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Abstract

Background: Short-chain fatty acids (SCFAs) are metabolites produced by the gut micro-
biota after fiber fermentation. Some SCFAs, such as acetate, propionate, and butyrate,
have been recognized as essential for human health, especially for the brain; however, the
cellular mechanisms activated by these molecules in food-intake-related organs, such as
the olfactory bulb, remain unclear. Objective: This study evaluates the effects of acetic acid
(AA) and sodium butyrate on the physiology of Ca2+ metabolism in olfactory bulb cells
(OBCs). Methods: Primary OBC cultures of the postnatal rat (P7-21) were made, and Ca2+

imaging experiments were performed to record the intracellular Ca2+ responses (iCaR)
elicited by the application of AA and sodium butyrate (100 nM–1 mM). Immunocytochemi-
cal analyses were performed to identify GFAP+ cells and GPR41 and GPR43 receptors in
OBCs. Endpoint RT-PCR analyses were made to identify GPR41 and GPR43 transcripts in
OBCs. Results: Fewer than 10% of the OBCs tested responded to the application of AA and
sodium butyrate with iCaR. Pharmacological studies (20 µM 2-aminoethyl diphenylbori-
nate (2-APB); 10 nM GLPG0974, 120 nM AR420626) showed that iCaR were independent of
inositol triphosphate (IP3)-signaling pathways and that OBCs expressed both GPR41 and
GPR43 receptors. Endpoint RT-PCR studies performed in both olfactory bulbs and primary
OBC cultures confirmed the expression of the GPR41 receptor. Conclusions: This study
shows that AA and butyrate induce intracellular Ca2+ responses activated by GPR41 and
GPR43 receptors in a discrete cellular population of the rat olfactory bulb.
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1. Introduction
Fatty acids constitute a wide variety of molecules that can regulate metabolism and

intracellular signaling in several cellular populations [1,2]. They can be generally classi-
fied as long-, medium-, and short-chain fatty acids (SCFAs) [3]. Acetate, propionate, and
butyrate are the main SCFAs produced by the fermentation of dietary fiber by the gut micro-
biota [4,5] and absorbed by enterocytes to use as a primary energy source [6]. Nonetheless,
a portion of the absorbed SCFAs reaches the bloodstream and arrives at other tissues of
the body, where they play an important role in mammal physiology [7]. For instance, they
participate in central nervous system development during embryonic gestation [8,9] and in
pathological conditions related to stroke and its recovery processes [10], making SCFAs
important mediators of gut-brain communication throughout development.

The biological effects of SCFAs rely on the expression of free fatty acid receptors
and the intracellular signaling cascades initiated by their activation. In the nervous
system, it has been shown that sympathetic neurons can detect SCFAs by expressing
G-protein-coupled receptors 41 and 43 (GPR41 and GPR43) [11,12]. The activation of
GPR43 (also known as Free Fatty Acid Receptor 2; FFAR2) leads to the production of
IP3 and increases in cytosolic Ca2+, while GPR41 (also known as FFAR3) can reduce the
production of intracellular cAMP [13–15]. Altogether, these signaling cascades regulate hor-
mone secretion and metabolism at the intestinal level, modulate communication networks,
mainly in orexin/hypocretin neurons, and consequently regulate energy homeostasis and
feeding [16].

Olfactive brain structures are important players in the food intake and reward systems
due to the diversity of interneurons and brain cells that form communication networks with
juxtacellular bodies and with other brain structures, such as the hypothalamus, amygdala,
hippocampus, and cortex through long projection axons [17]. However, there is scarce
information on the physiology of acetic acid (AA) receptors in the brain. According to
Lein et al. (2007) [18], olfactory bulb cells (OBCs) may express SCFA receptors, yet their
contribution to the physiology of the olfactory bulb is unknown.

This study used Ca2+ imaging recordings to show that the rat’s OBCs produced intra-
cellular Ca2+ responses to extracellular application of SCFAs. Pharmacological, immunocy-
tochemical, and endpoint RT-PCR analyses were also used to show that the intracellular
Ca2+ responses induced by AA and butyrate were produced through the activation of
GPR41 receptors expressed mainly by olfactory bulb astrocytes. The reported data are
intended to provide additional knowledge about gut-brain axis communication and the
role of SCFAs as mediators of this process.

