
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spatial arrangement (Figure 7N), while their processes showed
conspicuous signs of atrophy (Figure 70). Furthermore, DCX-ir cells
in the RMS lost their bipolar shape and shortened processes
(Figure 7P), suggesting a reduced replacement of GL and GCL
interneurons and overall impaired plasticity in EAE (Table 2).

NTPDase2 immunohistochemistry was used to label type B cells,
which are astrocyte-like type B cells that form glial tubes as a scaffold
for the migration of type A neuroblasts in the RMS. In control OB,
strong NTPDase2-ir labeled OEC cell bodies and processes in the
ONL (Figures 7Q,R) and RMS (Figure 7T). In EAE, NTPDase2-ir was
slightly less intense overall (Figure 7U), although the pattern of
NTPDase2-ir in the ONL (Figure 7V) was comparable to that in the
control OB. In the EPL, however, only slight somatic labeling was
observed (Figure 77). The difference in NTPDase2-ir was most
pronounced in the RMS, where NTPDase2-ir cells were less numerous
and less conspicuous (Figure 72277).

3.4 Purinergic signaling in OB

We first determined the purinome expression in OB under control
conditions and in EAE (Table 1). Significant changes in gene
expression in EAE compared to control were observed for P2rx4,
P2ry12, Adoral, Adora3, Entpdl, Entpd2, and Nt5e. Consistent
changes at protein level were observed for eN/CD73 (Figure 7H, t =
440, df=6, p=0.0004), A,R (Figure 7D, t = 6.80, df =6, p<0.01), A;R
(Figure 7G, t = 3.98, df=6, p=0.0073), and P2Y,R (Figure 7C, t =
5.42, df=6, p=0.001). The abundance of P2X,R (Figure 7A, t = 5.70,
df=6, p=0.0013), P2Y R (Figure 7B, t = 4.47, df=6, p=0.0002), and
AR (Figure 7F t = 5.15, df=6, p=0.0021) significantly increased at
the protein level only. Representative PVDF membranes are presented
in Supplementary Figure S2.

The activities of ectonucleotidase enzymes were further
determined in OB. The rate of ATP hydrolysis (Figure 71), indicative
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FIGURE 4

Ibal-directed immunohistochemical labeling of the olfactory bulb. (A—C) Ibal-ir labeling of the control section shows quiescent ramified microglia in
all OB layers. (D) Ibal-ir in the EAE section relative to lateral-to-medial OB axis; numerous Ibal* cells were seen in the ONL on the lateral OB side. (E,F)
Clusters of Ibal-ir cells belonging to infiltrated macrophages and highly reactive ovoid microglia in the ONL and GL. (G) Ramified microglia in the
deeper OB layers. Microglia with a slightly reactive phenotype but organized in a non-overlapping manner in (H) EPL and () MCL and GCL. Confocal
Ibal immunofluorescence confirms the presence of ovoid Ibal-ir cells in (J) ONL and (K) GL, and typical ramified microglia with preserved domain
organization in (L) EPL and GCL. (M) Graphs showing the number of reactive Ibal* cells in distinct cell layers in EAE sections. Statistical significance:
***%p < 0.0001. Scale bar: 1000 pm in (A,D); 100 pm in (B,C,E,F,G); 50 pm in (H,I); 20 pm in (3—L). GCL, granule cell layer; GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer
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FIGURE 5

GFAP-directed immunohistochemical labeling of the olfactory bulb. (A) The pattern of GFAP-ir in the control section at low magnification. (B) GFAP-ir
mainly marks astrocytes in the ONL, GL (magnified in B"), and (C) RMS. (D,E) GFAP-ir in the EAE section shows slightly hypertrophied astrocytes in

(F) ONL, (G) GL, and (H) EPL with non-overlapping distribution, and a less intense GFAP-ir in the RMS. GCL, granule cell layer; GL, glomerular layer;
EPL, external plexiform layer; IPL, internal plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer; RMS—rostral migratory stream; V—tip of
the lateral ventricle. Scale bar: 500 pm in (A,D); 200 um in (B,C,E) and 50 pm in (B’,F-1).

of both NTPDase2 and NTPDasel, significantly decreased in EAE
(151.2+19.4nmol Pi/mg/min, t=2.75, df=7, p=0.0285) compared to
control (199.7 +33.33 nmol Pi/mg/min). On the other hand, the rate
of ADP hydrolysis (Figure 7]), indicative of NTPDasel, increased in
EAE (130.4+9.916nmol Pi/mg/min, t=4.27, df=7, p=0.0037)
compared to control (99.06 +12.2 nmol Pi/mg/min). The rates of AMP
hydrolysis (Figure 7K, t = 0.56, df=7, p=0.5643) and adenosine
deamination (Figure 7L, t = 0.66, df=7, p=0.4569) catalyzed by eN/
CD?73 and ADA, respectively, remained steady in EAE.

3.5 Tissue and cellular distribution of eN/
CD73 and P1 receptors

In the course of the research, we focused on the components of
adenosine signaling whose expression is altered in EAE. Cell
distribution was analyzed by immunohistochemistry and confocal
immunofluorescence. In the control OB, strong eN/CD73-ir labeled
the ONL parenchyma (Figures 8A,B), whereas the pattern of eN/
CD73-ir in the GL (Figure 8B), EPL, and GCL (Figure 8C) indicated
dominant astrocyte localization. Intense eN/CD73-ir labeled the
astrocyte-like cells lining the glial tubes in the RMS (Figure 8A). The
overall intensity of eN/CD73-ir fluorescence increased in EAE
compared to control (Figure 8D). The intensity of parenchymal
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labeling increased in the ONL, although it was difficult to detect
individual cell bodies and processes of OECs (Figure 8E). The eN/
CD73-ir was more prominent in the GL, EPL, and GCL astrocytes
(Figure 8F). At higher magnification, sporadic perisomatic labeling of
tufted cells was also observed in the EPL (Figure 8H, arrows), whereas
the immunoreaction was less pronounced in the RMS compared to
the control (Figure 8I). Double immunofluorescence confirmed a
significant overlap between eN/CD73-ir and GFAP-ir (Figure 8]),
confirming an increase in astrocytic expression of eN/CD73. However,
a substantial portion of eN/CD73-ir also overlapped with Ibal-ir,
indicating expression in infiltrated immune cells and/or reactive
microglia (Figures 81(,L). A distinct eN/CD73-ir pattern was observed
around the bodies and proximal dendrites of granule cells, indicating
a possible presynaptic localization in glutamatergic dendritic inputs
of mitral and tufted cells (Figure 8M). Pearson’s correlation coefficient
(PCC) was determined to assess the degree of overlap between two
fluorescent signals (Figure 8N). A 2-fold increase in PCC value for the
overlap of eN/CD73-GFAP in EAE compared to control (t=3.33,
df=37, p=0.0059) and the 3-fold increase in PCC value for the
overlap of eN/CD73 and Ibal (¢=3.19, df=36, p=0.0096) confirmed
that the increase in eN/CD73 expression occurred in both reactive
astrocytes and microglia.

As for adenosine receptors, significant basal expression of AR
was detected in OB, especially in GL, EPL, and MCL (Figure 9A). At
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FIGURE 6

Immunohistochemical labeling of OB cells derived from postnatal neurogenesis. (A—D) Tyrosine hydroxylase (TH)-immunohistochemistry in control
and (E—H) EAE sections. (I-L) Doublecortin (DCX)-directed immunohistochemistry in control and (M—P) EAE sections. (Q-T) NTPDase2-directed
immunohistochemistry in control and (U-X) EAE sections. GCL, granule cell layer; GL, glomerular layer; EPL, external plexiform layer; IPL, internal
plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer; RMS—rostral migratory stream. Scale bar: 500 pm in (I,M,Q,U); 200 pm in (A,E,V,W,X);
100 pm in (C,D,G,H,L,O,P.Q,R,S.Y,Z); 50 pm in (K,N,ZZ,ZZZ).
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FIGURE 7

Purinome expression in OB. Representative immunoblot membranes and graphs showing the relative protein abundance of (A) P2X;R, (B) P2Y,R,

(C) P2Y1,R, (D) AR, (E) Az4R, (F) AR, (G) AsR, and (H) eN/CD73 in olfactory bulb P2 fractions isolated from control animals (black bar) and EAE animals
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FIGURE 7 (Continued)

(red bar). Data shown in the graphs represent the relative target protein/GAPDH abundance compared to control, expressed as mean + SD, obtained by
blotting four P2 samples/experimental group in two independent replicates. Rates of (I) ATP hydrolysis, (J) ADP hydrolysis, and (K) AMP hydrolysis in
olfactory bulb P2 fractions isolated from control (black bar) and EAE animals (red bar). Data are expressed as mean nucleotide hydrolysis (hmol Pi/mg/
min) + SD determined in four P2 samples/experimental group run in triplicate and repeated two times. (L) Rate of adenosine deamination in olfactory
bulb P2 fractions isolated from control (black bar) and EAE animals (red bar). Data are expressed as mean activity (nmol NH,*/mg/h) + SD determined in
four P2 samples/experimental group run in triplicate and repeated two times. Significance shown inside the graphs: *p <0.05; **p <0.01; ***p <0.001.

higher magnification, A,R-ir was localized in the cell bodies of
periglomerular neurons in the GL, tufted cells (Figure 9B), and
mitral cells (Figure 9C). The intensity of A,R-ir increased throughout
the OB in EAE (Figure 9D). The more intense A,R-ir was observed
in the ONL parenchyma (Figure 9D) and in the cell bodies of tufted,
mitral, and granule neurons (Figures 9E,F). The increase in the
somatic localization of AR was confirmed by double
immunofluorescence directed against AR and NeuN (green)
(Figures 9G-J). The increase in AR fluorescence intensity was also
observed in mitral cells, which are among the rare neurons that do
not express NeuN and therefore remained unlabeled in the
microscopic sections (Figure 91, asterisks). Nevertheless, a significant
part of extrasomatic AR fluorescence was observed in the EPL
(Figure 91), which harbors dendro-dendritic and dendrosomatic
synapses between mitral/tufted cells and granule cells (Figure 9],
arrow). Alteration in presynaptic AR in EAE was examined with
double immunofluorescence directed to A;R and VGlutl, the latter
being used as a marker for glutamatergic synapses. VGlutl and AR
immunofluorescence signals were closely localized in the EPL and
IPL (Figures 9K,L), whereas a significant increase in PCC value for
the overlap of A;R-VGlut1 signals in EAE indicated an increase in
synaptic expression of AR (Figure 9M, t = 3.42, df=42, p=0.0019).

