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" Figure 2 Structural prediction of TUBB4A mutations in the af-tubulin heterodimer }
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Mapping of disease-causing amino acid mutations on the ap-tubulin heterodimer (Protein Data Bank code 1JFF) crystal
structure, with schematic representation of a tubulin dimer (left) and microtubule segment (right). The - and g-tubulins are
colored gray and green, respectively. Left: The longitudinal interheterodimer interface of g-tubulin (which interacts with
a-tubulin in a neighboring of heterodimer) is colored pink,2* and the B-tubulin microtubule-associated protein and motor
protein interaction region is colored cyan.?'22 Side chains of residues altered by the mutations are shown in space-filling
representation in red. Helices, B-sheets, and loops are shown as ribbons, arrows, and threads, respectively, and nuclectides
are blue sticks. Right: Tubulin heterodimers polymerize longitudinally to form protofilaments (longitudinal interaction),
then laterally interact with each other to form microtubules (lateral interaction). Blue circles represent guanine

nucleotide-binding pockets of «- and g-tubulins.

mutations are reported to cause the spectrum of
neurologic disorders resulting from neural migraton,
differentiation, and axon guidance and maintenance
abnormalities,” demonstrating the importance of
af3-tubulin heterodimers in the nervous system.

In this study, we identified 6 missense TUBB4A
mutations, 5 of which are novel, in 6 of 7 patients
with H-ABC and 2 of 7 patents initially diagnosed
with unclassified hypomyelinating leukoencephalop-
athy. Of the patients with H-ABC, all 6 patients with
TUBB4A mutations showed typical H-ABC, sup-
porting that H-ABC is a distinct disease entity caused
by TUBB4A abnormality. We did not detect any
TUBB4A mutations in one patient with atypical
H-ABC. This may be because this patient has a clin-
ically similar, but different disease, possibly caused by
a different mutated gene.

We report a TUBB4A mutation in 2 patients with
preserved basal ganglia. Their brain MRI findings are
similar to patients with POLR3A or POLR3B muta-
tions, rather than H-ABC. However, it is notable
that both patients showed apparent extrapyramidal
signs, to suggest functional impairment. Accompanying
extrapyramidal features are extremely atypical in pa-
tients with either POLR3A4 or POLR3B mutations.”"!
Furthermore, comparing these 2 patients with other

typical H-ABC patients with 7UBB4A mutations,
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patients with minimal basal ganglia atophy tend to
have a milder clinical course. Both patients have a recur-
rent missense mutation, ¢.1228G>A (p.Glu410Lys).
Based on our 3-dimensional modeling analysis, the
Glu410Lys mutation is predicted to directly impair
motor protein and/or MAP interactions with microtu-
bules, while the other mutations identified in patients
with typical H-ABC may affect longitudinal interac-
tions for maintaining a3-tubulin heterodimerization/
polymerization. Different effects of the TUBB4A mu-
tations on tubulin function may lead to this phenotypic
variation. Supporting this hypothesis, the p.Glu410Lys
mutation in 7UBB3, which also directly alters a kinesin
motor protein binding site in B-tubulin isotype 3, dem-
onstrates clinically distinct features compared with the
other mutations.*® Therefore, the p.Glu410Lys muta-
tion in TUBB4A may contribute to the milder end of
the phenotypic spectrum of TUBB4A mutations. Addi-
tional patients with TUBB4A mutations are needed to
clinically confirm mutational consequences.

Another important finding is that one of the pa-
tients with H-ABC had a p.Arg2Gln mutation, since
the p.Arg2Gly mutation has recently been identified
in patients from a large DYT4 family.’®"” DYT4
was described in 1985 in an Australian family that
had emigrated from England as whispering dysphonia
and generalized dystonia. To date, no other pedigrees
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Figure 3

