<BRNE

r Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2025-12-05

Uts?2b is a microbiota-regulated gene expressed
In vagal afferent neurons connected to
enteroendocrine cells producing cholecystokinin

Yoshioka, Yuta ; Tachibana, Yoshihisa ; Uesaka, Toshihiro ; Hioki,
Hiroyuki ; Sato, Yuya ; Fukumoto, Takumi ; Enomoto, Hideki

(Citation)
Biochemical and Biophysical Research Communications, 608:66-72

(Issue Date)
2022-06-11

(Resource Type)
journal article

(Version)
Version of Record

(Rights)

© 2022 The Authors. Published by Elsevier Inc.

This is an open access article under the CC BY Llicense
(http://creativecommons.org/licenses/by/4.0/).

(URL)
https://hdl. handle. net/20.500. 14094/90009216

KOBE

\[1.\]“:“1‘“ Y
J

%)



Biochemical and Biophysical Research Communications 608 (2022) 66—72

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at ScienceDirect

Uts2b is a microbiota-regulated gene expressed in vagal afferent N
neurons connected to enteroendocrine cells producing =ty
cholecystokinin

Yuta Yoshioka ?, Yoshihisa Tachibana °, Toshihiro Uesaka ¢, Hiroyuki Hioki €, Yuya Sato ?,
Takumi Fukumoto ¢, Hideki Enomoto *

2 Division for Neural Differentiation and Regeneration, Department of Physiology and Cell Biology, Kobe University Graduate School of Medicine, Kobe,

Japan

b Department of Physiology and Cell Biology, Kobe University Graduate School of Medicine, Kobe, Japan
€ Department of Neuroanatomy, Juntendo University Graduate School of Medicine, Bunkyo-Ku, Tokyo, Japan
9 Division of Hepato-Biliary-Pancreatic Surgery, Department of Gastroenterological Surgery, Kobe University Graduate School of Medicine, Kobe, Japan

ARTICLE INFO

Article history:

Received 8 March 2022
Accepted 23 March 2022
Available online 31 March 2022

Keywords:

Gut-brain axis

Nodose ganglion
Vagal afferent neurons
Microbiota

Uts2b

ABSTRACT

Enteroendocrine cells (EECs) are the primary sensory cells that sense the gut luminal environment and
secret hormones to regulate organ function. Recent studies revealed that vagal afferent neurons are
connected to EECs and relay sensory information from EECs to the brain stem. To date, however, the
identity of vagal afferent neurons connected to a given EEC subtype and the mode of their gene re-
sponses to its intestinal hormone have remained unknown. Hypothesizing that EEC-associated vagal
afferent neurons change their gene expression in response to the microbiota-related extracellular
stimuli, we conducted comparative gene expression analyses of the nodose-petrosal ganglion complex
(NPG) using specific pathogen-free (SPF) and germ-free (GF) mice. We report here that the Uts2b gene,
which encodes a functionally unknown neuropeptide, urotensin 2B (UTS2B), is expressed in a
microbiota-dependent manner in NPG neurons. In cultured NPG neurons, expression of Uts2b was
induced by AR420626, the selective agonist for FFAR3. Moreover, distinct gastrointestinal hormones
exerted differential effects on Uts2b expression in NPG neurons, where cholecystokinin (CCK) signifi-
cantly increased its expression. The majority of Uts2b-expressing NPG neurons expressed CCK-A, the
receptor for CCK, which comprised approximately 25% of all CCK-A-expressing NPG neurons. Selective
fluorescent labeling of Uts2b-expressing NPG neurons revealed a direct contact of their nerve fibers to
CCK-expressing EECs. This study identifies the Uts2b as a microbiota-regulated gene, demonstrates that
Uts2b-expressing vagal afferent neurons transduce sensory information from CCK-expressing EECs to the

brain, and suggests potential involvement of UTS2B in a modality of CCK actions.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

cues, EECs secret intestinal hormones and regulate organ function.
Recent studies revealed that some EECs form synapses with the

Gut-Brain axis plays a central role in metabolic homeostasis.
Enteroendocrine cells (EECs) are gut sensor cells that express a
variety of receptors to sense nutrients and chemical substances in
the gut luminal environment [1,2], which is established by
microbiota-host interactions. In response to those environmental
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nerves of vagal afferent neurons at their basal protrusions called
‘neuropod’ and undergo neurotransmission [3,4]. Those vagal
afferent neurons relay gut sensory information from EECs to the
brain stem, which leads to the alteration of metabolism-related
animal behavior such as appetite, satiety and nutrient preference
[5,6].