A,,R immunohistochemistry in OB showed similar patterns in
control and EAE (Supplementary Figure S4). The pattern of AyR-ir
largely overlapped with the pattern of GFAP-ir in control OB
(Figures 10A,B), indicating a dominant astrocytic localization in GL
(Figure 10C), EPL (Figure 10D), and GCL (Figure 10E). A pronounced
A,pR-ir was observed in the RMS (Figure 10F). In EAE, a slightly
pronounced A,gR-ir was observed in the ONL (Figure 10G), where it
labeled OECs (Figure 10H) and infiltrated cells (Figure 101). The
pattern of AjR-ir in GL and EPL was similar to the control
(Figures 10]-L). Slightly more pronounced AR-ir was observed in
the mitral cells (Figure 10L) and in the RMS (Figure 10M). Double
immunofluorescence directed against A,zR and GFAP confirmed a
clear overlap between the two fluorescent signals (Figures 10N,0). The
same was true for the overlap between AR and Ibal (Figures 10P,Q)
in EAE. The high PCC value for the A,;R-GFAP signal overlap and the
low PCC value for the A,;R/Ibal signal overlap confirm the dominant
astrocytic expression of AR in the control OB (Figure 10R). However,
the unchanged PCC value for A;R-GFAP overlap and the increase in
PCC value for A,3R/Ibal signal overlap in EAE strongly suggested that
the increase in AR expression in EAE occurred in infiltrated cells
and/or reactive microglia (Figure 10R, GFAP/A;R: t=0.21, df=39,
p=0.2172; Ibal/A;R: t=2.27, df =37, p=0.0377).

With respect to A;R, the A;R-ir labeled periglomerular
interneurons and granule cells (Figures 11A-C), whereas in the EPL,
the apical dendrites of mitral and tufted cells extending
perpendicular to the GL were most intensely stained (Figure 11D).
The marked increase in A;R-ir in EAE (Figure 11E) was consistent
with the mRNA and protein expression data. However, in contrast
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to control, numerous A;R-ir immune cells were seen in the ONL
(Figure 11F). Periglomerular interneurons showed conspicuous
A;R-ir (Figure 11G), while the most conspicuous A;R-ir was
observed in GCL and RMS (Figure 11H). Double A;R/Ibal
immunofluorescence confirmed the dominant expression of A;R-ir
in peripheral infiltrates and ameboid microglia in the ONL
(Figure 111), which was largely responsible for the observed A;R
upregulation, while ramified microglia in the EPL lacked the A;R-ir
(Figure 11]). Significant expression of A;R-ir was detected in granule
the GCL 11M). Double A,R/GFAP
immunofluorescence showed low overlap between the two signals in
ONL (Figure 11K) and EPL (Figure 11L). PCC value for A;R and
Ibal signal overlap was significantly increased in EAE compared to
control (Figure 11N, ¢t =5.12, df=37, p=0.0006), confirming that
infiltrated cells accounted for the increase in A;R-ir in EAE. On the

cells in (Figure

other hand, the low PCC values for the signal overlap between A;R
and GFAP indicate sparse localization and unaltered expression of
A;R in astrocytes in EAE.

4 Discussion

Olfactory disorders often occur in neurodegenerative and
psychiatric diseases and are retrospectively considered one of the
earliest sensory symptoms (Bhatia-Dey and Heinbockel, 2021; Fatuzzo
etal., 2023). A decrease in olfactory performance is common in patients
with demyelinating autoimmune diseases such as MS and in the EAE
animal model (Kim et al., 2018; Rotermund et al., 2019). The present
study adds to the existing literature with the novel finding that reduced
olfactory performance and impaired odor discrimination occur long
before the clinical manifestation of EAE and that altered adenosine
signaling may contribute to it. Regarding the first aspect, our study
showed that the initial decline of odor detection and discrimination
occurred at ~2 dpi, long before the appearance of the first motor signs,
and the full pathological manifestation of EAE occurred at ~8-10 dpi.
Interestingly, olfactory performance fluctuated with improvement and
deterioration after the first episode at ~2 dpi, similar to early human
RRMS. This finding suggests that the mechanism of olfactory
impairment in EAE may recapitulate early pathologic events underlying
human MS. Furthermore, our study has shown that animals in the early
stages of EAE show behavioral changes indicative of anxiety, such as
reduced general locomotion, altered exploratory behavior, and changes
in odor-related social behavior, which are not due to motor impairments,
but to olfactory dysfunction per se. This conclusion can be drawn based
on the comparable OFT parameters in terms of locomotor behavior,
distance traveled, and average and maximum speed of the EAE animals
before and after immunization. The exact mechanisms of the behavioral
changes likely involve neuroinflammation and changes in
neurotransmitter systems (Tepavcevic et al,, 2011; Rotermund et al.,
2019). These deficits may contribute to the deterioration of olfaction, as
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they may be related to the lack of motivation to explore and interact
with novel objects due to sickness-like behavior, which is well
documented in EAE (Pollak et al., 2003). When examining cognitive
function, we also demonstrated that the reduced ability to discriminate
social odors occurred concurrently with the deficit in novel object
recognition, suggesting that this may be a consequence of impaired
olfactory habituation and/or olfactory memory. Overall, the study
clearly showed a significant impairment of olfaction as well as behavioral
and cognitive changes in the early premotor phase of EAE.

Although it is known that purinergic signaling plays a role in the
pathophysiology of MS/EAE, there are still many unknowns about the
contribution of the signaling system to olfactory dysfunction and
behavioral changes in EAE. The olfactory bulb (OB) has an
exceptionally high expression of purinergic receptors and
ectonucleotidases, which are critically involved in olfactory
information processing in the OB (Rotermund et al., 2019; Schubert
etal, 2022; Wendlandt et al., 2023). The present study shows several
significant changes in purinome expression in the OB during EAE
(summarized in Figure 12), and their relationship with olfactory
dysfunction can be considered by discussing two main aspects: (a) the
information processing and plasticity of neuronal networks in the OB
and (b) the neuroinflammatory response of infiltrated immune and
resident glial cells.

4.1 Altered purinome expression in neural
networks involved in information
processing in EAE

The present study provided evidence for increased expression of
AR in EAE, mostly in mitral and tufted cells, where the receptor plays
a functional role in neuronal circuits involved in the processing of
odor information (Rotermund et al., 2019; Schubert et al., 2022;
Wendlandt et al., 2023). Previous electrophysiological data show that
tonic AR activation in mitral cells is responsible for slow
hyperpolarizing oscillations of mitral cell membrane potential (Roux
etal, 2015), which control glutamate release at their dendro-dendritic
synapses with granule cells (Rotermund et al., 2018; Schulz et al,
2018). As a result, the granule cells reduce GABA release in the
reciprocal synapses and attenuate recurrent mitral cell inhibition
(Rotermund et al., 2018). Therefore, tonic A,R activity provides a high
output signal-to-noise ratio during olfactory stimulation (Rotermund
et al., 2018). Therefore, it can be assumed that any deviation from
baseline AR activity impacts the entire network via modulation of
reciprocal synapses between mitral and granule cells. This assumption
is supported by data showing that stimulation of granule cells
enhances odor discrimination, while their inhibition impairs it
(Abraham et al, 2010; Gschwend et al., 2015). Accordingly, A,R-
deficient mice have shown better olfactory performance compared to
their wild-type counterparts (Schulz et al., 2018). On the other hand,
A Rs have no effect on mitral cell bursting activity upon synaptic input
from olfactory sensory axons (Rotermund et al., 2018, 2019). Instead,
glomerular synaptic arrangements between olfactory sensory axons
and mitral cell dendrites are regulated by ATP and adenosine via
P2Y,R and A, R, respectively, which are mainly expressed in
periglomerular astrocytes and interneurons (Johansson et al., 1997;
Kaelin-Lang et al., 1998). Our data showed no changes in gene
expression for Adora2a or P2ylIr, confirming the recent finding that
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TABLE 2 Target gene/GAPDH-mRNA abundance.