Brain MRI of patients with TUBB4A mutations

Axial T2-weighted (A, D, G, J), sagittal T1-weighted (B, E, H, K), and coronal T2-weighted (C, F, |, L) images. Patient 1 at 14
years of age (A); patient 1 at 16 years (B, C); patient 2 at 38 years (D-F); patient 3 at 13 years (G-1); and patient 8 at 7
months of age (J-L). All patients show diffuse cerebral white matter hypomyelination with normal (J), mildly reduced (A), or
considerably reduced (D, G) white matter volumes. In patient 1, cerebral white matter hypomyelination is unchanged, com-
paring at 14 (A) and 16 (B, C) years of age. In patient 1, the putamen and the head of the caudate nucleus are normal in size
(A). In patient 2, minimal putamen atrophy cannot be excluded (D). The putamen and the head of the caudate nucleus are
small or hardly recognizable in patient 3 (G). In patient 8, the putamen is slightly small compared with a healthy control at the
same age (J). The globus pallidus and thalamus are normal in size (A, D, G, J). Atrophy of the cerebellar vermis and hemi-
sphere, and corpus callosum was variably observed in 4 patients, but not patient 8 (B, C, E, F, H, |, K, L).

with this phenotype have been reported worldwide. '®
The symptoms typically emerge in the third decade,
following a highly penetrant, autosomal dominant
mode of inheritance.’' Brain MRI demonstrates nor-
mal structural findings. Arg2 resides within the autor-
egulatory MREI domain of B-tubulin 4A, which is
necessary for autoregulation of the B-tubulin messen-
ger RNA transcript. Site-directed mutagenesis shows
that any Arg2 substitution leads to loss of
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autoregulated instability and increased mutant tubu-
lin subunit levels.®* Thus, mutations in the MREI
domain have been assumed to cause DYT4 rather
than H-ABC, because of the different impact on
TUBB4A."” However, our study shows that muta-
tions in the MREI domain can also cause the
H-ABC phenotype. The phenotypic difference
between the p.Arg2Gly and p.Arg2Gln mutations
remains unsolved. Because DYT4 is an extremely rare
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syndrome that has only been described in one large
pedigree so far, patients of the family may have
another modifying factor(s) to spare cerebral white
matter abnormalities.

Diffuse hypomyelination syndromes are a hetero-
geneous group of disorders with overlapping clinical
features. Currently, they are categorized based on
brain MRI findings, which is very useful in clinical
practice. Basal ganglia atrophy specifically distin-
guishes H-ABC from other hypomyelination disor-
ders. Our study shows that 7UBB4A mutations
associate not only with the typical H-ABC cases but
also with some hypomyelinating patients with re-
tained basal ganglia, although notably all patients with
TUBB4A mutations have extrapyramidal features in
common. Our study implies that 7UBB4A may cause
hypomyelinating leukoencephalopathies with either a
morphologically or a functionally impaired basal gan-
glia. Extrapyramidal features may be a key for clini-
cians to examine TUBB4A mutations in genetically
unsolved hypomyelinating leukoencephalopathies.
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Iwasaki Y, Maejima Y, Suyama S, Yoshida M, Arai T, Katsurada K,
Kumari P, Nakabayashi H, Kakei M, Yada T. Peripheral oxytocin
activates vagal afferent neurons to suppress feeding in normal and leptin-
resistant mice: a route for ameliorating hyperphagia and obesity. Am J
Physiol Regul Integr Comp Physiol 308: R360-R369, 2015. First published
December 24, 2014; doi:10.1152/ajpregu.00344.2014.—Oxytocin
(Oxt), a neuropeptide produced in the hypothalamus, is implicated in
regulation of feeding. Recent studies have shown that peripheral
administration of Oxt suppresses feeding and, when infused subchron-
ically, ameliorates hyperphagic obesity. However, the route through
which peripheral Oxt informs the brain is obscure. This study aimed
to explore whether vagal afferents mediate the sensing and anorexi-
genic effect of peripherally injected Oxt in mice. Intraperitoneal Oxt
injection suppressed food intake and increased c-Fos expression in
nucleus tractus solitarius to which vagal afferents project. The Oxt-
induced feeding suppression and c-Fos expression in nucleus tractus
solitarius were blunted in mice whose vagal afferent nerves were
blocked by subdiaphragmatic vagotomy or capsaicin treatment. Oxt
induced membrane depolarization and increases in cytosolic Ca**
concentration ([Ca®*];) in single vagal afferent neurons. The Oxt-
induced [Ca?™]; increases were markedly suppressed by Oxt receptor
antagonist. These Oxt-responsive neurons also responded to chole-
cystokinin-8 and contained cocaine- and amphetamine-regulated tran-
script. In obese diabetic db/db mice, leptin failed to increase, but Oxt
increased [Ca®™"]; in vagal afferent neurons, and single or subchronic
infusion of Oxt decreased food intake and body weight gain. These
results demonstrate that peripheral Oxt injection suppresses food
intake by activating vagal afferent neurons and thereby ameliorates
obesity in leptin-resistant db/db mice. The peripheral Oxt-regulated
vagal afferent neuron provides a novel target for treating hyperphagia
and obesity.