In mice, EECs producing serotonin, peptide YY (PYY), CCK, or
glucagon-like peptide 1 (GLP-1) have been reported to form syn-
aptic connections with vagal afferent nerves [3,4]. On the other
hand, mouse vagal afferent neurons are genetically classified into
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twelve subtypes, and at least three subtypes innervate to the gut
mucosa [7]. These mucosa-innervating neurons are considered to
monitor gut luminal environment directly by sensing nutrients and
indirectly by responding to EEC-derived signals including neuro-
transmitters and intestinal hormones. The exact identity of vagal
afferent neurons that connected to a given EEC subtype and how
those neurons respond to the intestinal hormones, however, have
remained unclear.

Intestinal hormones and many nutrients signal through G-pro-
tein coupled receptors (GPCR). In many cell types, the activation of
GPCR initiate intracellular cell signaling cascades, which causes
changes in gene expression [8]. We hypothesized that EEC-
associated vagal afferent neurons change their gene expression in
response to microbiota-associated extracellular stimuli such as
bacterial metabolites and intestinal hormones. To identify such
genes, we performed comparative gene expression analyses of the
nodose-petrosal ganglion complex (NPG) of SPF and germ-free (GF)
mice.

2. Methods
2.1. Reagents

AR420626 and Pam3CSK4 were purchased from Thermo Fisher.
Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich. CCK-
8, PYY, and Glucagon-like Peptide 1 were purchased from Peptide
Institute.

2.2. Animal experiments

C57BL/6 N female mice were obtained from CLEA Japan. Mice
were kept under specific pathogen-free (SPF) conditions, and were
housed in a temperature-controlled environment with a 12 h light/
12 h dark cycle with access to food and water ad libitum. Female
germ-free (GF) mice on a C57BL/6 N background were purchased
from CLEA Japan, Inc. (Tokyo, Japan). To conventionalize GF mice
(CONV-D mice), feces derived from age- and sex-matched SPF mice
were suspended in distilled water and transplanted into 3-weeks-
old GF mice by oral gavage. Vip-IRES-Cre (#010908) [9], RCFL-tdT
(Ai65; #021875), and Slc17a6-Flpo (#030212) mice were purchased
from Jackson laboratories. All experimental procedures were
approved by the Institutional Animal Care and Use Committee, and
carried out in compliance with the Kobe University Animal
Experimentation Regulations.

2.3. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNAs were isolated from the nodose-petrosal ganglion
complex (NPG) of SPF and GF mice with TRIzol reagent (Thermo
Fisher). 20 ng of total RNAs were reverse-transcribed with CellAmp
Whole Transcriptome Amplification Kit (Real Time) Ver.2 (Takara
Bio, Japan) by oligo(dT) primers, and then used as templates for
qRT-PCR with KAPA SYBR Fast qPCR kit (NIPPON genetics, Japan) on
a 7500 Real Time PCR System (Applied Biosystems). The primers
used for qRT-PCR are described in Supplemental Table 1. The rela-
tive gene expression was calculated by the comparative 2-AAcCt
method. All expression data were normalized to those for Actb.

2.4. In situ hybridization (ISH)

ISH was performed on 16 pm cryosections of the NPG as pre-
viously described [10]. All riboprobes for ISH were synthesized
using the DIG RNA Labeling Kit (Roche Diagnostics, Switzerland) as
specified by the manufacturer. Digoxigenin (DIG)-labeled comple-
mentary RNA probes were generated using the primer pairs
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described in Supplemental Table 2. The hybridized DIG-labeled
probes were detected by anti-DIG antibody conjugated with alka-
line phosphatase (1:2000; Roche Diagnostics) and exposure with
nitroblue tetrazolium (Roche Diagnostics) and 5-bromo-4-chloro-
3-indolyl phosphate (Roche Diagnostics) color substrates.

2.5. Fluorescent in situ hybridization (FISH)

FISH was performed on 16 pm cryosections of nodose petrosal
ganglia as previously described [11]. Riboprobes for FISH were
synthesized by the DIG RNA Labeling Kit or the Fluorescein RNA
Labeling Kit (Roche Diagnostics) using primer pairs described in
Supplemental Table 3. The hybridized DIG-labeled probes were
detected by HRP conjugated anti-DIG antibody (1:500 in blocking
buffer) and treated with TSA-plus Cyanine 3 (PerkinElmer,
NEL744001KT, 1:70 in 1x plus amplification diluent). The hybrid-
ized Fluorescein-labeled probes were detected by TSA-plus biotin
(PerkinElmer, NEL749A001KT, 1:70 in 1x plus amplification diluent)
and treated with streptavidin-Alexa Fluor 488 (Life Technologies,
1:250).