2. Materials and Methods
2.1. Animals

This study was reviewed and approved by the Research Ethics Committee of the
University of Sonora (CEI-UNISON 012/2020, 1 July 2020) and followed the Mexican
guidelines for the care and handling of laboratory animals (NOM-062-ZOO-1999). 7- to
21-day-old Wistar rats (males and females, n = 10) were obtained from the animal facility
of the Department of Medicine and Health Sciences of the University of Sonora (Mexico);
they were housed at 25 ◦C, with standard 12 h day/night cycles, and had ad libitum access
to standard rodent diet and drinking water. Animal cages were cleaned up twice per week,
and no animals other than rats were present in the room.

2.2. Olfactory Bulb Primary Cell Cultures

Animals were anesthetized with an intraperitoneal injection of sodium pentobarbital
(120 mg/kg) and then euthanized. Both olfactory bulbs were dissected and placed in a
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Petri dish containing ice-cold high-Mg2+ artificial cerebrospinal fluid (Mg2+-aCSF) with
the following composition (in mM): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaHPO4-2H2O,
10 glucose, 6 MgCl2-6H2O, 2 CaCl2-6H2O, at pH 7.4. Coronal olfactory bulb slices were
then manually made to produce small fragments of OB tissue. These were transferred to an
Eppendorf tube containing 300 µL of neurobasal medium supplemented with penicillin
(100 U/mL), 2 mM l-glutamine, and 10% fetal bovine serum in order to make primary
cell cultures, as described by Pérez-Delgado et al. (2024) [19], in a previously sterilized
laminar flow hood (LABCONCO, Kansas City, MO, USA). Small tissue fragments were
mechanically dissociated to obtain a suspended OBC solution; 100 µL of this solution was
placed on a glass coverslip coated with 0.01% poly-l-ornithine contained in a sterile 35-mm
Petri dish. After 2 min, 2 mL of the supplemented neurobasal medium was carefully added.
Primary OBCs were maintained at 37 ◦C in a mixed air atmosphere with 5% CO2 (New
Brunswick incubator Galaxy 48S, Eppendorf Company, Hamburg, Germany). Culture
medium was replaced every third day; OBCs were used for up to 10 days of culture.

2.3. Ca2+ Imaging

To record the effects produced by acetate and butyrate on the intracellular Ca2+ signal-
ing of OBCs, 7–10-day-cultured OBCs contained in a glass coverslip were incubated for
10 min with Fluo-4/AM (10 µM; Invitrogen, Thermo Fisher Scientific, Hillsboro, OR, USA)
diluted in aCSF; this solution was made daily from a frozen stock. Then, OBCs were placed
in a custom-made recording chamber on the stage of a Leica DM500 microscope (Leica Mi-
crosystems, Heerbrugg, Switzerland) and continuously perfused with aCSF (rate 3 mL/min)
composed of (in mM): 135 NaCl, 3 KCl, 10 glucose, 1 MgCl2-6H2O, 1.8 CaCl2-6H2O, and
5 HEPES. AA (A6283, Sigma-Aldrich, St. Louis, MO, USA) and sodium butyrate (303410,
Sigma-Aldrich, St. Louis, MO, USA) were dissolved in aCSF daily prior to the experiments.
To study if intracellular Ca2+ responses (iCaR) were dependent on extracellular Ca2+, we
used zero-Ca2+ aCSF containing EGTA (1 mM; E4378, Sigma-Aldrich, St. Louis, MO, USA)
and substituted CaCl2 with 3 mM MgCl2. 2-aminoethyl diphenylborinate (2-APB; 20 µM;
D9754, Sigma-Aldrich, St. Louis, MO, USA) was used to analyze if AA-induced iCaR was
produced in response to activation of IP3 receptors. GLPG0974 (GLPG; 10 nM; SML2443,
Sigma-Aldrich, St. Louis, MO, USA) and AR420626 (AR; 120 nM; SML1339, Sigma-Aldrich,
St. Louis, MO, USA) were used to study the participation of GPR43 and GPR41 receptors,
respectively.