nodose ganglion; oxytocin; food intake; obesity; leptin

oxyTociN (Oxt) is a neurohypophysial hormone produced in the
neurons located in the paraventricular nucleus (PVN) and
supraoptic nucleus (SON) of hypothalamus (6). Oxt released
from the nerve terminals in the pituitary into peripheral circu-
lation plays an important role in mammalian labor and lactation
(24). Oxt is also released within various brain regions from
axonal terminals, dendrites, and cell bodies of Oxt neurons,
and these central Oxt induce various functions, including social
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behavior (12), stress responses (37), and promotion of learning
and memory (48).

It has been established that Oxt signaling within the central
nerves system is implicated in the regulation of food intake.
Intracerebroventricular injection of Oxt suppresses food intake,
whereas that of Oxt antagonist increases it (2, 3). Meal-related
factors, including food intake (22), cholecystokinin (CCK) (36,
43), gastric distension (43), and activation of gastric vagal
afferents (50), activate Oxt neurons in the hypothalamus and
increase plasma Oxt levels (34, 50, 51). Inversely, fasting
reduces Oxt mRNA expression in the hypothalamic PVN (27,
49). Knockdown of Oxt in PVN neurons results in increased
food intake and body weight in mice fed normal and high-fat
diets (55). The neural pathway downstream of anorexigenic
Oxt involves proopiomelanocortin (31) and glucagon-like pep-
tide-1 neurons (44) in the nucleus tractus solitarius (NTS).

Recently, Oxt draws much attention for its therapeutic po-
tential to treat hyperphagia and obesity, as well as autism.
Central subchronic infusion of Oxt decreases food intake and
body weight in high-fat-diet-induced obese (DIO) mice and
rats (10, 55). Interestingly, peripheral subchronic administra-
tion of Oxt also reduces food intake and weight gain in DIO
mice and rats (10, 30, 33). Thus peripherally administered Oxt
mimics the effects of centrally administered Oxt. Here, an
important issue is the pathway that conveys the peripheral
Oxt’s information to the brain for inhibit feeding. The half-life
of circulating Oxt is very short, around 1~2 min (15). Fur-
thermore, it has been reported that the transfer of circulating
Oxt to the brain is tightly restricted by the blood-brain barrier
(BBB), and that only 0.002% of peripherally injected Oxt
reaches the central nervous system (32). Previous reports show
that intraperitoneal (ip) Oxt administration immediately re-
duces food intake and induces c-Fos expression in areas of the
hindbrain, including NTS and area postrema (AP), that are
linked to the control of meal size (30, 33). The NTS and AP are
the area where BBB is leaky and Oxt receptors are expressed
(54). Therefore, it is plausible that peripheral Oxt could act
directly on the neurons in the NTS and AP. On the other hand,
NTS is the projection site of vagal afferents (16). The vagal
afferent nerves sense the satiety hormones, such as CCK,
glucagon-like peptide-1, and peptide Y Y3_3¢, and transmit their
signals to the brain, thereby decreasing food intake (21).
Moreover, vagal afferent neurons express the Oxt receptor
mRNA and protein (52). Hence, we hypothesized that periph-
eral Oxt directly interacts with the vagal afferents, and that this

http://www.ajpregu.org
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PERIPHERAL OXYTOCIN REDUCES FEEDING VIA VAGAL AFFERENTS

interaction is relayed to signaling to the critical area of the
brain and inhibition of feeding behavior.

The present study aimed to clarify whether peripheral Oxt
interacts with vagal afferent neurons and, consequently, sup-
presses food intake. We also explored the therapeutic potential
of this interaction for treatment of obesity. We investigated in
mice the effects of ip Oxt injection on feeding behavior and
c-Fos expression in the NTS, the area innervated by vagal
afferents. Furthermore, we examined whether these effects of
Oxt on feeding and c¢-Fos expression were counteracted by
subdiaphragmatic vagotomy and systemic capsaicin (CAP)
treatment. The effect of Oxt on the membrane potential and
cytosolic Ca®>" concentration ([Ca®™]) in vagal afferent neu-
rons isolated from the nodose ganglion (NG) were measured.
Finally, we examined whether peripheral Oxt administration
could activate vagal afferent pathway and ameliorate hy-
perphagia and obesity in db/db mice with leptin resistance, a
condition characteristically associated with human obesity.

