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Abstract

Background: Feeding rhythm disruption contributes to the development of obesity. The receptors of glucagon-like
peptide-1 (GLP-1) are distributed in the wide regions of the brain. Among these regions, GLP-1 receptors (GLP-1R)
are expressed in the dorsomedial hypothalamic nucleus (DMH) which are known to be associated with thermogen-
esis and circadian rhythm development. However, the physiological roles of GLP-1R expressing neurons in the DMH
remain elusive.

Methods: To examine the physiological role of GLP-1R expressing neurons in the DMH, saporin-conjugated exena-
tide4 was injected into rat brain DMH to delete GLP-1R-positive neurons. Subsequently, locomotor activity, diurnal
feeding pattern, amount of food intake and body weight were measured.

Results: This deletion of GLP-1R-positive neurons in the DMH induced hyperphagia, the disruption of diurnal feed-
ing pattern, and obesity. The deletion of GLP-1R expressing neurons also reduced glutamic acid decarboxylase 67
and cholecystokinin A receptor mRNA levels in the DMH. Also, it reduced the c-fos expression after refeeding in the
suprachiasmatic nucleus (SCN). Thirty percent of DMH neurons projecting to the SCN expressed GLP-1R. Functionally,
refeeding after fasting induced c-fos expression in the SCN projecting neurons in the DMH. As for the projection to
the DMH, neurons in the nucleus tractus solitarius (NTS) were found to be projecting to the DMH, with 33% of those
neurons being GLP-1-positive. Refeeding induced c-fos expression in the DMH projecting neurons in the NTS.

Conclusion: These findings suggest that GLP-1R expressing neurons in the DMH may mediate feeding termination.
In addition, this meal signal may be transmitted to SCN neurons and change the neural activities.

Keywords: Glucagon-like peptide-1, Glucagon-like peptide-1 receptor, Suprachiasmatic nucleus, Dorsomedial
hypothalamic nucleus, Saporin
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(sleep—wake cycle, feeding etc.) and physiological (ther-
mogenesis, blood pressure etc.) circadian rhythms [3, 4].

The input of information to the brain reflecting the
peripheral status after eating and digesting is considered
to be through the arcuate nucleus (ARC) and nucleus
tractus solitarius (NTS), which are collectively known
as the first-order center in food intake regulation [5].
The ARC receives prandial hormone information, which
is induced by leptin, ghrelin and insulin [5], while the
NTS receives neural prandial information induced by
ghrelin, cholecystokinin (CCK), and glucagon-like pep-
tide-1 (GLP-1) via the vagal afferent pathway [5]. ARC
neurons are reported to maintain leptin signal-related
feeding rhythms independent of light entrainment [6].
However, to our knowledge, there have been no reports
to date concerning the NTS and meal-induced signals for
SCN. In the present study, we investigated whether meal-
induced signals via the vagal afferent to NTS may influ-
ence the activity of SCN neurons.

Neurons in the NTS contain various neuropeptides,
such as proopiomelanocortin (POMC), cocaine- and
amphetamine-regulated transcript (CART), prolactin-
releasing peptide (PrRP), and GLP-1 [7].

GLP-1 is derived from preproglucagon (PPG) and is
widely known as an anorexigenic peptide and its ana-
logue has already been approved as an anti-obesity drug
by the FDA [8]. GLP-1 receptors (GLP-1R) are distrib-
uted throughout various regions of the central nervous
system [9]. PPG neurons are distributed in hypoglossal
nucleus and reticular nucleus, as well as NTS [10]. These
PPG neurons are projected to the various brain regions,
such as DMH, paraventricular nucleus (PVN), ventro-
medial hypothalamic nucleus (VMH), arcuate nucleus
(ARC), paraventricular thalamic nucleus (PVT), peri-
aqueductal gray (PAG) and bed nucleus of the stria ter-
minalis (BNST) [10, 11]. The chemogenetic stimulation
of PPG neurons in the NTS and ventrolateral medulla
reduces metabolic rate and food intake in fed and fasted
state [12]. The knocking down of PPG in NTS by shRNA
induces hyperphagia and body weight (BW) gain [13].
On the other hand, ablation of PPG neuron in the NTS or
acute chemogenetic inhibition of PPG neurons does not
affect ad libitum feeding, but increased refeeding intake
after fasting [14]. Thus, endogenous GLP-1 in the central
nervous system may play an important role in physiologi-
cal food intake regulation [15].