OBCs were visualized through a 20×/0.8 NA immersion objective (Leica Microsys-
tems, Wetzlar, Germany). iCaR produced by OBCs were recorded by scanning frames
(512 × 512-pixel resolution) at a rate of 1 frame/s for 10 min using an Electro-Retiga CCD
camera (Teledyne Photometrics, Thousand Oaks, CA, USA). Fluo-4/AM was excited
(488 nm) with an X-cite XYLIS™ system (Excelitas Technologies, Mississauga, ON, Canada),
and the emission (510 nm) was collected through a dichroic mirror. LED intensity was
kept at 5% to avoid cell phototoxicity damage. Acquisition of the fluorescence data was
performed using the PVCAM software version 3.8.3 (Teledyne Photometrics, Thousand
Oaks, CA, USA). OBCs-iCaR were analyzed by drawing regions of interest (ROI) to ob-
tain raw fluorescence data using ImageJ FIJI software Java 1.8.0 (NIH, USA). iCaR were
illustrated with Origin Pro 9.65 (OriginLab Corporation, Northampton, MA, USA) and
are depicted as changes in fluorescence intensity percentage (%∆F, arbitrary units, AU).
All data were normalized to the basal line to eliminate fluorescence noise variability be-
tween cells, according to Equation (1). AA and butyrate iCaR were considered when
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∆F/F0 > two standard deviations criteria. iCaR are presented as mean ± standard error
(SE) of n ≥ 50 cell records unless indicated otherwise.

∆F/F0 =
F − F0

F0
(1)

where F0, basal fluorescence; F, fluorescence response.

2.4. Immunofluorescence Assay

The immunofluorescence assays were performed as described by Montiel-Herrera
et al. (2006) [20], with minor modifications. Briefly, after AA and butyrate iCaR were
recorded, cultured OBCs were placed in cold methanol (−20 ◦C) for 2 h. Antibody infor-
mation is presented in Table 1. All antibodies were prepared by diluting 10% fetal bovine
serum in aCSF solution. Primary antibodies (anti-GPR41 and anti-GPR43) were incubated
individually for 6 h, washed out three times with aCSF solution, followed by the secondary
antibody incubation for 1 h, washed as before, and examined with the same equipment
mentioned previously (Section 2.3) to determine the percentage of immunoreactive cells.
All procedures were conducted at room temperature in duplicate.

Table 1. Antibody resource identification.

Antibody Immunogen Manufacturer
Information Concentration

Anti-glial fibrillary acidic
protein (anti-GFAP)
produced in rabbits

Glial Fibrillary Acidic Protein

Sigma-Aldrich Cat# G9269
RRID: AB_477035
Produced in rabbit

Polyclonal

1:200

Anti-free fatty acid
receptor 3 GPR41

ELK Biotechnology
(Sugar Land, TX, USA)

Cat# ES5618
Produced in rabbit

Polyclonal

1:200

Anti-free fatty acid
receptor 2 GPR43

ELK Biotechnology
Cat# ES5620

Produced in rabbit
Polyclonal

1:200

Fluorescein isothiocyanate
(FITC)-conjugated goat

anti-rabbit IgG
Rabbit IgG (whole molecule)