Target Control EAE (22 % of control;
gene statistical difference)
1 Entpdl 0.01984 + 0.00208 0.03253+0.00813
(164.0+11.3%, t=2.52, df=8, p=0.0356)
| Entpd2 0.03414 + 0.00107 0.02169+0.0038
(63.5+23.0%, t=4.87, df=8, p=0.0012)
1 Nitse 0.01166 + 0.00200 0.01754+0.00052*
(150.4%24.6%, t=13.35, df=8, p<0.0001)
Ada 0.00237 + 0.00032 0.00212%0.00057
(t=0.95, df=8, p=0.3571)
Entl 0.00225 + 0.00039 0.00225+0.00060
(t=0.13, df=8, p=0.9896)
Ent2 0.00367  0.00032 0.00259+0.00048
(t=0.13, df=8, p=0.9896)
1 Adoral 0.01563 + 0.00065 0.01986 +0.00513%
(127.1£9.6%, t=2.63, df=8, p=0.0206)
Adora 2a 0.00374 + 0.00019 0.00333+0.00078
(t=0.92, df=8, p=0.3832)
Adora2b 0.00522 + 0.00068 0.00412+0.00071
(t=1.90, df=8, p=0.0937)
1 Adora3 0.00900 + 0.00128 0.02558 +0.0038*
(284.2+72.33%, t=6.375, df=8, p=0.0002)
P2xr2 0.00037 £ 0.00014 0.00030+0.00061
(t=161, df=8, p=0.1298)
1 P2xrd 0.02456 + 0.00433 0.04073 £0.00829%
(165.8+12.3, t=5.59, df =8, p<0.0001)
P2xr7 0.00373 + 0.00060 0.00375+0.00107
(t=0.40, df=8, p=0.6929)
P2yl 0.00535  0.00062 0.00484+0.00096
(t=2.04, df=8, p=0.059)
1 P2ryl2 0.00869 + 0.00162 0.01210+0.00159%
(139:+1.9%, t=4.24, df=8, p=0.0007)
1 Tnfa 0.00055 £ 0.00005 0.00258 +£0.00147*
(469.1+185.0%, t=3.78, df=8, p=0.0054)
1111b 0.00053 + 0.00015 0.00439 +0.00236*
(828.3+298.4%, t=3.19, df=8, p=0.0127)
116 0.00004 + 0.00010 0.00024 +0.00005*
(600.0%35.7%, t=3.46, df =8, p=0.0085)
1Lcn2 0.00007 + 0.00002 0.00117 %0.00050%
(1,671 +140.4%, t=3.40, df=8, p=0.0093)
1C3 0.02241 + 0.00369 0.12017 +0.02740%
(536.2+180.5%, £=5.50, df=8, p=0.0006)

they are not involved in EAE-induced impairment of olfaction
(Wendlandt et al., 2023).

Our study also found the reduction in total
TH-immunohistochemical labeling in the GL. About 10-16% of all GL
interneurons express TH, and among them, the most numerous are
axonless periglomerular interneurons with small cell body and
dendrites extending to the neighboring glomerulus, and short axon
surface (sSA) cells, which have a long axon extending to a variable
number of glomeruli. Determination of the integrated TH-ir density
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FIGURE 8

eN/CD73-directed immunohistochemical labeling of the olfactory bulb. (A—C) The pattern of eN/CD73-ir labeling in the ONL, GL, and EPL implies
dominant astrocyte localization. (D—I) eN/CD73-ir in EAE sections. (E) Intense labeling of OEC cells and (F) astrocytes in the GL, EPL, and GCL
astrocytes. (H) Sporadic labeling of tufted cells (arrows). (J) Double immunofluorescence directed to eN/CD73 (blue) and GFAP (green) showed
astrocytic localization. (K—L) Double immunofluorescence directed to eN/CD73 (blue) and Ibal (red) demonstrates induction of eN/CD73 in reactive
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FIGURE 8 (Continued)

microglia. (M) Double immunofluorescence directed to eN/CD73 (blue) and NeuN (green), indicating a possible presynaptic localization in mitral and
tufted cell dendrites. (N) Pearson'’s correlation coefficient (PCC) shows a degree of overlap between the fluorescence signals. GCL, granule cell layer;
GL, glomerular layer; EPL, external plexiform layer; IPL, internal plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer, RMS—rostral
migratory stream. Scale bar: 500 pm in (A,D); 100 um in (C,F); 50 pm in (B,E,G,H,1); 20 pm in (3-L). Significance is shown within the graph: **p <0.01.

showed that the decrease in TH-ir is due to the apparently weaker
reactivity of neurites extending within and between glomeruli. DA
neurons play an important role in odor processing as they inhibit
excitatory transmission to OB excitatory (or principal) neurons
(Borisovska et al., 2013; Banerjee et al., 2015; Liu et al., 2016; Capsoni
et al, 2021). However, counting the number of TH* cell bodies
unexpectedly revealed an increased density of TH* cell bodies in the
GL. Therefore, it can be assumed that the reduced TH* reactivity of DA
neurites and the higher number of TH* cells probably influence the
resting activity of mitral cells in EAE animals. In healthy animals,
periglomerular cells are continuously replaced by type A cells arriving
from the SVZ via the RMS to OB. However, a previous study performed
in EAE indicated that impaired migration of neuroblasts in the RMS
may lead to reduced replacement of periglomerular cells in the OB
(Tepavcevic et al,, 2011). Indeed, in our study, a reduced number of
type A and type B neuroblasts was found in the RMS, along with a
marked atrophy of granule cells in the GCL. Therefore, our data do not
suggest an increased incorporation of new periglomerular cells in the
GL, but rather some other compensatory mechanism(s), including cell
type-specific enhancement of TH* cell neurogenesis or altered fate
specification. DA neurons are involved in substantial activity-
dependent plasticity, which impacts the cell composition of DA
population in OB through modulation of adult neurogenesis (Bovetti
etal., 2009). Furthermore, the level of TH expression and dopamine
release depend on the sensory input (for review, see Bonzano et al.,
2016). While the molecular mechanisms of the activity-dependent
plasticity of DA neurons remain to be elucidated, it is possible that
peripheral infiltrates and reactive microglia release inflammatory
mediators that affect newcomers arriving in the GL during
EAE. Among other inflammatory mediators, it was shown that IL-6,
which increased significantly in EAE in OB, plays a crucial role in adult
DA neurogenesis and differentiation in OB (Storer et al., 2018). Taken
together, the data suggest that the enhancement of A,R-mediated
signaling in principal output OB neurons and the altered connectivity
of DA neurons likely influence resting network activity and contribute
to impaired odor processing in EAE.

4.2 Purinergic signaling in
neuroinflammatory response of infiltrated
immune cells and resident glia

Regarding neuroinflammation, our study showed massive
infiltration of the OB with immune cells and marked microgliosis
in EAE, which are otherwise recognized as the cause of the early
inflammatory lesions in MS/EAE (Kaskow and Baecher-Allan,
2018). A previous comprehensive assessment of the spatiotemporal
pattern of CNS infiltration has shown that the initial recruitment of
CD4* T cells in EAE occurs via the meninges and choroid plexus
rather than the vasculature (Brown and Sawchenko, 2007). While
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our data confirmed the presence of CD4" T cells and monocytes/
macrophages in the superficial layers of the OB in contact with the
subarachnoid space, the presence of infiltrates in the subependymal
zone and RMS could not be detected. The spatial arrangement of
reactive microglia mirrored that of CD4" T cells, with a decreasing
gradient from the superficial to the innermost layers of the OB. Our
additional observation that infiltration occurred more frequently
on the lateral side than on the medial side of the OB supports the
conclusion that the subarachnoid space was the main route for
immune cell entry in the OB, at least at this stage of EAE. A recent
study reported a structural feature that may predispose the OB as
one of the earliest targets in MS/EAE (Fatuzzo et al., 2023; Spera
etal., 2023). In particular, anatomical discontinuity of the arachnoid
barrier at the level of the cribriform plate on the CNS side could
be the cause of early infiltration of the OB with immune cells (Spera
et al., 2023).

Our data show that infiltrated monocytes/macrophages
abundantly express A;R. Induction of Adora3 and A;R has been
previously demonstrated in peripheral lymphoid (Wei et al., 2013) and
inflamed spinal cord tissue during EAE (Wei et al., 2013; Jakovljevic
etal., 2017), as well as during ischemia, hypoxia, and subarachnoid
hemorrhage (Coppi et al., 2023). Since A;R controls neutrophils and
T-cell activity (Butler et al., 2012; Gessi et al., 2013) and M1/M2
polarization in macrophages (Levy et al., 2006; Li et al., 2020), it may
be also responsible for functional phenotype of activated microglia.
Specifically, A;R-mediated signaling controls the release of
inflammatory cytokines, including TNF-« via p68/STAT6 pathway,
thus contributing to development of functional phenotype of
macrophages and microglia (Coppi et al., 2022).

The pattern of peripheral immune cell infiltration overlapped
with the pattern of microgliosis. A significantly higher number of
microglial cells was found in GL, EPL, and GCL, while their
reactivity decreased with increasing distance from the lateral side
of the OB. Microgliosis was induced by the cytokines of CD4" T
cells, i.e., IL-17 and IFN-y, which promote inflammation by
inducing local expression of proinflammatory cytokines by reactive
microglia (Dogan and Karpus, 2004; Sindern, 2004; Murphy et al.,
2010). Indeed, the present study reported several-fold induction of
TNF-a, IL-1f, and IL-6, which are likely responsible for the
observed changes in purinergic signaling (Adzic Bukvic et al.,
2024). Several previous studies showed a significant increase in eN/
CD73 (Lavrnja et al., 2015; Jakovljevic et al., 2017), A,,R
(Jakovljevic et al., 2017), A,pR (Wei et al., 2013), and A;R (Wei
etal., 2013; Jakovljevic et al,, 2017) in inflamed spinal cord tissue
in EAE. The present study shows no changes in A,,R expression in
the OB, which is consistent with stable A,,R signaling in the OB in
EAE (Wendlandt et al., 2023). However, we have shown that highly
reactive microglial cells express eN/CD73, AR, and A;R, which
are not present in quiescent microglial cells under physiological
conditions (Langer et al., 2008; Franco et al., 2021). Under basal

frontiersin.org


https://doi.org/10.3389/fncel.2024.1407975
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Stekic et al. 10.3389/fncel.2024.1407975

—
O
o
—
Z
O
®)