The DMH is one of the important components of the
hypothalamus, regulating food intake and the auto-
nomic nervous system and receive abundant projection
from PPG neurons [10]. Various neuron species, such
as neuropeptide Y (NPY) [16], CART [17] and gamma-
aminobutyric acid (GABA) neurons are distributed in
the DMH [18]. DMH neurons are known to abundantly
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express GLP-1R [19]. Knocking down of GLP-1R in DMH
increased BW with reduced thermogenesis in brown adi-
pose tissue and increased adiposity but with no effect on
the daily food intake [19]. However, DMH lesions exhibit
a lower amplitude and mean level of light—dark entrained
activity [20]. It has been known that the DMH plays an
important role as a central food-entrainable oscillator
in the feeding mediated regulation of circadian behavior
[21].

Therefore, we investigated whether meal-induced sig-
nals via the NTS may give influence on activity of SCN
neurons via NTS GLP-1 and DMH GLP-1R expressing
neurons.

In the present study, we report a possible neural path-
way that integrates meal-evoked information from the
NTS to the SCN with a GLP-1R expressing neurons in
the DMH acting as a modifying factor.

Methods

Animals and housing

Male Wistar rats (9 weeks old) were purchased from
Japan SLC. The animals were maintained on a 12-h light/
dark cycle and given conventional food (CE-2; Clea,
Osaka, Japan) and water ad libitum. The light was turned
on at 7:00 AM, with zeitgeber time (ZT) 0, meaning
onset of the light phase. In all the experiments measur-
ing the food intake and body weight in more than two
groups, initial body weight of different groups were
matched prior to the start to the experiments. Experi-
mental procedures and care of animals were carried with
the approval of the Fukushima Medical University Insti-
tute of Animal Care and Use Committee.

Immunostaining of c-Fos

Food was deprived at ZT10 on the day before the experi-
ment. After 16 h of fasting, chow was given at ZT2. After
2 h of refeeding, the rats were injected with a mixture of
three types of anaesthetic agents [(0.003%, Domitor, Nip-
pon Zenyaku Kogyo Co., Ltd., Koriyama, Japan), mida-
zolam (0.04%, Dormicum, Astellas Pharma Inc., Tokyo,
Japan), and butorphanol tartrate (0.05%, Vetorphale,
Meiji Seika Pharma Co., Ltd., Tokyo, Japan)] (5 ml/kg)
and perfused intracardially with 4% paraformaldehyde
(PFA), and 0.2% picric acid.

Serial coronal sections (40 pm) were collected from
each rat using a freezing microtome. The sections were
then prepared from 0.48 mm to -14.7 mm from the
bregma, washed in PBS (0.01 M, pH7.4), then incubated
for 20 min with 0.3% H,O,. Next, the sections were incu-
bated for 1 h in a blocking solution comprising of 0.3%
TritonX-100, 2% bovine serum albumin (BSA), and 2%
normal goat serum (NGS) and then incubated with rabbit
anti-c-Fos antibody (sc-52, 1: 1000, Santa Cruz, CA) in
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the blocking solution overnight at 4 °C. Next, they were
incubated with biotinylated goat anti-rabbit IgG (diluted
to 1:500, Vector Laboratories, CA) for 30 min, and were
then incubated with an avidin—biotin-peroxidase com-
plex (Vectastain Elite ABC Kit; Vector Laboratories, CA)
for 60 min. Immunoreactions were visualized by incu-
bation in a 0.02% diaminobenzidine solution containing
0.3% nickel ammonium and 0.015% H,O, for 5 min. After
color development, the sections were mounted on glass
slides and covered.