Sigma-Aldrich Cat# F0382
RRID: AB_259384
Produced in a goat

Polyclonal

1:300

2.5. Endpoint RT-PCR

Total RNA was extracted from freshly isolated olfactory bulbs and OBCs primary
cultures, using a Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, USA), according
to the manufacturer’s instructions. The results were also compared with the extraction
of total RNA from other brain structures and organ tissues (cerebellum, hippocampus,
corpus callosum, amygdala, brainstem, hypothalamus, meninges, olfactory epithelium,
and small intestine). The total RNA obtained was dissolved in nuclease-free water and
quantified in a Nanodrop apparatus (Thermo Fisher, Wilmington, DE, USA). RNA was
reverse transcribed into cDNA using the GoScript reverse transcription system (Promega,
Madison, WI, USA), according to the manufacturer’s instructions, and quantified in a
Nanodrop. Primer sequences are shown in Table 2. Endpoint PCR experiments were
carried out in a C1000 thermal cycler (Bio-Rad, Foster City, CA, USA) to determine the
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expression of GPR41 and GPR43 receptors, using β-actin as a reference gene. PCR products
were visualized in 2% agarose gel electrophoresis. RT-PCRs were conducted in triplicate.

Table 2. Oligonucleotides sequences used to identify GPR41 and GPR43 in the rat brain.

Gene Sequences 5′ to 3′

(Forward, Reverse) Amplicon (bp) GenBank ID

GPR41 ACTACCCCTCAACGTGATGG
CAGGTCCGAAATGGTCAGGTT 103 NM_001108912.1

GPR43 ATCAGCATAGAACGCTACCTGG
TGCTCGGTTGAGTTCAGGTAC 158 NM_001005877.1

β-actin TCGTGCGTGACATTAAAGAG
TGCCACAGGATTCCATAC 198 NM_031144.3

2.6. Data Analysis

All data from Ca2+ experiments are shown as mean ± standard error of n ≥ 50 recorded
cells, unless indicated otherwise. Immunofluorescence and endpoint RT-PCR results repre-
sent at least two replicates. Figures were made in OriginPro 9.65 (OriginLab Corporation,
Northampton, MA, USA). A Shapiro–Wilk test was performed to identify the normal-
ity of the data, p = 0.001. Non-parametric statistical analyses were performed using the
Mann–Whitney U-test to determine differences in AA- and butyrate-responding OBCs,
p < 0.05.

3. Results
3.1. Acetic Acid and Butyrate Induce Intracellular Ca2+ Responses in OBCs

The extracellular application of AA and butyrate resulted in a discrete number of
OBCs generating iCaR with similar characteristics; Figure 1 shows a representative iCaR.
The iCaR were studied by perfusing (0.1–1000 µM) OBCs with AA or butyrate to identify
their effects on intracellular Ca2+ activity. First, the AA-iCaR were recorded in OBCs,
which showed that extracellular perfusion of 0.1 µM of AA generated responses in 9%
of cells (n = 3/35), 0.5 µM in 11% of cells (n = 4/35), 1 µM in 4% of cells (n = 7/170)
(Figure 1A), 100 µM in 5% of cells (n = 2/41), 500 µM in 8% of cells (n = 6/74), and 1000 µM
in 12% of cells (n = 5/41) (Figure 1B). The co-application of 500 µM AA and 20 µM 2-APB
induced iCaR in 3 out of 6 OBCs (Figure 1C,D). Moreover, the GPR43 antagonist GLPG0974
(10 nM) did not completely block the iCaR (Figure 1E) in any of the AA-responding cells
(n = 8/71 cells). Nonetheless, experiments recorded in the presence of 2-APB or GLPG0974
produced a variation in AA-iCaR latencies by showing a decay (τ) from 36 ± 8 s to 17 ± 4 s
(p = 0.005). Interestingly, this phenomenon was recorded in both conditions, showing
differences only in the physical form of responses, where co-application of AA with 2-APB
or GLPLG0974 induced a shorter calcium response. GPR41 agonist AR420626 (120 nM)
evoked iCaR (Figure 1F) in 6% of the OBCs (n = 3/48 cells). In all cases, the number of cells
that responded to AA was not different from each other (p = 0.873).