RESEARCH DESIGN AND METHODS

Materials. CCK octapeptide (26-33, sulfated form, CCK-8) and
Oxt were purchased from Peptide Institute (Osaka, Japan). Oxt recep-
tor antagonist [d(CH;)s', Tyr(Me)?,Orm®}-oxytocin (H4928) was ob-
tained from Bachem, mouse leptin from R&D Systems, and CAP
from Sigma.

Animal. Male C57BL/6) mice, aged 8~12 wk, ICR mice aged
6~12 wk (Japan SLC, Shizuoka, Japan), and db/db and wild-type
BKS mice aged 9~12 wk (CLEA Japan, Tokyo, Japan) were used.
The animals were housed in individual cages for at least 1 wk under
conditions of controlled temperature (23 * 1°C), humidity (55 =
5%), and lighting (light on at 730 and off at 1930). Food and water
were available ad libitam. Mice were sufficiently habituated to han-
dling before the experiment of feeding and c-Fos expression. Animal
experiments were carried out under approval by the Institutional
Animal Experiment Committee of the Jichi Medical University, and in
accordance with the Institutional Regulation for Animal Experiments
and Fundamental Guideline for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions, under
the jurisdiction of the Ministry of Education, Culture, Sports, Science
and Technology.

CAP treatment and subdiaphragmatic vagotomy. To impair CAP-
sensitive sensory nerves, systemic CAP treatment was performed as
described (14, 47). In brief, C57BL/6J mice were anesthetized with
tribromoethanol (200 mg/kg ip), followed by subcutaneous (sc) ad-
ministration of CAP at 50 mg/kg body wt (5 ml/kg, solution compo-
sition: 10% ethanol, 10% Tween 80, and 80% saline). A second CAP
(75 mg/kg sc) injection was performed 2 days later with the same
protocol. Finally, CAP (5 mg/kg ip) was injected into the conscious
mice 2 days later.

Bilateral subdiaphragmatic vagotomy was performed as described
(25). In brief, a midline incision was made to provide wide exposure
of the upper abdominal organ in C57BL/6J mice anesthetized with
tribromoethanol. The bilateral subdiaphragmatic trunks of vagal
nerves along the esophagus were exposed and cut. In the sham
operation group, these vagal trunks were exposed but not cut. Vagot-
omized and sham-operated mice were maintained on a nutritionally
complete liquid diet for a human baby (Chilmil, Morinaga, Tokyo,
Japan). One to two weeks after the operation, the experiments of
feeding or c-Fos expression were performed.

To confirm that CAP treatment and subdiaphragmatic vagotomy
were successfully carried out, food intake was measured after ip
injection of CCK-8, the substance established to inhibit food intake by
activating vagal afferent nerves (46). CCK-8 (4 p.g/kg) was ip injected
at the light phase (1000) in 16 h-fasted mice, followed by measure-
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ment of food intake at 30 min after injection. Anorexigenic effect of
CCK-8 was blunted in mice receiving CAP treatment and vagotomy
compared with control and sham-operated mice, respectively [means =
SE (number) by unpaired f-test]: in the control group, saline 0.50 +
0.020 g (9) vs. CCK 0.23 = 0.039 g (8), P =2 0.01; in CAP-treated
group, saline 0.42 & 0.016 g (6) vs. CCK 0.34 = 0.035 g (7), not
significant; in sham group, saline 1.17 = 0.13 g (12) vs. CCK 0.28 =
0.11 g (12), P < 0.01: in vagotomized group, saline 1.33 = 0.20 ¢
(10) vs. CCK 1.02 = 0.10 g (10), not significant. In contrast, body
weight was not different between CAP-treated and control mice and
between vagotomized and sham-operated mice (data not shown).
These results confirmed that both the CAP treatment and surgical
vagotomy successfully blocked the vagal afferent function, while
keeping the body's condition sound.