Immunostaining of GLP-1R

For GLP-1R staining, DMH-containing sections were
incubated with the blocking solution (0.1% Triton-X,
2% BSA, 5% NGS) for 30 min. These sections were then
incubated with a rabbit anti-GLP-1R antibody (1:200,
ThermoFisher, MA) overnight at 4 °C. Then, the sections
were incubated with Alexa 488-labelled anti-rabbit IgG
(Invitrogen, CA) for 30 min and mounted with a DAPI-
containing mount medium on glass slides and covered
with a cover glass. The images were acquired using a
confocal laser-scanning microscope (Fluoreview FV10i;
Olympus, Osaka, Japan). To examine the specificity of the
antibody for GLP-1R, absorption test and western blot-
ting were performed (Additional file 1: Figs. S1 and S2).

The injection of Exenatide 4-saporin into DMH

All animals were isolated in individual cage and habitu-
ated for 10 days before operation. Exenatide 4-saporin
(Ex4-SAP), which internalize upon binding to GLP-1
receptor and induce cell death by disrupting ribosomal
function [22], was purchased from the Advanced Target-
ing System (CA), and blank saporin (B-SAP) was used for
control injections.

Injections of 0.1 pg/0.5 pl Ex4-SAP or 0.1 pg/0.5 ul
B-SAP were administered into the DMH 3.0 mm cau-
dal to the bregma, 0.5 mm lateral from the midline, and
8.6 mm below the surface of the skull; injection speed:
0.1 pl/min) by using modified glass pipettes under anaes-
thesia. To prevent the B-SAP or Ex4-SAP solution from
adhering to the outside of the target area, the tip of the
glass pipette was fixed to the injection site for 10 min
after injection. BW and food intake of the animals
injected with B-SAP or Ex4-SAP were measured at ZT10
for 28 consecutive days.

At 10 days after operation, rats were left inside the
chamber of activity monitoring system (ACTIMO-100:
Shin factory, Fukuoka, Japan) combined with food intake
measurement apparatus. During the habituation period,
food intake and BW were also measured at ZT10. After
4 days of habituation, hourly locomotor activity and food
intake were measured for 24 h. Locomotor activity was
estimated by the number of inhibitions of infrared beams
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in both X and Y directions. After the measurement, rats
were returned to individual home cage, and measure-
ment of food intake and BW were continued. At 29 days
after injection, food was deprived at ZT10. Then, after
16 h of fasting, food was administered to the animals at
ZT2, and food intake was measured for 2 h. The animals
were then perfused and their brains were removed.

Brain sections were applied with Nissl and c-Fos stain-
ing. C-Fos staining in SCN containing sections and the
counting of c-Fos positive neurons were performed in the
same manner as described above. C-Fos positive neurons
are counted under light microscope.

Quantitative real-time PCR

B-SAP or Ex4-SAP was injected into bilateral DMH, as
described above. Thirty days after B-SAP or Ex4-SAP
injection, animals were deeply anesthesized by a mix-
ture of three types of anesthetic agents (5 ml/kg), and
removed brain. DMH containing brain slice (Bregma
from -2.6-3.3) was sliced by using brain matrix and man-
ually punched out DMH (Additional file 1: Fig. S 2). Total
RNA was isolated using a RNeasy minikit (QIAGEN,
Hilden, Germany) and Monarch RNA Purification Cul-
umns (New England BioLabs Japan, Inc., Massachusetts,
USA). c-DNA synthesis was performed using a M-MLV
(Thermo Fisher Scientific, Massachusetts, USA), RNa-
seOUT Recombinant Ribonuclease Inhibitor (Thermo
Fisher Scientific, Massachusetts, USA), and dNTP (Agi-
lent Technologies, Texas, USA). A quantitative RT-PCR
assay was performed using the TB Green Premix Ex Taq
II (Tli RNaseH Plus, Takara Bio Inc., Shiga, Japan). The
cycling condition was as follows: initial denaturation at
95 °C for 30 sec, then 40 cycles at 95 °C for 5 sec, 56°C
for 10 sec, 72°C for 15 sec, according to the protocol.
Product accumulation was measured in real time and
the mean cycle thresholds were determined. The expres-
sion levels of GLP-1R, GAD67, NPY, CCKA receptor
(CCKAR) and leptin receptors (LEPR) were calculated
using the 2AACT method of relative quantification and
normalized by the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The PCR primers
are shown in Table 1.