Following the same set of experiments, the perfusion of butyrate to OBCs produced
iCaR. The application of 0.1 and 0.5 µM butyrate induced iCaR in 2/48 cells, 1 µM in
8/55 cells (Figure 2A), 100 µM in 2/45 cells, 500 µM in 5/47 cells, and 1 mM in 6/52 cells
(Figure 2B). The co-application of 500 µM butyrate and 20 µM 2-APB induced iCaR in 2
out of 7 OBCs (n = 56) (Figure 2C,D). Moreover, the GPR43 antagonist GLPG0974 (10 nM)
blocked the iCaR (Figure 2E) produced by butyrate-responding cells (n = 27 cells). GPR41
agonist AR420626 (120 nM) evoked iCaR in 7% of the OBCs (n = 2/27 cells; Figure 2F).
The amplitudes of iCaR induced by butyrate on OBCs were not different from each other
(p = 0.681), and the number of iCaR recorded with AA and butyrate (p = 0.597). These

https://doi.org/10.3390/neuroglia7030022

https://doi.org/10.3390/neuroglia7030022


Neuroglia 2026, 7, 22 6 of 11

results suggested that OBCs responded to SCFAs, with variations across all tested drugs,
potentially by activating GPR41 and GPR43 receptors, whose responses were associated
with cytosolic mechanisms linked to Ca2+ release from intracellular reservoirs.

Figure 1. Representative iCaR activated by AA in OBCs (A,B). AA-evoked iCaR in the presence of
2-APB (C,D), and 20 mM K+ was used as a control. Pharmacological experiments were performed to
identify the participation of GPR43 (GLPG0974, (E)) and GPR41 (AR420626, (F)). Lines and * indicate
the application and co-application of the drugs and AA, respectively.

Figure 2. Representative iCaR activated by butyrate in OBCs (A,B). Butyrate-evoked iCaR in the
presence of 2-APB (C,D). Pharmacological experiments were performed to identify the participation
of GPR43 (GLPG0974, (E)) and GPR41 (AR420626, (F)). Lines and * indicate the application and
co-application of the drugs and butyrate, respectively.

3.2. Immunocytochemical Analysis of Olfactory Bulb Cells

In order to know which type of brain cell was responding to the application of SCFAs
and which GPR41 and GPR43 receptors were being expressed by it, they were identified
immunocytochemically. We found that a discrete number of OBCs that activated iCaR
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induced by AA (2/11 cells; Figure 3A,B) and butyrate (3/18 cells; Figure 3C,D) were GFAP+

cells, and that both receptors (GPR41 and GPR43) were expressed by OBCs (Figure 3E,F). It
is important to mention that other cell populations of OBCs responded to AA and butyrate
that were not GFAP+ cells.

Figure 3. Immunocytochemical analysis was performed on OBCs (loaded with Fluo-4/AM) that
responded to the application of AA and butyrate. (A) OBCs activated an iCaR by the perfusion of
500 µM of AA (arrowheads). (B) OBCs immunolabeled with GFAP antibody (green) showed that two
astrocytes (same arrowheads as in A) activated iCaR. (C) OBCs perfused with 500 µM of butyrate
generated iCaR (arrowheads). (D) OBCs immunolabeled with GFAP antibody (green) showed that
three astrocytes (same arrowheads as in C) activated iCaR. (E) OBCs positive to GPR41 (FFAR3)
receptor (arrowheads). (F) OBCs positive to GPR43 (FFAR2) receptor (arrowheads). Scale bar = 5 µm.

3.3. Expression of GPR41 and GPR43 in OBCs

As shown before, the application of AA and butyrate to OBCs produced iCaR produced
by GPR41 and GPR43. Endpoint RT-PCR experiments revealed that OBCs from OB and
primary cell cultures expressed GPR41. We also explored other brain structures, such as the
cortex, hippocampus, and brainstem, which also expressed GPR41 (Figure 4). However, the
cerebellum, corpus callosum, amygdala, olfactory epithelia, hypothalamus, and meninges
did not express GPR41, and GPR43 was not expressed in any brain structures (Figure S1).
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Figure 4. Gene expression of GPR41 and GPR43 in the rat brain. OB, olfactory bulb; CX, cortex; HP,
hippocampus; BS, brain stem; AT, adipose tissue; LI, large intestine. β-actin was used as a positive
control. Note: OB primary cell cultures also expressed GPR41; 41 and 43 stand for GPR41 and
GPR43, respectively.