Measurements of food intake after single administration of Oxt.
Mice were deprived of food at 1730 with free access to water, ip
injected with saline or Oxt dissolved in saline at 1920, and given
standard chow (CE-2, CLEA Japan) at 1930 when the dark phase
started, Vagotomized and sham-operated C57BL/6J mice were fasted
overnight (16 h), ip injected with saline or Oxt at 950, and provided
with the liquid diet at 1000.

Conditioned taste aversion fest. To accustom mice to a water
deprivation schedule, C57BL/6J mice were allowed access to two
water bottles for 2 h (1000~1200) for 5 days. On the 6th day, mice
were given 0.15% saccharine instead of water for 0.5 h and then
injected ip with saline (10 ml/kg), Oxt (200 pg/kg, 10 mi/kg), or
lithium chloride (0.15 M, 20 ml/kg). The 7th day was the rest day
when mice were given 2 h of normal water access. The 8th day was
the test day when two-bottle preference (0.15% saccharine vs. water)
test was performed for 0.5 h. Conditioned taste aversion was deter-
mined as saccharine preference ratio, saccharine intake/total intake.

Measurements of c-Fos expression in medial NTS. Oxt at 200
png/kg was ip injected in the vagotomized and sham-operated
C57BL/6J mice. At 90 min after injection, these mice were transcar-
dially perfused with 4% paraformaldehyde under anesthesia. The
brains were collected, postfixed in the same fixative for overnight at
4°C, and incubated in phosphate buffer containing 30% sucrose for 48
h. Coronal sections (40 pwm) of hindbrain were cut using a freezing
microtome, collected at 120-pm intervals, and processed for c-Fos
immunoreactivity, as described (26). Anti-c-Fos antisera (sc-52,
1:10,000, Santa Cruz Biotechology) were used as the primary anti-
body. Color was developed with a nickel-diaminobenzidine solution.
Neurons immunopositive to ¢-Fos in medial NTS (bregma —7.32 to
—7.76 mm) were counted.

Preparation of single neurons from nodose ganglia. Single neurons
were isolated from mouse NGs as described (19). Briefly, NGs were
treated 20 min at 37°C with 0.1~0.5 mg/ml collagenase Ia (Sigma),
0.4~0.6 mg/ml dispase II (Roche, Basel, Swiss), 15 pg/ml DNase II
type IV (Sigma), and 0.75 mg/ml bovin serum albumin (Sigma) in
HEPES-buffered Krebs-Ringer bicarbonate buffer (HKRB) composed
of (in mM) 4.7 KCl, 1.2 KH»POy, 129 NaCl, 5 KaHCO3, 1.2 MgSO.,,
1.8 CaCl,, and 10 HEPES, with pH adjusted at 7.4 using NaOH
supplemented with 5.6 glucose. Single neurons were cultured in
Eagle’s minimal essential medium containing 5.6 mM glucose sup-
plemented with 10% fetal bovine serum, 100 pg/ml streptomycin, and
100 U/ml penicillin for 12~24 h.

Measurements of [Ca’™]; in NG neurons. Measurements of
[Ca®*); in primary cultured NG neurons from ICR, db/db, and BKS
mice were carried out as described (19). Briefly, following incubation
with 2 uM fura 2-AM (DOJINDO, Kumamoto, Japan) for 30 min at
37°C, the cells were mounted in a chamber and superfused with
HKRB containing 5.6 mM glucose at 1.3 ml/min at 30°C. Fluores-
cence ratio images at 510 nm due to excitation at 340 and 380 nm
were produced by an Aquacosmos version 2.5 (Hamamatsu Photon-
ics, Shizuoka, Japan). For repeated administration of Oxt, 4-min
pulses of Oxt at 10™!'' M to 10™® M were sequentially applied with
washing periods of 8 min or longer.
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To exclude possible artifactual data in [Ca®™]; experiments, the
following criteria for responses were used. When [Ca®™]; changed
within 5 min after addition of agents and their amplitudes were at least
twice larger than the spontaneous fluctuations of the baseline, they
were considered responses. Only the neurons that responded to 55
mM KCI at the end of recordings were analyzed, to secure the
soundness of recorded neurons. The amplitude of [Ca®>™"]; response to
test reagents was normalized to 55 mM KCl in each NG neuron.