2.6. Immunohistochemistry

Immunohistochemistry was performed as described previously
[12]. Briefly, 16 pm cryosections of the NPG were blocked with
blocking solution [PBS containing 1% (w/v) bovine serum albumin
(Sigma-Aldrich), 0.3% TritonX-100, and 0.2% (w/v) skim milk (BD
Bioscience)] for 1 h, then incubated with primary antibody in
blocking solution at 4 °C overnight. The sections were incubated
with appropriate secondary antibodies for 2 h at room temperature.
The antibodies used were as follows; rabbit anti-Ibal (1:10000;
RRID: AB_2832244, Abcam), rabbit anti-cholecystokinin (CCK)
26—33 (1:1000; Phoenix Pharmaceuticals), AlexaFluor®594-
conjugated donkey anti-rabbit IgG (1:500; RRID: AB_141637,
Thermo Fisher), AlexaFluor®488-conjugated donkey anti-rabbit
IgG (1:500; RRID: AB_2535792, Thermo Fisher).

2.7. Primary culture of the NPG and their treatment with chemicals
and hormones

NPG were dissected from postnatal day O SPF mice. For explant
cultures, the isolated NPG were embedded in 1 ml of type I collagen
(Rat Tail, 4.0 mg/ml; Corning) in 35 mm tissue culture dishes. After
gelation, the explants were overlaid with DMEM (low glucose) with
GlutaMAX supplement, supplemented with, Glutamax Supplement
(Thermo Fisher) supplemented with 10% fetal bovine serum
(Thermo Fisher), 2% B27 (Thermo Fisher), and 1% penicillin-
streptomycin (Thermo Fisher) at 37 °C with 5% CO, for 48 h.

2.8. Quantitative analysis

The number of NPG neurons was manually counted in ISH, as
judged by their large cell bodies (typically >500 pm?) and large
spherical nuclei (typically >13 pm in diameter) compared to other
cell types (typically <200 pm? and <9 pm, respectively) with non-
spherical nuclei. The number of riboprobe-positive neurons was
calculated as a percentage of total neurons in the NPG. For Cd74 ISH,
total riboprobe-positive cells were counted because of no expres-
sion in neurons. Images were acquired by a HS All-in-one Fluo-
rescence Microscope (Keyence). The numbers of single or double
riboprobe-positive neurons per NPG were manually counted in
two color FISH. Fluorescent images were acquired by a Zeiss Axi-
oskop 2FS plus fluorescent microscope (Zeiss) or an LSM5 PASCAL
laser scanning confocal microscope (Zeiss).
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2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, Inc.). The Shapiro-Wilk test was used to test
whether the data exhibited Gaussian distribution. All data were
presented as means + standard error of the mean (SEM) of at least
three independent experiments. Comparison between individual
groups was performed by Mann-Whitney U test and unpaired t-test
with Welch's correction. No test for outlier was conducted on the
data and no data point was excluded from the analysis.

For more details, see Supplemental materials and methods.
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3. Results

To identify genes expressed in the vagal afferent neurons in a
microbiota-dependent manner, we compared gene expression pro-
files of the nodose-petrosal ganglion (NPG) between germ-free (GF)
and SPF mice, and between GF and conventionalized (CONV-D: fecal
transfer from SFP to GF) mice (Supplemental Figs. 1A and B). Fifty-
eight genes were selected as candidates that were expressed at
higher levels in SPFand CONV-D than in GF (Supplemental Fig. 1C). Of
those, expression of twenty-two genes was verified by quantitative
RT-PCR analysis (QRT-PCR, Supplemental Tables 4 and 5) followed by
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Fig. 1. Microbiota-dependent expression of the Uts2b, Pdk4, Ifi27I12a and Hadhb gene (A) Representative images of in situ hybridization signals. (B) Bar graph showing the percentage
of signal-positive neuronal profiles in all NPG neurons. Results are shown as the mean + SEM (n = 4 mice per condition). *p < .05; assessed with Mann-Whitney U test. Scale bar

represents 50 pm.
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in situ hybridization analysis (Fig. 1A). These analyses identified four
genes (Supplemental Fig. 1D), Uts2b, Pdk4, Ifi2712a and Hadhb, as
genes whose expression in the NPG neurons was reduced in GF (as
compared to SFP) and restored in CONV-D mice. (Fig. 1A and B). The
Uts2b, Pdk4, Ifi2712a, and Hadhb genes encode urotensin 2B (UTS2B)
[13], pyruvate dehydrogenase kinase 4 [14], interferon a-inducible
protein 27-like protein 2a [15], and hydroacyl-CoA dehydrogenase 3
[16], respectively. Quantification of neuronal profiles expressing
those genes revealed nearly complete restoration of the neuronal
numbers in the NPG of CONV-D mice (Fig. 1B), suggesting that GF
condition reduces the expression of those genes in individual NPG
neurons without affecting their survival.