M % AR-VGIuT-1
% %k
;:: 04
S
£ 0.4
o
o
§ 9 I
s 0.3
g
S oz
»
[=4
o
(]
3 oi
o
Control EAE

FIGURE 9

A;R-directed immunohistochemical labeling of the olfactory bulb. (A—C) Control sections were immunostained for AjR. (B) The somatic A;R-ir was
seen in the cell bodies of periglomerular neurons and (C) tufted cells and mitral cells. The frame enlarged in C’ shows A;R-ir mitral cells. (D) A;R-ir in
the EAE section shows increased ir in the ONL, (E) EPL and MCL, and (F) GCL. (F") High-power magnification of the area enclosed by rectangle in (F).
(G—H) Double immunofluorescence directed to AR (red) and NeuN (green) shows (G,H) the somatic localization of AR in perglomerular neurons and
(I-J) in granule cells. Asterisks in (I) denote A;R-ir mitral cells which do not express NeuN. (K—L) Double immunofluorescence directed to AR (red) and
Vglutl (blue), which show prominent overlap of the signals in (K) EPL and (L) IPL. (M) Pearson correlation coefficient (PCC) reflecting an increase in
AR/VGlutl overlap in EAE in comparison to control. GCL, granule cell layer; GL, glomerular layer; EPL, external plexiform layer; IPL, internal plexiform
layer; MCL, mitral cell layer; ONL, olfactory nerve layer, RMS—rostral migratory stream. Scale bar: 500 um in (A); 200 pm in (D); 200 pm in (B,C,E,F);

50 pmin (C',F,G,LK,L); 20 pm in (H,J). Significance within the graph: *p <0.01.
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AxR-directed immunohistochemical labeling of the olfactory bulb. (A,B) The pattern of A;R-ir in control OB shows dominant astrocytic localization in
(C) GL, (D) EPL, and (E) GCL and distinct labeling in (F) RMS. (G) Low magnification micrograph shows A,sR-ir in the EAE section, with increased
labeling in (H) ONL and (1) infiltrated cells and similar labeling in (J) GL and (K) EPL. (L) The high-power micrograph shows conspicuous AR labeling of
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FIGURE 10 (Continued)

*p <0.05.

mitral cells (magnified in L’) and (M) conspicuous labeling in RMS. (N,O) Double immunofluorescence directed to AR (red) and GFAP (green) confirms
the overlap of the two signals. (P,Q) Double immunofluorescence directed to AR (red) and Ibal (green) shows the presence of AR in reactive
microglia. (R) PCC values for A,3R/GFAP and A,sR/Ibal signal overlap in the control (black bars) and EAE (red bars). GCL, granule cell layer; GL,
glomerular layer; EPL, external plexiform layer; IPL, internal plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve layer; RMS—rostral migratory
stream. Scale bar: 500 pm in (A,G); 200 pm in (B,J,M); 100 pm in (D,F); 50 pm in (C,E,H,LLK,LLN,P); 20 pm in (O,Q). Significance within the graph:
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A;R-directed immunohistochemical labeling of the olfactory bulb. (A) Low-power microscopic image of control OB showing (B) strong AsR labeling in
periglomerular neurons and (C,D) apical dendrites of mitral and tufted cells. (E) AsR-ir labeling in the EAE section shows (F) numerous A;R-ir infiltrates
in the ONL and conspicuous labeling of (G) periglomerular neurons and (H) granular cells. (I) Double immunofluorescence directed against AsR (red)
and Ibal (green) shows dominant expression in infiltrated macrophages and ameboid microglia (arrows), and (J) the absence of A;R expression in
ramified microglia in the EPL. (K,L) Double immunofluorescence directed to A;R (red) and GFAP (green) shows the absence of A3R expression in
astrocytes. (M) Very pronounced A;R labeling of soma and apical dendrites of granule cells (arrow). (N) PCC value for A;R and Ibal signal overlap in
control (black bars) and EAE (red bars) sections. GCL, granule cell layer; GL, glomerular layer; EPL, external plexiform layer; IPL, internal plexiform layer;
MCL, mitral cell layer; ONL, olfactory nerve layer; RMS—rostral migratory stream. Scale bar: 500 pm in (A,E); 50 pm in (B,C,D,F,G,H): 20 pm in (I-M).
Significance within the graph: ***p <0.001.
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FIGURE 12

Purinergic signaling in OB in EAE. Schematic summary of the present study. The blue markers show the purinome components whose expression and
cellular localization have changed significantly. Infiltrated macrophages and ameboid microglia overexpress A3R, while the latter also upregulates the
expression of eN/CD73, A2BR, and P2X4R. Adenosine receptor A1R increased in mitral and tufted cells, likely influencing resting network activity in OB.

conditions, eN/CD73 is localized in astrocytes and ependymal
cells, while under neuroinflammatory conditions, it is expressed in
ameboid microglia overexpressing arginase 1 and CD68 (Dragic¢
et al., 2021b), characterizing the phagocytic microglial state
(Franco and Ferndndez-Sudarez, 2015). As for AR, it is localized
in astrocytes, oligodendrocytes, and neurons under physiological
conditions, while it is expressed in reactive microglia during
neuroinflammation. AR stimulates the production of IL-6 in
peripheral immune cells and plays pathogenic roles in MS/EAE by
enhancing Th17 differentiation (Wei et al., 2013; Merighi et al.,
2017) and functional polarization of microglial cells (Koscso et al.,
2012; Franco et al., 2021). As for A;R, activation in reactive
microglia alters the expression of numerous immune-related genes,
including the attenuation of TNF-a (Lee et al., 2006) and the
increase in IL-10 production (Hasko et al., 1996, 2008). Our data
also showed transcriptional upregulation of P2xr4 in EAE, which
is the key determinant in the control of microglial activation and
induction of microglial cell death (Vazquez-Villoldo et al., 2014).
The A,3R and A;R are coupled to Gs and Gi/q, respectively, and
therefore influence adenylate cyclase and cAMP levels in opposite
ways (Fredholm et al., 2011). However, both receptors mobilize
Ca’* from intracellular stores via phospholipase C (Fredholm et al.,
2011). Stimulation of P2X,R in microglia also leads to an increase
in intracellular Ca** and activation of p38-MAPK (Trang et al.,
2009). Therefore, the simultaneous activation of A,;R, A;R, and
P2X,R in cells such as reactive microglia may not be contradictory
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from a physiological point of view. Overall, these data, together
with the finding of increased expression of C3, involved in
phagocytizing complement-opsonized synapses (Hammond et al.,
2020), suggest that OB microglial cells in EAE develop a functional
phenotype of phagocytizing microglia that promotes tissue repair
and homeostasis. In conclusion, the exceptionally high abundance
of purinergic receptors and nucleotide-degrading enzymes in OB
underscores the importance of purinergic signaling for the
olfactory system, and the present study adds to the existing
knowledge on the contribution of adenosine signaling to the
impairment of olfaction in EAE. Our results suggest enhanced
adenosine signaling via AR in principal OB neurons, which may
alter resting network activity in EAE. Our data further show
enhanced adenosine signaling in microglial cells via the eN/CD73/
A,3R/A;R molecular pathway(s) and induction of inflammatory
mediators that may be responsible for the impairment of olfaction
in EAE and likely in other CNS disorders. It is worth noting,
however, that the present study did not address the causal
relationship between these phenomena. However, not only does
adenosine signaling contribute to the causative processes that lead
to the main neurological and motor symptoms in MS/EAE, but the
signaling has been linked to development of neuropsychiatric
comorbidities characteristic of MS, such as anxiety and depression
(Duarte-Silva et al., 2019; Gomes et al., 2021). Therefore, some
degree of overlap and dysfunction in the adenosine signaling
pathway would be expected as the mechanism responsible for the
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apparent neuroinflammation, olfactory dysfunction, and anxiety-
related behavioral changes. However, further functional studies in
genetic models are required for a complete assessment. Further
investigation of olfactory dysfunction in MS/EAE may provide a
valuable window for monitoring the disease onset and progression,
while investigation of the functional role of purinergic signaling
may point to potential molecular targets for therapeutic
intervention in MS.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the Ethics Committee for the
Care and Use of Laboratory Animals of the Faculty of Biology of the
University of Belgrade. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

AS: Formal analysis, Investigation, Visualization, Writing -
original draft, Writing - review & editing. MD: Funding acquisition,
Validation, Visualization, Writing - review & editing, Formal
analysis, Methodology, Project administration, Resources. JS:
Resources, Writing - review & editing, Investigation. MZK:
Investigation, Writing - review & editing. IS: Writing - review &
editing, Resources. MZ]: Writing - review & editing, Investigation.
KM: Investigation, Writing - review & editing. NN: Writing -
review & editing, Conceptualization, Data curation, Funding
acquisition, Supervision, Validation, Visualization.