Patch-clamp experiments in NG neurons. Perforated whole cell
currents recordings in single NG neurons from C57BL/6J mice were
performed at room temperature (25°C) using a pipette solution con-
taining (in mM) 40 K>SO, 50 KCl, 5 MgCl, 0.5 EGTA, 10 HEPES,
and amphotericin B (150 wg/ml, Sigma) at pH 7.2 with KOH, as
described (20). Electrodes with resistance of 3~5 M{) were used.
Membrane potentials were recorded using an amplifier (Axopatch
200B; Molecular Devices, Foster, CA) in a computer using pPCLAMP
9.2 software. Only the neurons that showed stable baseline of mem-
brane potential for more than 3 min were analyzed. When the
membrane potential changed with amplitude larger than 1.5 mV and
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Fig. 1. Intraperitoneal (ip) oxytocin (Oxt)
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greater than twofold standard deviations of the mean during 2 min
before application, it was considered response.

Immunocytochemical identification of cocaine- and amphetamine-
regulated transcript neurons. After [Ca®*]; measurements, the cells
were fixed with 4% paraformaldehyde for 2 h at room temperature and
processed for immunocytochemistry for cocaine- and amphetamine-
regulated transcript (CART), as described (20). Anti-CART (55-102)
antibody (H-003-62, 1:10,000, Phoenix Pharmaceuticals) was used.
The neurons in which [Ca®™]; was recorded were correlated with their
corresponding immunocytochemical results based on the phase-con-
trast photographs of the neurons taken right after [Ca®*]; measure-
ments and the photographs of the neurons after immunostaining (20).

Chronic treatment with Oxt in diabetic db/db mice. Diabetic db/db
mice aged 11 wk received sc infusion of Oxt at 1,600 pg-kg™'-day ™!
or saline over 2 wk using osmotic minipumps (Alzet, model 2002).
Body weight gain and food intake were measured until the 12th day
after Oxt infusion.

Statistical analysis. All data were shown as means * SE. Statistical
analysis was performed by one-way ANOVA, followed by Tukey’s
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multiple-comparison tests, unpaired or paired r-test, or x* test using
the Prism 5 (GraphPad Soltware). P = 0.05 was considered signifi-
cant.

RESULTS

IP Oxt injection decreases food intake via vagal afferents
without aversive behavior. IP injection of Oxt (200 pg/kg and
400 pg/kg) in mice decreased food intake during 0.5-6 h after
injection in a dose-dependent manner (Fig. 1A), confirming
previous report (30). The anorexigenic effect of Oxt at 200
wg/ke was abolished in the mice pretreated with CAP that
denervates CAP-sensitive sensory nerves, including vagal af-
ferents (Fig. 1B). In contrast, the anorexigenic effect of 400
wg/kg Oxt during 0.5-1 h after injection was markedly im-
paired, while that during 3-6 h remained partially in CAP-
tread mice (Fig. 1B). These results suggested that ip Oxt at 200
pg/kg inhibits feeding primarily via sensory nerves, including
vagal afferents, while, at a higher dose of 400 wg/kg, it recruits
an additional route, which operates during 3—6 h. In the rest of
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our study, we used 200 pg/kg Oxt that inhibits feeding via
vagal afferents.

IP Oxt injection (200 pg/kg) reduced liquid-diet intake at
0.5 and 1 h in the control mice that received sham operation
(Fig. 1C). In vagotomized mice, in contrast, the anorexigenic
effect of Oxt disappeared completely (Fig. 1D). Furthermore,
ip Oxt injection, unlike lithium chloride, did not influence
saccharine preference (Fig. 1F), mdicating that Oxt did not
induce conditioned taste aversion. These results demonstrate
that peripheral Oxt administration decreases food intake via
interacting with vagal afferents.