We examined whether expression of those genes can be altered
by microbiota-derived stimuli. The NPG from SPF mice were
cultured in collagen gels and treated with AR420626 (a selective
agonist of free fatty acid receptor 3: FFAR3), LPS (a ligand for Toll
Like Receptor 4: TLR4) or Pam3CSK4 (a synthetic ligand for TLR2/3).
RNAs extracted from the NPG were examined by qRT-PCR.
AR420626 treatment increased the expression of Uts2b and Pdk4,
but not Ifi2712a and Hadhb (Fig. 2A). Treatment with LPS or
Pam3CSK4 did not alter the expression of any of those genes
(Fig. 2B and C). In situ hybridization analysis on the NPG revealed
that the numbers of neurons expressing Uts2b and Pdk4 were larger
in AR420626-treated NPG than untreated controls. These data
suggest that the NPG neurons respond to metabolites of microbiota
and maintain and/or induce the expression of Uts2b and Pdk4.

Because enteroendocrine cells (EECs) sense microbiota and their
metabolites and secret hormones, we further examined the effect
of the intestinal hormones on the expression of Uts2b and Pdk4 in

Biochemical and Biophysical Research Communications 608 (2022) 66—72

cultured NPG. We focused on CCK, PYY and GLP-1 because previous
studies suggested the involvement of the vagal nerves in functions
of these intestinal hormones [17—19]. Although GLP-1 treatment
decreased Uts2b expression, CCK treatment significantly upregu-
lated its expression. PYY treatment displayed no effect on Uts2b
expression (Fig. 3A—E). In contrast, treatment with any of these
hormones did not influence the expression of Pdk4, Ifi2712a and
Hadhb (Fig. 3F and G, data not shown).

Consistent with these effects of intestinal hormones on Uts2b
expression, Cckar, the receptor for CCK, and Glp1r, the receptor for
GLP-1, were expressed in the majority (approximately 80%) of
Uts2b-expressing NPG neurons (Supplemental Fig. 2A). On the
other hand, only 20—25% of Cckar or Glplr-expressing neurons
expressed Uts2b (Supplemental Fig. 2A). Npy2r, the receptor for
PYY, was expressed in a smaller population (about 40%) of Uts2b-
expressing NPG neurons (Supplemental Fig. 2A). In contrast, those
hormone receptors were barely expressed in Pdk-expressing NPG
neurons (Supplemental Fig. 2B). Collectively, these data revealed
differential regulation of Uts2b expression in NPG neurons by
distinct intestinal hormones.

Significant induction of Uts2b expression in NPG neurons by CCK
treatment prompted us to examine nerve projections of Uts2b-
expressing NPG neurons in the gastrointestinal tract. We employed
the dual genetic recombination system using the Ai65 reporter and
selectively labeled Uts2b-expressing NPG neurons with tdTomato
fluorescence. For the dual recombination, we used the Vip-Cre allele
because 90% of Vip-expressing neurons express Uts2b
(Supplemental Fig. 3A) [7] and the Slc17a6-Flpo allele because it
drives recombination in almost all sensory neurons projecting to
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Fig. 2. Gene responses of NPG neurons to microbiota-derived extracellular signals. (A—C) Graphs showing results of the qRT-PCR analysis on the expression of the Uts2b, Pdk4,
Ifi2712a and Hadhb genes in the cultured NPG after treatment with AR420626 (A), LPS (B) and Pam3CSK4 (C). Bars indicate the relative levels of mRNA expression compared to
untreated controls (assigned as 1). Three NPG were examined per treatment. (D) Representative images of in situ hybridization analysis using Uts2b and Pdk4 riboprobes (left). Bar
graph shows the percentage of signal-positive neurons in all NPG neurons (n = 3 mice per treatment). Results of qRT-PCR shown as the mean + SEM. *p < .01, **p < .001; assessed
with unpaired t-test with Welch's correction. Quantification of in situ hybridization (Percentage of neurons) shown as the mean + SEM. *p < .05, assessed with Mann-Whitney U

test. Scale ba; 50 pm.
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Fig. 3. Effects of intestinal hormones on the expression of the Uts2b and Pdk4 gene in NPG neurons. (A—C) Graphs showing results of the qRT-PCR analysis on the expression of the
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mice per treatment). Results of quantitative PCR are shown as the mean + SEM. **p < .001; assessed with unpaired t-test with Welch's correction. Quantification results of in situ
hybridization are shown as the mean + SEM. *p < .05, assessed with Mann-Whitney U test. Scale bar: 50 pm.