References

Abraham, N. M, Egger, V., Shimshek, D. R., Renden, R., Fukunaga, I., Sprengel, R.,
et al. (2010). Synaptic inhibition in the olfactory bulb accelerates odor discrimination
in mice. Neuron 65, 399-411. doi: 10.1016/j.neuron.2010.01.009

Adzic Bukvic, M., Laketa, D., Dragic, M., Lavrnja, I, and Nedeljkovic, N. (2024).
Expression of functionally distinct ecto-5"-nucleotidase/CD73 glycovariants in reactive
astrocytes in experimental autoimmune encephalomyelitis and neuroinflammatory
conditions in vitro. Glia 72, 19-33. doi: 10.1002/glia.24459

Antunes, M., and Biala, G. (2012). The novel object recognition memory:
neurobiology, test procedure, and its modifications. Cogn. Process. 13, 93-110. doi:
10.1007/s10339-011-0430-z

Bachmann, R., Eugster, H. P, Frei, K., Fontana, A., and Lassmann, H. (1999).
Impairment of TNF-receptor-1 signaling but not fas signaling diminishes T-cell
apoptosis in myelin oligodendrocyte glycoprotein peptide-induced chronic
demyelinating autoimmune encephalomyelitis in mice. Am. J. Pathol. 154, 1417-1422.
doi: 10.1016/S0002-9440(10)65395-3

Banerjee, A., Marbach, E, Anselmi, E, Koh, M. S., Davis, M. B., Garcia da Silva, P, et al.
(2015). An Interglomerular circuit gates glomerular output and implements gain control
in the mouse olfactory bulb. Neuron 87, 193-207. doi: 10.1016/j.neuron.2015.06.019

Bhatia-Dey, N., and Heinbockel, T. (2021). The olfactory system as marker of
neurodegeneration in aging, neurological and neuropsychiatric disorders. Int. J. Environ.
Res. Public Health 18:6976. doi: 10.3390/ijerph18136976

Frontiers in Cellular Neuroscience

10.3389/fncel.2024.1407975

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
fully supported by the Ministry of Science, Technological
Development, and Innovation of the Republic of Serbia, Project Nos.
451-03-65/2024-01/200178, 451-03-66/2024-03/200178, and the
Medical Faculty of Military Medical Academy, Project No.
MFVMA/02/24-26.

Acknowledgments

This study is part of the doctoral thesis of AS.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fncel.2024.1407975/
full#supplementary-material

Bjelobaba, 1., Begovic-Kupresanin, V., Pekovic, S., and Lavrnja, I. (2018). Animal
models of multiple sclerosis: focus on experimental autoimmune encephalomyelitis. J.
Neurosci. Res. 96, 1021-1042. doi: 10.1002/jnr.24224

Bolte, S., and Cordelieres, . P. (2006). A guided tour into subcellular
colocalization analysis in light microscopy. J. Microsc. 224, 213-232. doi:
10.1111/j.1365-2818.2006.01706.x

Bonzano, S., Bovetti, S., Gendusa, C., Peretto, P., and De Marchis, S. (2016). Adult
born olfactory bulb dopaminergic interneurons: molecular determinants and
experience-dependent plasticity. Front. Neurosci. 10:189. doi: 10.3389/
fnins.2016.00189

Borisovska, M., Bensen, A. L., Chong, G., and Westbrook, G. L. (2013). Distinct
modes of dopamine and GABA release in a dual transmitter neuron. J. Neurosci. 33,
1790-1796. doi: 10.1523/JNEUROSCI.4342-12.2013

Bovetti, S., Veyrac, A., Peretto, P, Fasolo, A., and De Marchis, S. (2009). Olfactory
enrichment influences adult neurogenesis modulating GAD67 and plasticity-related
molecules expression in newborn cells of the olfactory bulb. PLoS One 4:6359. doi:
10.1371/journal.pone.0006359

Brown, D. A., and Sawchenko, P. E. (2007). Time course and distribution of
inflammatory and neurodegenerative events suggest structural bases for the
pathogenesis of experimental autoimmune encephalomyelitis. J. Comp. Neurol. 502,
236-260. doi: 10.1002/cne.21307

frontiersin.org


https://doi.org/10.3389/fncel.2024.1407975
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fncel.2024.1407975/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2024.1407975/full#supplementary-material
https://doi.org/10.1016/j.neuron.2010.01.009
https://doi.org/10.1002/glia.24459
https://doi.org/10.1007/s10339-011-0430-z
https://doi.org/10.1016/S0002-9440(10)65395-3
https://doi.org/10.1016/j.neuron.2015.06.019
https://doi.org/10.3390/ijerph18136976
https://doi.org/10.1002/jnr.24224
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.3389/fnins.2016.00189
https://doi.org/10.3389/fnins.2016.00189
https://doi.org/10.1523/JNEUROSCI.4342-12.2013
https://doi.org/10.1371/journal.pone.0006359
https://doi.org/10.1002/cne.21307

Stekic et al.

Burnstock, G., and Kennedy, C. (2011). P2X receptors in health and
disease. Adv. Pharmacol. (San Diego, Calif.) 61, 333-372. doi: 10.1016/
B978-0-12-385526-8.00011-4

Butler, M., Sanmugalingam, D., Burton, V. J., Wilson, T., Pearson, R., Watson, R. P,
et al. (2012). Impairment of adenosine A3 receptor activity disrupts neutrophil
migratory capacity and impacts innate immune function in vivo. Eur. J. Immunol. 42,
3358-3368. doi: 10.1002/¢ji.201242655

Capsoni, S., Fogli Iseppe, A., Casciano, E, and Pignatelli, A. (2021). Unraveling the
role of dopaminergic and Calretinin interneurons in the olfactory bulb. Front. Neural
Circuits 15:718221. doi: 10.3389/fncir.2021.718221

Chen, G., Zhang, Y. Q, Qadri, Y. ., Serhan, C. N,, and Ji, R. R. (2018). Microglia in
pain: detrimental and protective roles in pathogenesis and resolution of pain. Neuron
100, 1292-1311. doi: 10.1016/j.neuron.2018.11.009

Christogianni, A., Bibb, R., Davis, S. L., Jay, O., Barnett, M., Evangelou, N., et al.
(2018). Temperature sensitivity in multiple sclerosis: an overview of its impact on
sensory and cognitive symptoms. Temperature (Austin, Texas) 5, 208-223. doi:
10.1080/23328940.2018.1475831

Collo, G., North, R. A., Kawashima, E., Merlo-Pich, E., Neidhart, S., Surprenant, A.,
et al. (1996). Cloning of P2X5 and P2X6 receptors and the distribution and properties
of an extended family of ATP-gated ion channels. J. Neurosci. 16, 2495-2507. doi:
10.1523/JNEUROSCI.16-08-02495.1996

Constantinescu, C. S., Faroogi, N., O’Brien, K., and Gran, B. (2011). Experimental
autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br. J.
Pharmacol. 164, 1079-1106. doi: 10.1111/j.1476-5381.2011.01302.x

Coppi, E., Cherchi, E, and Gibb, A. J. (2023). Adenosine A2A receptor blockade
attenuates excitotoxicity in rat striatal medium spiny neurons during an ischemic-like
insult. Neural Regen. Res. 19, 255-257. doi: 10.4103/1673-5374.375309

Coppi, E., Cherchi, E, Venturini, M., Lucarini, E., Corradetti, R., Di Cesare, M. L., et al.
(2022). Therapeutic potential of highly selective A3 adenosine receptor ligands in the
central and peripheral nervous system. Molecules 27:1890. doi: 10.3390/molecules27061890

Cunha, R. A. (2005). Neuroprotection by adenosine in the brain: from a(1) receptor
activation to a (2A) receptor blockade. Purinergic Signal. 1, 111-134. doi: 10.1007/
s11302-005-0649-1

Cunha, R. A. (2016). How does adenosine control neuronal dysfunction and
neurodegeneration? J. Neurochem. 139, 1019-1055. doi: 10.1111/jnc.13724

Di Virgilio, E, Vultaggio-Poma, V., Falzoni, S., and Giuliani, A. L. (2023). Extracellular
ATP: a powerful inflammatory mediator in the central nervous system.
Neuropharmacology 224:109333. doi: 10.1016/j.neuropharm.2022.109333

Doengi, M., Deitmer, J. W,, and Lohr, C. (2008). New evidence for purinergic signaling
in the olfactory bulb: A2A and P2Y1 receptors mediate intracellular calcium release in
astrocytes. FASEB J. 22, 2368-2378. doi: 10.1096/1).07-101782

Dogan, R. N., and Karpus, W. J. (2004). Chemokines and chemokine receptors in
autoimmune encephalomyelitis as a model for central nervous system inflammatory
disease regulation. Front. Biosci. 9, 1500-1505. doi: 10.2741/1284

Domercq, M., Zabala, A., and Matute, C. (2019). Purinergic receptors in multiple
sclerosis  pathogenesis. Brain Res. Bull. 151, 38-45. doi: 10.1016/j.
brainresbull.2018.11.018

Dragi¢, M., Mitrovi¢, N., Adzi¢, M., Nedeljkovi¢, N., and Grkovi¢, I. (2021b). Microglial-
and astrocyte-specific expression of purinergic signaling components and inflammatory
mediators in the rat Hippocampus during Trimethyltin-induced neurodegeneration. ASN
Neuro 13:17590914211044882. doi: 10.1177/17590914211044882

Dragic, M., Stekic, A., Zeljkovic, M., Zaric Kontic, M., Mihajlovic, K., Adzic, M., et al.
(2022). Altered topographic distribution and enhanced neuronal expression of
adenosine-metabolizing enzymes in rat Hippocampus and cortex from early to late
adulthood. Neurochem. Res. 47, 1637-1650. doi: 10.1007/s11064-022-03557-5

Dragi¢, M., Zeljkovi¢, M., Stevanovi¢, I, Adzi¢, M., Steki¢, A., Mihajlovi¢, K., et al.
(2021a). Downregulation of CD73/a(2A)R-mediated adenosine signaling as a potential
mechanism of neuroprotective effects of Theta-burst transcranial magnetic stimulation
in acute experimental autoimmune encephalomyelitis. Brain Sci. 11:736. doi: 10.3390/
brainscil1060736

Duarte-Silva, E., Macedo, D., Maes, M., and Peixoto, C. A. (2019). Novel insights into
the mechanisms underlying depression-associated experimental autoimmune
encephalomyelitis. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 93, 1-10. doi:
10.1016/j.pnpbp.2019.03.001