IP Oxt induces c-Fos expression in NTS in a vagal
afferent-dependent manner. 1P injection of 200 pg/kg Oxt
into sham-operated mice induced c-Fos expression in medial
NTS, to which vagal afferents project (16) (Fig. 2, A, B, and
E). In the vagotomized mice, in contrast, ip Oxt injection
had no significant effect on the c-Fos expression in medial
NTS (Fig. 2, C, D, and E). These results are consistent with
the hypothesis that peripheral Oxt activates the neurons

Oxt 200 pg/kg (ip)

Fig. 2. IP Oxt administration induces c-Fos
expression in medial nucleus tractus soli-
tarius (NTS), which is blocked by vagotomy.
A~D: representative photographs of c-Fos
immunoreactivity 90 min after ip administra-
tion of saline or 200 pg/kg Oxt in sham-
operated (A: saline; C: Oxt) and vagotomized
mice (B: saline; D: Oxt). IP injection of Oxt
(B), compared with saline (4), induced ¢c-Fos
expression in medial NTS in sham-operated
mice. D: the induction of c-Fos in medial
NTS decreased significantly in subdiaphrag-
matic vagotomized mice. AP, area postrema;
CC, central canal; DMX, dorsal motor nu-
cleus. E: number of c-Fos immunoreactive
neurons in medial NTS after ip saline (open
bar) or 200 pg/kg Oxt (solid bar). The num-
ber of experiments is indicated above each
bar. Values are means == SE. #P < 0.03, ##P <
0.01 by one-way ANOVA followed by
Tukey’s test.
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Fig. 3. Oxt induces membrane depolarization, action potential firings, and cytosolic Ca>* concentration ([Ca®*];) increases via Oxt receptor in single neurons
isolated from nodose ganglion (NG). A: Oxt at 1077 M induced membrane depolarization and action potential firings in a single NG neuron. Dotted line in A
indicates 0 mV. Among 36 NG neurons examined, Oxt induced membrane depolarization in 7 neurons and action potential firings in 4 neurons. B: the average
changes of membrane potential in neurons with (+, n = 7) or without (—, n = 29) membrane depolarization in response to Oxt. Values are means = SE. C:
Oxt at 107 M and 10~7 M but not 10™'" M increased [Ca®*]; in a single NG neuron (n = 5). D and E: concentration-dependent effects of Oxt to increase
[Ca®*]; in single NG neurons, examined by the protocol of repetitive administration shown in C. Incidence (D) and amplitude (E) of [Ca®*]; responses to Oxt
are shown. D: numbers around each point indicate the number of neurons that responded to Oxt over that responding to 55 mM KCI. E: the amplitude of response
to Oxt was normalized to that to 55 mM KCl in each NG neuron, each dot shows value of individual neuron, and the transverse line represents mean. G: Oxt
(10~8 M)-induced [Ca®*]; increases in single NG neurons were inhibited by Oxt receptor antagonist H4928 (1077 M; n = 16). F: in control, administration of
Oxt twice caused repeated [Ca?"]; increases (n = 11). H: the ratio of the peak values of [Ca?*]; increases in the response to the first Oxt stimulation (S1) over
that to the second Oxt stimulation (S2). Values are means * SE. The numbers above each bar indicate the number of neurons that responded to Oxt. **P <
0.01 by unpaired r-test.
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in medial NTS via a vagal afferent-dependent mecha-
nism.

Oxt induces membrane depolarization, action potential fir-
ings, and [Ca’"]; increases in NG neurons. We measured
direct effects of Oxi on membrane potential and [Ca’"}; in the
single neurons isolated from the NG, which is the assembly of
cell bodies of all visceral vagal afferent neurons. Administra-
tion of Oxt at 1077 M induced the membrane depolarization
and action potential firings in a single NG neuron (Fig. 3A).
Among 36 NG neurons examined, Oxt evoked membrane
depolarization (3.00 = 1.72 mV) in 7 neurons (19.4%) (Fig.
3B) and action potential firings (before 0.0639 * 0.033 Hz vs.
during Oxt 0.204 = 0.102 Hz, P << 0.05 by paired t-test) in 4
neurons (11.1%). Oxt at 107 '% to 107% M increased [Ca®"]; in
NG neurons, while at 107" M it had no effect (Fig. 3, C-E).
Incidence of the [Ca?"]; response increased as a function of
Oxt dose from 1071 to 1077 M and took a plateau value
(around 15%) at 1077 and 107% M (Fig. 3D). Thus Oxt
increased [Ca®"]; in NG neurons in a concentration-dependent
manner. The [Ca®"]; response to Oxt was markedly suppres-
sed in the presence of an Oxt receptor antagonist [d(CH»)s',
Tyr(Me)?,0rn®]-oxytocin (H4928) (Fig. 3, F-H), suggesting
that Oxt acts on NG neurons via Oxt receptor.