4. Discussion
Glial cells play a key role in brain physiology, primarily contributing to brain homeosta-

sis. In the central nervous system, they maintain systematic and reciprocal communication
with neurons and other brain cells to maintain cellular networks that control blood flow,
cellular differentiation, and maturation, among other processes [21–23]. Astrocytes are
known for their major roles in metabolic processes and modulating neuronal communica-
tion, even at the synaptic level. In this sense, it would be expected that brain cells could
sense and use SCFAs like AA to communicate aspects of brain physiology. For instance,
it is known that acetate plays a major role in brain cell physiology due to its utilization
in metabolic pathways like the tricarboxylic acid cycle, as well as its role in GABA syn-
thesis [24]. However, it would be less expected that some SCFAs like AA could be used
as bioactive transmitters to promote cellular signaling between neurons and glial cells by
activating SCFA receptors expressed on their membranes. Nonetheless, previous in situ hy-
bridization studies have shown the expression of SCFA receptors in the mouse brain, such
as the GPR41 receptor [18], while other authors have reported that systemically activating
these GPR41 receptors leads to increased cytosolic Ca2+ concentrations, by intracellular
mechanisms linked to intracellular Ca2+ release from different reservoirs [25]. We therefore
tested if OBCs from the rat olfactory bulb express SCFA receptors and found that at least a
discrete number of astrocytes express both GPR41 and GPR43 receptors. Interestingly, a
minor population of responding cells does not mean that SCFA have less physiological sig-
nificance; rather, we hypothesize that there may be cells that accomplish specific metabolic
functions through SCFA signaling in the olfactory system that deserve further characteriza-
tion. Although SCFAs could activate GPR41 in OBCs, this remains to be confirmed due to
the lack of a commercially available antagonist for this receptor. In this sense, this study
explored the intracellular calcium responses of OBCs to the extracellular application of AA.
We strongly believe this work is novel because very little is known about SCFAs signaling
in the central nervous system, particularly in the olfactory system. Nonetheless, further
research is needed to properly characterize SCFAs receptors’ signaling in the mammalian
olfactory system. These results provide new insight into SCFA receptor signaling in glial
OBCs, suggesting active participation of these receptors in the metabolic and intercellular
functions of the rat olfactory bulb [26], where AA and butyrate may contribute to brain
cell proliferation and maturation processes [27]. For example, it has been reported that
propionate and butyrate (1–4 mM) induced iCaR in pituitary cells and sympathetic neurons
of the celiac-mesenteric ganglia, with approximately 20% and 12% of cells, respectively,
responding to these SCFAs and activating intracellular Ca2+ mobilization [15,28,29]. It is
also known that activation of the GPR41 receptor modulates the intracellular concentration
of cAMP, whereas the activation of the GPR43 receptor is associated with IP3 production
and intracellular Ca2+ release pathways [30,31]. In sympathetic neurons, the activation of
these receptors can increase intracellular Ca2+ by diverse intracellular mechanisms that
involve the production of IP3 and Ca2+ release pathways, as well as PLC-MAPK signaling
coupled to the voltage-gated Ca2+-channel CaV2.2 and Ca2+-induced Ca2+-release path-
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ways [3,28,32]. Additionally, Forte et al. (2024) [16] described that activation of GPR43
receptors changed the excitability of orexin/hypocretin hypothalamic neurons in mice by
enhancing GABAergic transmission, while their pharmacological blockade did not produce
significant changes in the excitability of neurons. This suggests that GPR43 plays a role in
increasing neurons’ cytosolic Ca2+ and, thus, in modulating their excitability.

In summary, this work shows that OBCs respond to AA and butyrate by inducing
intracellular Ca2+ mobilization through the activation of SCFA receptors. Pharmacologi-
cal, immunocytochemical, and RT-PCR analyses indicate the participation of GPR41 and
GPR43 receptors in these processes. These findings deserve further pharmacological and
behavioral investigation to better understand the role of SCFAs in the physiology of the rat
olfactory system and in other brain structures, as revealed by our RT-PCR experiments.
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