Dunn, K. W,, Kamocka, M. M., and McDonald, J. H. (2011). A practical guide to
evaluating colocalization in biological microscopy. Am. J. Physiol. Cell Physiol. 300,
C723-C742. doi: 10.1152/ajpcell.00462.2010

Fatuzzo, I, Niccolini, G. E, Zoccali, F, Cavalcanti, L., Bellizzi, M. G., Riccardi, G., et al.
(2023). Neurons, nose, and neurodegenerative diseases: olfactory function and cognitive
impairment. Int. J. Mol. Sci. 24:2117. doi: 10.3390/ijms24032117

Faul, E, Erdfelder, E., Lang, A.-G., and Buchner, A. (2007). G*power 3: a flexible
statistical power analysis program for the social, behavioral, and biomedical sciences.
Behav. Res. Methods 39, 175-191. doi: 10.3758/BF03193146

Field, P, Li, Y., and Raisman, G. (2003). Ensheathment of the olfactory nerves in the
adult rat. J. Neurocytol. 32, 317-324. doi: 10.1023/B:NEUR.0000010089.37032.48

Frontiers in Cellular Neuroscience

10.3389/fncel.2024.1407975

Filippi, M., Bar-Or, A., Piehl, E, Preziosa, P, Solari, A., Vukusic, S., et al. (2018).
Multiple sclerosis. Nat. Rev. Dis. Primers 4:43. doi: 10.1038/s41572-018-0041-4

Franco, R., and Ferndndez-Sudrez, D. (2015). Alternatively activated microglia and
macrophages in the central nervous system. Prog. Neurobiol. 131, 65-86. doi: 10.1016/j.
pneurobio.2015.05.003

Franco, R,, Lillo, A., Rivas-Santisteban, R., Reyes-Resina, I, and Navarro, G. (2021).
Microglial adenosine receptors: from preconditioning to modulating the M1/M2
balance in activated cells. Cells 10:1124. doi: 10.3390/cells10051124

Fredholm, B. B. (2014). Adenosine—a physiological or pathophysiological agent? J.
Mol. Med. 92, 201-206. doi: 10.1007/s00109-013-1101-6

Fredholm, B. B., IJzerman, A. P, Jacobson, K. A., Linden, J., and Miiller, C. E. (2011).
International Union of Basic and Clinical Pharmacology. LXXXI. Nomenclature and
classification of adenosine receptors--an update. Pharmacol. Rev. 63, 1-34. doi: 10.1124/
pr.110.003285

Gampe, K., Stefani, J., Hammer, K., Brendel, P,, Potzsch, A., Enikolopov, G., et al.
(2015). NTPDase2 and purinergic signaling control progenitor cell proliferation in
neurogenic niches of the adult mouse brain. Stem Cells 33, 253-264. doi: 10.1002/
stem.1846

Gessi, S., Merighi, S., Stefanelli, A., Fazzi, D., Varani, K., and Borea, P. A. (2013). A(1)
and a(3) adenosine receptors inhibit LPS-induced hypoxia-inducible factor-1
accumulation in murine astrocytes. Pharmacol. Res. 76, 157-170. doi: 10.1016/j.
phrs.2013.08.002

Gomes, J. 1., Farinha-Ferreira, M., Rei, N., Goncalves-Ribeiro, J., Ribeiro, J. A.,
Sebastido, A. M., et al. (2021). Of adenosine and the blues: the adenosinergic system in
the pathophysiology and treatment of major depressive disorder. Pharmacol. Res.
163:105363. doi: 10.1016/.phrs.2020.105363

Gray, E. G., and Whittaker, V. P. (1962). The isolation of nerve endings from brain: an
electron-microscopic study of cell fragments derived by homogenization and
centrifugation. J. Anat. 96, 79-88

Greer, J. M., and McCombe, P. A. (2011). Role of gender in multiple sclerosis: clinical
effects and potential molecular mechanisms. J. Neuroimmunol. 234, 7-18. doi: 10.1016/j.
jneuroim.2011.03.003

Grkovi¢, L, Mitrovi¢, N., Dragi¢, M., Adzi¢, M., Drakuli¢, D., and Nedeljkovi¢, N.
(2019). Spatial distribution and expression of Ectonucleotidases in rat Hippocampus
after removal of ovaries and estradiol replacement. Mol. Neurobiol. 56, 1933-1945. doi:
10.1007/s12035-018-1217-3

Gschwend, O., Abraham, N. M., Lagier, S., Begnaud, F, Rodriguez, I, and Carleton, A.
(2015). Neuronal pattern separation in the olfactory bulb improves odor discrimination
learning. Nat. Neurosci. 18, 1474-1482. doi: 10.1038/nn.4089

Guo, W, Xu, X., Gao, X., Burnstock, G., He, C., and Xiang, Z. (2008). Expression of
P2X5 receptors in the mouse CNS. Neuroscience 156, 673-692. doi: 10.1016/j.
neuroscience.2008.07.062

Hammond, J. W,, Bellizzi, M. J., Ware, C., Qiu, W. Q., Saminathan, P,, Li, H., et al.
(2020). Complement-dependent synapse loss and microgliosis in a mouse model
of multiple sclerosis. Brain Behav. Immun. 87, 739-750. doi: 10.1016/j.
bbi.2020.03.004

Hasko, G., Linden, J., Cronstein, B., and Pacher, P. (2008). Adenosine receptors:
therapeutic aspects for inflammatory and immune diseases. Nat. Rev. Drug Discov. 7,
759-770. doi: 10.1038/nrd2638

Hasko, G., Szabd, C., Németh, Z. H., Kvetan, V., Pastores, S. M., and Vizi, E. S. (1996).
Adenosine receptor agonists differentially regulate IL-10, TNF-alpha, and nitric oxide
production in RAW 264.7 macrophages and in endotoxemic mice. J. Immunol. 157,
4634-4640. doi: 10.4049/jimmunol.157.10.4634

Jakovljevic, M., Lavrnja, L, Bozic, L., Milosevic, A., Bjelobaba, I., Savic, D., et al.
(2019). Induction of NTPDasel/CD39 by reactive microglia and macrophages is
associated with the functional state during EAE. Front. Neurosci. 13:410. doi: 10.3389/
fnins.2019.00410

Jakovljevic, M., Lavrnja, L, Bozic, L, Savic, D., Bjelobaba, 1., Pekovic, S., et al. (2017).
Down-regulation of NTPDase2 and ADP-sensitive P2 Purinoceptors correlate with
severity of symptoms during experimental autoimmune encephalomyelitis. Front. Cell.
Neurosci. 11:333. doi: 10.3389/fncel.2017.00333

Johansson, B., Georgiev, V., and Fredholm, B. B. (1997). Distribution and postnatal
ontogeny of adenosine A2A receptors in rat brain: comparison with dopamine receptors.
Neuroscience 80, 1187-1207. doi: 10.1016/s0306-4522(97)00143-7

Kaelin-Lang, A., Lauterburg, T., and Burgunder, J. M. (1998). Expression of adenosine
A2a receptor gene in rat dorsal root and autonomic ganglia. Neurosci. Lett. 246, 21-24.
doi: 10.1016/s0304-3940(98)00216-x

Kaelin-Lang, A., Lauterburg, T., and Burgunder, J. M. (1999). Expression of adenosine
A2a receptors gene in the olfactory bulb and spinal cord of rat and mouse. Neurosci. Lett.
261, 189-191. doi: 10.1016/50304-3940(99)00022-1

Kaneda, M., Ito, K., Shigematsu, Y., and Shimoda, Y. (2010). The OFF-pathway
dominance of P2X2-purinoceptors is formed without visual experience. Neurosci. Res.
66, 86-91. doi: 10.1016/j.neures.2009.09.1714

Kaskow, B. J., and Baecher-Allan, C. (2018). Effector T cells in multiple sclerosis. Cold
Spring Harb. Perspect. Med. 8:a029025. doi: 10.1101/cshperspect.a029025

frontiersin.org


https://doi.org/10.3389/fncel.2024.1407975
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/B978-0-12-385526-8.00011-4
https://doi.org/10.1016/B978-0-12-385526-8.00011-4
https://doi.org/10.1002/eji.201242655
https://doi.org/10.3389/fncir.2021.718221
https://doi.org/10.1016/j.neuron.2018.11.009
https://doi.org/10.1080/23328940.2018.1475831
https://doi.org/10.1523/JNEUROSCI.16-08-02495.1996
https://doi.org/10.1111/j.1476-5381.2011.01302.x
https://doi.org/10.4103/1673-5374.375309
https://doi.org/10.3390/molecules27061890
https://doi.org/10.1007/s11302-005-0649-1
https://doi.org/10.1007/s11302-005-0649-1
https://doi.org/10.1111/jnc.13724
https://doi.org/10.1016/j.neuropharm.2022.109333
https://doi.org/10.1096/fj.07-101782
https://doi.org/10.2741/1284
https://doi.org/10.1016/j.brainresbull.2018.11.018
https://doi.org/10.1016/j.brainresbull.2018.11.018
https://doi.org/10.1177/17590914211044882
https://doi.org/10.1007/s11064-022-03557-5
https://doi.org/10.3390/brainsci11060736
https://doi.org/10.3390/brainsci11060736
https://doi.org/10.1016/j.pnpbp.2019.03.001
https://doi.org/10.1152/ajpcell.00462.2010
https://doi.org/10.3390/ijms24032117
https://doi.org/10.3758/BF03193146
https://doi.org/10.1023/B:NEUR.0000010089.37032.48
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1016/j.pneurobio.2015.05.003
https://doi.org/10.1016/j.pneurobio.2015.05.003
https://doi.org/10.3390/cells10051124
https://doi.org/10.1007/s00109-013-1101-6
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1002/stem.1846
https://doi.org/10.1002/stem.1846
https://doi.org/10.1016/j.phrs.2013.08.002
https://doi.org/10.1016/j.phrs.2013.08.002
https://doi.org/10.1016/j.phrs.2020.105363
https://doi.org/10.1016/j.jneuroim.2011.03.003
https://doi.org/10.1016/j.jneuroim.2011.03.003
https://doi.org/10.1007/s12035-018-1217-3
https://doi.org/10.1038/nn.4089
https://doi.org/10.1016/j.neuroscience.2008.07.062
https://doi.org/10.1016/j.neuroscience.2008.07.062
https://doi.org/10.1016/j.bbi.2020.03.004
https://doi.org/10.1016/j.bbi.2020.03.004
https://doi.org/10.1038/nrd2638
https://doi.org/10.4049/jimmunol.157.10.4634
https://doi.org/10.3389/fnins.2019.00410
https://doi.org/10.3389/fnins.2019.00410
https://doi.org/10.3389/fncel.2017.00333
https://doi.org/10.1016/s0306-4522(97)00143-7
https://doi.org/10.1016/s0304-3940(98)00216-x
https://doi.org/10.1016/s0304-3940(99)00022-1
https://doi.org/10.1016/j.neures.2009.09.1714
https://doi.org/10.1101/cshperspect.a029025

Stekic et al.