Oxt activates NG neurons that respond (o CCK-8 and CAP
and that contain CART. It is well known that systemic admin-
istration of CCK decreases food intake via directly interacting
with vagal afferents (21, 46), and that CAP activates C-type
(CAP-sensitive) vagal afferent neurons (13). We examined
whether Oxt-responsive NG neurons are distinct from or over-
lap with CCK-8- or CAP-responsive neurons. Oxt (1077 M),
CCK-8 (1078 M), and CAP (1077 M), administered sequen-
tially, evoked [Ca®*]; increases in 42 (16.4%), 107 (41.8%),

A B
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and 166 (64.8%) of 256 NG neurons that responded to KCl,
respectively (Fig. 4, A and 5). Among 42 NG neurons that
responded to Oxt, 41 (95%) responded to CCK-8, and 39
(93%) responded to CAP (Fig. 4, A and B). In accordance with
these [Ca®"J; results, patch-clamp experiments showed that,
among seven NG neurons that responded to Oxt (1077 M) with
depolarization, six (85.7%) responded to CCK-8 (107 M).
These results suggest that Oxt primarily targets CCK- and
CAP-sensitive NG neurons.

It was reported that the majority of CCK-1 receptor-express-
ing NG neurons co-express CART (7), suggesting that the
CART neuron is involved in CCK-induced inhibition of food
intake. We examined whether Oxt interacts with NG neurons
containing CART. As shown in Fig. 4, C and D, 19 of 24
neurons (79.2%) that responded to Oxt with [Ca®"}; increases
were shown to be immunoreactive to CART. The incidence of
the CART-immunoreactive neurons was significantly (P <
0.01 by x? test) higher in Oxt-responsive neurons (79.2%) than
in total neurons (68 of 177 neurons, 38.4%), indicating that Oxt
preferentially targets CART neurons.

Oxt activates NG neurons and decreases food intake and
body weight in obese diabetic db/db mice. 1t is considered that
peripherally administered leptin decreases food intake partly
via interacting with vagal afferents (39, 41), a process possibly
involved in homeostatic regulation of body weight. Leptin
resistance is often associated with obesity. We investigated the
effects of leptin and Oxt on vagal afferent neurons in obese
Type 2 diabetic db/db mice with mutated leptin receptor and
resultant leptin resistance. In NG neurons from wild-type mice,
both leptin (107% M) and Oxt (1077 M) evoked [Ca*"];
increases (Fig. 5A). Leptin increased [Ca?"]; in 9 out of 285
NG neurons (Fig. 5C), and all of these leptin-responsive

Oxt CCK-8 CAP  KCI High-KCI (+) = 100%
107 M 10°M 107M 55 mM
5 29 e o= " ? CAP (+) = 64.8%
= : : '
S 2.0 :
o Fig. 4. Oxt-responsive NG neurons substan-
© 4.5 tially overlap cholecystokinin (CCK)-8-re-
= _ o sponsive NG neurons and contain cocaine-
i 1.0 Oxt (¥) = 164% and amphetamine-regulated transcript (CART).
,’:‘4“ A: a single NG neuron responded to 1077 M
O 0.5 Oxt, 107 M CCK-8, and 1077 M CAP with
- increases in [Ca®"]; (n = 38). B: overlap of
0.0 : . ' . the Oxt-, CCK-8-, and CAP-responsive (+)
0 10 20 30 40 NG neurons. Among 256 neurons examined,
. . 166 neurons (64.8%) responded to CAP, 107
Time (min) (41.8%) to CCK, and 42 (16.4%) to Oxt.
C Among these 42 Oxt-responsive neurons, 38
Oxt 107 M also responded to both CAP and CCK, while
. 1.0+ E—— 1 and 3 neurons did not respond to CAP and
.g . CCK, respectively. C: Oxt at 1077 M in-
© : creased [Ca’*]; in a NG neuron that was
o 0.8 4 : CnAeﬁ.T;T subsequently proved to be immunoreactive
© (IR) to CART. D: out of 24 NG neurons that
2 - . responded to Oxt, 19 (79.2%) neurons were
< 0.6 . IR to CART.
5 o
S 2:/0
= 0.4 -
0 5 10 15

Time (min)

AJP-Regul Integr Comp Physiol - doi:10.1152/ajpregu.00344.2014 - www.ajpregu.org

142