the peripheral tissues [7]. To confirm the specificity of this labeling,
we also injected Cre-dependent tdTomato expressing adeno-
associated virus serotype 9 (AAV9-FLEX-tdT) to the NPG of Vip-
Cre mice (Supplemental Figs. 3B and C). Both of these labeling
methods provided essentially the same results, although the dual
recombination system provided more comprehensive labeling. We
found that tdTomato-positive nerve fibers were most abundant in
the duodenum and upper jejunum but almost absent in the
stomach (Supplemental Fig. 4D). In the duodenum and jejunum,
the nerve fibers projected up to the mucosa lying beneath the
epithelial layer of the villi (lamina propria). Such projection was
observed in about one third of all the villi (Fig. 4B and C). Immu-
nohistochemical staining with anti-CCK antibody revealed that td-
Tomato-positive nerves were occasionally very close to (Fig. 4D)
and Supplemental Fig. 3E) or in direct contact with CCK-expressing
EECs at their neuropod-like basal protrusions (Fig. 4E, arrowhead,
Supplemental Movie 1). These histological data support a tight
biological link between Uts2b-expressing NPG neurons and CCK-
expressing EECs.
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Supplementary video related to this article can be found at
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4. Discussion

In this study, we discovered that the Uts2b gene is expressed by
a subset of vagal afferent neurons in a microbiota-dependent
manner and that its expression was increased by the selective
agonist for FFAR3 and CCK. The direct contact between CCK-
expressing EECs and nerve fibers of Uts2b-expressing vagal
afferent neurons strongly suggests that those neurons are respon-
sible for relaying sensory information from CCK-expressing EECs.

Distinct populations of vagal afferent neurons project to
different regions in the gut [20]. Our genetic labeling of Uts2b-
expressing NPG neurons revealed that their dendritic nerve fibers
project to the lamina propria of the villi, which are located closest,
among all the vagal afferent projections, to the gut surface. This
observation suggests that Uts2b-expressing NPG neurons are ready
to sense the gut luminal environment, which is consistent with our
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observation that Uts2b expression is upregulated by FFAR3 agonist
and CCK. The mode of activation of Uts2b-expressing vagal neurons
can therefore be determined by combined effects of direct (bacte-
rial metabolites) and indirect (gut hormones) pathways.

Although the physiological role of UTS2B is currently unknown,
previous studies showed that it signals through the urotensin 2
receptor (UTS2R) and the somatostatin receptor 5 (SSTR5), both of
which are G protein-coupled receptors (GPCRs). Because activation
of GPCR in neurons can influence their neurotransmission [21],
UTS2B may function as a neuromodulator in neural transduction
from vagal afferent neurons to neurons in the nucleus of the soli-
tary tract (NTS).

Single cell RNA sequencing analyses of the mouse gut epithe-
lium demonstrated that a single class of EEC expresses more than
one intestinal hormone, and a subpopulation of CCK-expressing
EECs co-express PYY and GLP-1 [22]. Because Uts2b expression in
vagal afferent neurons is differentially altered by CCK, GLP-1 and
PYY, different levels of UTS2B can lead to distinct patterns of
neuronal excitation in the NTS. In this manner, UTS2B may
contribute to modulation of gut sensory modality emanating from
EECs (Fig. 4F).

Although CCK is a well-known anorexigenic hormone [1,2], a
recent study revealed a role of CCK in nutrient preference [6]. CCK-
expressing EECs are connected to two distinct types of vagal
afferent neurons, glutamatergic and purinergic, which transduce
sensation of sugar and sweetener, respectively. Importantly, sugar
sensation is dependent on not only glutamate but also CCK [6].
Thus, CCK is a multifunctional hormone that influences distinct
animal behaviors. Because Uts2b-expressing neurons constitute
only 25% of CCK-A expressing vagal afferent neurons, UTS2B may
contribute to determining the mode of CCK's actions such as sugar
sensation. Elucidating the role of UTS2B awaits genetic engineering
that disrupts the Uts2b gene in a vagal afferent neuron-specific
manner.
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