Kim, J., Choi, Y., Ahn, M., Jung, K., and Shin, T. (2018). Olfactory dysfunction in
autoimmune central nervous system Neuroinflammation. Mol. Neurobiol. 55,
8499-8508. doi: 10.1007/s12035-018-1001-4

Koscso, B., Csoka, B., Selmeczy, Z., Himer, L., Pacher, P, Virag, L., et al. (2012).
Adenosine augments IL-10 production by microglial cells through an A2B adenosine
receptor-mediated process. J. Immunol. 188, 445-453. doi: 10.4049/jimmunol.1101224

Landmann, L., and Marbet, P. (2004). Colocalization analysis yields superior results
after image restoration. Microsc. Res. Tech. 64, 103-112. doi: 10.1002/jemt.20066

Langer, D., Hammer, K., Koszalka, P,, Schrader, J., Robson, S., and Zimmermann, H.
(2008). Distribution of ectonucleotidases in the rodent brain revisited. Cell Tissue Res.
334, 199-217. doi: 10.1007/s00441-008-0681-x

Lavrnja, L, Bjelobaba, I., Stojiljkovic, M., Pekovic, S., Mostarica-Stojkovic, M.,
Stosic-Grujicic, S., et al. (2009). Time-course changes in ectonucleotidase activities
during experimental autoimmune encephalomyelitis. Neurochem. Int. 55, 193-198. doi:
10.1016/j.neuint.2009.02.013

Lavrnja, I, Laketa, D., Savic, D., Bozic, 1., Bjelobaba, L., Pekovic, S., et al. (2015).
Expression of a second ecto-5"-nucleotidase variant besides the usual protein in
symptomatic phase of experimental autoimmune encephalomyelitis. J. Mol. Neurosci.
55, 898-911. doi: 10.1007/s12031-014-0445-x

Lazarevic, L, Soldati, S., Mapunda, J. A., Rudolph, H., Rosito, M., de Oliveira, A. C.,
etal. (2023). The choroid plexus acts as an immune cell reservoir and brain entry site in
experimental autoimmune encephalomyelitis. Fluids Barriers CNS 20:39. doi: 10.1186/
$12987-023-00441-4. Erratum in: Fluids Barriers CNS.

Lee, J. Y, Jhun, B.S., Oh, Y. T, Lee, J. H., Choe, W., Baik, H. H., et al. (2006). Activation
of adenosine A3 receptor suppresses lipopolysaccharide-induced TNF-a production
through inhibition of PI 3-kinase/Akt and NF-kB activation in murine BV2 microglial
cells. Neurosci. Lett. 396, 1-6. doi: 10.1016/j.neulet.2005.11.004

Levy, O., Coughlin, M., Cronstein, B. N., Roy, R. M., Desai, A., and Wessels, M. R.
(2006). The adenosine system selectively inhibits TLR-mediated TNF-alpha
production in the human newborn. J. Immunol. 177, 1956-1966. doi: 10.4049/
jimmunol.177.3.1956

Li, P, Li, X, Deng, P, Wang, D., Bai, X, Li, Y, et al. (2020). Activation of adenosine
A3 receptor reduces early brain injury by alleviating neuroinflammation after
subarachnoid hemorrhage in elderly rats. Aging (Albany NY) 13, 694-713. doi: 10.18632/
aging.202178

Liu, S., Puche, A. C,, and Shipley, M. T. (2016). The interglomerular circuit potently
inhibits olfactory bulb output neurons by both direct and indirect pathways. J. Neurosci.
36, 9604-9617. doi: 10.1523/JNEUROSCI.1763-16.2016

Lucassen, E. B., Turel, A., Knehans, A., Huang, X., and Eslinger, P. (2016). Olfactory
dysfunction in multiple sclerosis: a scoping review of the literature. Mult. Scler. Relat.
Disord. 6, 1-9. doi: 10.1016/j.msard.2015.12.002

Machado, C. E, Reis-Silva, T. M., Lyra, C. S,, Felicio, L. E, and Malnic, B. (2018).
Buried food-seeking test for the assessment of olfactory detection in mice. Bio-Protocol
8:€2897. doi: 10.21769/BioProtoc.2897

Mandolesi, G., Grasselli, G., Musumeci, G., and Centonze, D. (2010). Cognitive
deficits in experimental autoimmune encephalomyelitis: neuroinflammation
and synaptic degeneration. Neurol. Sci. 31, 255-259. doi: 10.1007/
510072-010-0369-3

Merighi, S., Bencivenni, S., Vincenzi, E, Varani, K., Borea, P. A., and Gessi, S. (2017).
A2B adenosine receptors stimulate IL-6 production in primary murine microglia
through p38 MAPK kinase pathway. Pharmacol. Res. 117, 9-19. doi: 10.1016/j.
phrs.2016.11.024

Mirmosayyeb, O., Ebrahimi, N., Barzegar, M., Afshari-Safavi, A., Bagherieh, S., and
Shaygannejad, V. (2022). Olfactory dysfunction in patients with multiple sclerosis; a
systematic review and meta-analysis. PLoS One 17:€0266492. doi: 10.1371/journal.
pone.0266492

Murphy, A. C, Lalor, S. J., Lynch, M. A., and Mills, K. H. (2010). Infiltration of Th1
and Th17 cells and activation of microglia in the CNS during the course of experimental
autoimmune encephalomyelitis. Brain Behav. Immun. 24, 641-651. doi: 10.1016/j.
bbi.2010.01.014

Nagayama, S., Homma, R., and Imamura, F. (2014). Neuronal organization of
olfactory bulb circuits. Front. Neural Circuits 8:98. doi: 10.3389/fncir.2014.00098

Nedeljkovic, N., Banjac, A., Horvat, A., Stojiljkovic, M., and Nikezic, G. (2003). Ecto-
ATPase and ecto-ATP-diphosphohydrolase are co-localized in rat hippocampal and
caudate nucleus synaptic plasma membranes. Physiol. Res. 52, 797-804. doi: 10.33549/
physiolres.930374

Paxinos, G., and Watson, C. (2013). The rat brain in stereotaxic coordinates. 7th Edn:
Academic Press: USA, Cambridge, Massachusetts isbn:9780123919496.

Pietrowski, M. J., Gabr, A. A., Kozlov, S., Blum, D., Halle, A., and Carvalho, K. (2021).
Glial Purinergic Signaling in Neurodegeneration. Front. Neurol. 12:654850. doi: 10.3389/
fneur.2021.654850

Pollak, Y., Ovadia, H., Orion, E., Weidenfeld, J., and Yirmiya, R. (2003). The EAE-

associated behavioral syndrome: I. Temporal correlation with inflammatory mediators.
J. Neuroimmunol. 137, 94-99. doi: 10.1016/s0165-5728(03)00075-4

Frontiers in Cellular Neuroscience

10.3389/fncel.2024.1407975

Rotermund, N., Schulz, K., Hirnet, D., and Lohr, C. (2019). Purinergic signaling in
the vertebrate olfactory system. Front. Cell. Neurosci. 13:112. doi: 10.3389/
fncel.2019.00112

Rotermund, N., Winandy, S., Fischer, T., Schulz, K., Fregin, T., Alstedt, N., et al.
(2018). Adenosine A1 receptor activates background potassium channels and modulates
information processing in olfactory bulb mitral cells. J. Physiol. 596, 717-733. doi:
10.1113/JP275503

Roux, L., Madar, A., Lacroix, M. M., Yi, C., Benchenane, K., and Giaume, C. (2015).
Astroglial Connexin 43 Hemichannels modulate olfactory bulb slow oscillations. J.
Neurosci. 35, 15339-15352. doi: 10.1523/JNEUROSCIL.0861-15.2015

Santiago, A. R., Madeira, M. H., Boia, R., Aires, I. D., Rodrigues-Neves, A. C.,
Santos, P. E, et al. (2020). Keep an eye on adenosine: its role in retinal inflammation.
Pharmacol. Ther. 210:107513. doi: 10.1016/j.pharmthera.2020.107513

Schubert, C., Schulz, K., Tréger, S., Plath, A. L., Omriouate, A., Rosenkranz, S. C., et al.
(2022). Neuronal adenosine A1 receptor is critical for olfactory function but unable to
attenuate olfactory dysfunction in Neuroinflammation. Front. Cell. Neurosci. 16:912030.
doi: 10.3389/fncel.2022.912030

Schulz, K., Rotermund, N., Grzelka, K., Benz, J., Lohr, C., and Hirnet, D. (2018).
Adenosine Al receptor-mediated attenuation of reciprocal Dendro-dendritic inhibition
in the mouse olfactory bulb. Front. Cell. Neurosci. 11:435. doi: 10.3389/fncel.2017.00435

Shin, T., Kim, J., Ahn, M., and Moon, C. (2019). Olfactory dysfunction in CNS
Neuroimmunological disorders: a review. Mol. Neurobiol. 56, 3714-3721. doi: 10.1007/
$12035-018-1341-0

Shukla, V., Zimmermann, H., Wang, L., Kettenmann, H., Raab, S., Hammer, K., et al.
(2005). Functional expression of the ecto-ATPase NTPDase2 and of nucleotide receptors
by neuronal progenitor cells in the adult murine hippocampus. J. Neurosci. Res. 80,
600-610. doi: 10.1002/jnr.20508

Sindern, E. (2004). Role of chemokines and their receptors in the pathogenesis of
multiple sclerosis. Front. Biosci. 9, 457-463. doi: 10.2741/1238

Slabik, D., and Garaschuk, O. (2023). Olfactory dysfunction as a common biomarker
for neurodegenerative and neuropsychiatric disorders. Neural Regen. Res. 18, 1029-1030.
doi: 10.4103/1673-5374.355756

Soffié, M., and Lamberty, Y. (1988). Scopolamine effects on juvenile conspecific
recognition in rats: possible interaction with olfactory sensitivity. Behav. Process. 17,
181-190. doi: 10.1016/0376-6357(88)90001-0

Spera, L, Cousin, N., Ries, M., Kedracka, A., Castillo, A., Aleandri, S., et al. (2023).
Open pathways for cerebrospinal fluid outflow at the cribriform plate along the olfactory
nerves. EBioMedicine 91:104558. doi: 10.1016/j.ebiom.2023.104558

Storer, M. A., Gallagher, D., Fatt, M. P, Simonetta, J. V., Kaplan, D. R., and Miller, E. D.
(2018). Interleukin-6 regulates adult neural stem cell numbers during Normal and
abnormal post-natal development. Stem Cell Rep. 10, 1464-1480. doi: 10.1016/j.
stemcr.2018.03.008

Strominger, L., Elyahu, Y., Berner, O., Reckhow, J., Mittal, K., Nemirovsky, A., et al.
(2018). The choroid plexus functions as a niche for T-cell stimulation within the central
nervous system. Front. Immunol. 9:1066. doi: 10.3389/fimmu.2018.01066

Tepavéevi¢, V., Lazarini, E, Alfaro-Cervello, C., Kerninon, C., Yoshikawa, K.,
Garcia-Verdugo, J. M., et al. (2011). Inflammation-induced subventricular zone
dysfunction leads to olfactory deficits in a targeted mouse model of multiple sclerosis.
J. Clin. Invest. 121, 4722-4734. doi: 10.1172/JC159145

Todd, L. L., Sivakumar, R., Lynch, S. G., Diebolt, J. H., White, J., and Villwock, J. A. (2023).
Longitudinal olfactory patterns in multiple sclerosis: a scoping review and implication for
use in Management of Disease. Int. J. MS Care 25, 131-136. doi: 10.7224/1537-2073.2022-019

Trang, T., Beggs, S., Wan, X., and Salter, M. W. (2009). P2X4-receptor-mediated
synthesis and release of brain-derived neurotrophic factor in microglia is dependent on
calcium and p38-mitogen-activated protein kinase activation. J. Neurosci. 29, 3518-3528.
doi: 10.1523/J]NEUROSCI.5714-08.2009

Vézquez-Villoldo, N., Domercq, M., Martin, A., Llop, J., Gémez-Vallejo, V., and
Matute, C. (2014). P2X4 receptors control the fate and survival of activated microglia.
Glia 62, 171-184. doi: 10.1002/glia.22596

Vulchanova, L., Riedl, M. S., Shuster, S. J., Buell, G., Surprenant, A., North, R. A, et al.
(1997). Immunohistochemical study of the P2X2 and P2X3 receptor subunits in rat and
monkey sensory neurons and their central terminals. Neuropharmacology 36,
1229-1242. doi: 10.1016/S0028-3908(97)00126-3

Wei, W,, Du, C,, Lv, J., Zhao, G., Li, Z., Wu, Z,, et al. (2013). Blocking a 2B adenosine
receptor alleviates pathogenesis of experimental autoimmune encephalomyelitis via
inhibition of IL-6 production and Th17 differentiation. J. Immunol. 190, 138-146. doi:
10.4049/jimmunol.1103721

Wendlandt, M., Kiirten, A. J., Beiersdorfer, A., Schubert, C., Samad-Yazdtchi, K.,
Sauer, ], et al. (2023). A2A adenosine receptor-driven cAMP signaling in olfactory bulb
astrocytes is unaffected in experimental autoimmune encephalomyelitis. Front.
Immunol. 14:1273837. doi: 10.3389/fimmu.2023.1273837

Zimmermann, H., and Braun, N. (1999). Chapter 30 Ecto-nucleotidases—molecular
structures, catalytic properties, and functional roles in the nervous system. Prog. Brain
Res. 120, 371-385. doi: 10.1016/S0079-6123(08)63570-0

frontiersin.org


https://doi.org/10.3389/fncel.2024.1407975
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s12035-018-1001-4
https://doi.org/10.4049/jimmunol.1101224
https://doi.org/10.1002/jemt.20066
https://doi.org/10.1007/s00441-008-0681-x
https://doi.org/10.1016/j.neuint.2009.02.013
https://doi.org/10.1007/s12031-014-0445-x
https://doi.org/10.1186/s12987-023-00441-4
https://doi.org/10.1186/s12987-023-00441-4
https://doi.org/10.1016/j.neulet.2005.11.004
https://doi.org/10.4049/jimmunol.177.3.1956
https://doi.org/10.4049/jimmunol.177.3.1956
https://doi.org/10.18632/aging.202178
https://doi.org/10.18632/aging.202178
https://doi.org/10.1523/JNEUROSCI.1763-16.2016
https://doi.org/10.1016/j.msard.2015.12.002
https://doi.org/10.21769/BioProtoc.2897
https://doi.org/10.1007/s10072-010-0369-3
https://doi.org/10.1007/s10072-010-0369-3
https://doi.org/10.1016/j.phrs.2016.11.024
https://doi.org/10.1016/j.phrs.2016.11.024
https://doi.org/10.1371/journal.pone.0266492
https://doi.org/10.1371/journal.pone.0266492
https://doi.org/10.1016/j.bbi.2010.01.014
https://doi.org/10.1016/j.bbi.2010.01.014
https://doi.org/10.3389/fncir.2014.00098
https://doi.org/10.33549/physiolres.930374
https://doi.org/10.33549/physiolres.930374
https://doi.org/10.3389/fneur.2021.654850
https://doi.org/10.3389/fneur.2021.654850
https://doi.org/10.1016/s0165-5728(03)00075-4
https://doi.org/10.3389/fncel.2019.00112
https://doi.org/10.3389/fncel.2019.00112
https://doi.org/10.1113/JP275503
https://doi.org/10.1523/JNEUROSCI.0861-15.2015
https://doi.org/10.1016/j.pharmthera.2020.107513
https://doi.org/10.3389/fncel.2022.912030
https://doi.org/10.3389/fncel.2017.00435
https://doi.org/10.1007/s12035-018-1341-0
https://doi.org/10.1007/s12035-018-1341-0
https://doi.org/10.1002/jnr.20508
https://doi.org/10.2741/1238
https://doi.org/10.4103/1673-5374.355756
https://doi.org/10.1016/0376-6357(88)90001-0
https://doi.org/10.1016/j.ebiom.2023.104558
https://doi.org/10.1016/j.stemcr.2018.03.008
https://doi.org/10.1016/j.stemcr.2018.03.008
https://doi.org/10.3389/fimmu.2018.01066
https://doi.org/10.1172/JCI59145
https://doi.org/10.7224/1537-2073.2022-019
https://doi.org/10.1523/JNEUROSCI.5714-08.2009
https://doi.org/10.1002/glia.22596
https://doi.org/10.1016/S0028-3908(97)00126-3
https://doi.org/10.4049/jimmunol.1103721
https://doi.org/10.3389/fimmu.2023.1273837
https://doi.org/10.1016/S0079-6123(08)63570-0

	Impaired olfactory performance and anxiety-like behavior in a rat model of multiple sclerosis are associated with enhanced adenosine signaling in the olfactory bulb via A1R, A2BR, and A3R
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Induction of EAE and neurological assessment
	2.3 Buried food test
	2.4 Olfactory discrimination task
	2.5 Open field test
	2.6 Novel object recognition test
	2.7 Immunohistochemistry and confocal immunofluorescence
	2.8 Quantification of immunohistochemistry, immunofluorescence, and multi-image colocalization analysis
	2.9 Gene expression analysis
	2.10 Preparation of crude membrane fraction (P2 fraction)
	2.11 Western blot analyses
	2.12 Ectonucleotidases enzyme assays
	2.13 Study design and statistics

	3 Results
	3.1 Olfactory performance testing
	3.2 Assessment of neuroinflammation in OB
	3.3 Assessment of neuronal plasticity in OB
	3.4 Purinergic signaling in OB
	3.5 Tissue and cellular distribution of eN/CD73 and P1 receptors

	4 Discussion
	4.1 Altered purinome expression in neural networks involved in information processing in EAE
	4.2 Purinergic signaling in neuroinflammatory response of infiltrated immune cells and resident glia

	Data availability statement
	Ethics statement
	Author contributions

	References