Double immunostaining for GLP-1R and GAD67

Non-treated rats were perfused as described above.
DMH containing brain sections were incubated for 60
min with blocking solution. These sections were then
incubated with rabbit GLP-1R antibody (1:200, Ther-
mofisher, MA) and mouse anti-GAD67 monoclonal
antibody (1:500, Merck Millipore, Darmstadt, Germany)
overnight at 4 °C. Then, the sections were incubated 40
min with Alexa 488-labelled anti-rabbit IgG and daylight
594-labelled anti-mouse IgG (1:400, Invitrogen, CA).
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Fig. 1 The c-Fos expression in the brain after refeeding and distribution of GLP-1R in the DMH. A-F: The representative images of c-Fos expression
in the SCN (A, D), DMH (B, E) and NTS (C, F) after fasting (A-C) or refeeding (D-F) rats. Refeeding was performed for 2 h after 16 h of fasting in
normal 12 h light/12 h dark conditions. Scale bar= 100 um. G: The number of c-Fos per sections in feeding-related brain regions. (n =4 each).
ARC: arcuate nucleus, Amy: amygdala, BNST: bed nucleus of stria terminalis, DMH: dorsomedial hypothalamic nucleus, DR: dorsal raphe, LC:

locus coeruleus, NTS: nucleus tractus solitarius, SCN: suprachiasmatic nucleus, SON: supraoptic nucleus, SUM: supramammillary nucleus, POA:
preoptic area, PVN: paraventricular hypothalamic nucleus, VMH: ventromedial hypothalamic nucleus. H-J DAPI nuclear staining (H) and GLP-1R
immunostaining (I) in the DMH and a merged image of H and I (J). Scale bars =100 um. Each image located in the upper left corner of H-J is an

The sections were mounted on glass slides and covered.
Confocal fluorescence images were acquired and GLP-
1R positive, GAD positive, and double-positive neurons
were counted.

The study of projection to SCN/DMH

A retrograde tracer, cholera toxin subunit B Alexa Fluor
488 (CTB: Invitrogen, CA), was used to identify the pro-
jections to the SCN or DMH. CTB, 0.5 pl of 0.5 mg/ml,
was acutely injected into the unilateral SCN (1.3 mm
caudal to the bregma, 0.3 mm lateral from the midline,
and 9.2 mm below the surface of the skull) or the DMH
(3.0 mm caudal to the bregma, 0.5 mm lateral from the

midline, and 8.6 mm below the surface of the skull) by
using modified glass pipettes under anesthesia. The injec-
tion speed was 0.5 pl/5 min. To prevent the CTB solu-
tion from adhering outside of the target area, the tip of
the glass pipette was fixed in the injection site for 10 min
after injection. Six days after the administration of CTB,
the animals were perfused. The brains injected with CTB
into the SCN were used for GLP-1R immunostaining
in the DMH, and the brains injected with CTB into the
DMH were used for GLP-1 staining in the NTS.

GLP-1R immunostaining in the DMH was performed
in the same manner as described above, except for a
second antibody. Alexa 594-labelled anti-rabbit IgG
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(Invitrogen, CA) was used as a second antibody. Brain
sections were made using a freezing microtome. Injec-
tion accuracy was confirmed histologically.

The animals that were injected with CTB into the
DMH were used for GLP-1 immunostaining. Brainstem
sections containing the NTS were incubated 60 min with
a blocking solution. These sections were then incubated
with a monoclonal mouse anti-GLP-1 antibody (1:500,
Abcam, Cambridge, UK) overnight at 4 °C. Then, the sec-
tions were incubated with Alexa 405-labelled anti-mouse
IgG for 30 min, mounted on glass slides and covered
with a cover glass. Confocal fluorescence images were
acquired. CTB-positive neurons, GLP-1 IR neurons, and
double-positive neurons were counted from the fluores-
cence images.

Immunostaining of c-Fos after refeeding in the section
containing CTB tracer

CTB Alexa Fluor 488 (CTB488: Invitrogen, CA) was
injected into the DMH or SCN. The injections were per-
formed in the same manner as described above.

Five days after injection, fasting, refeeding and perfu-
sion were performed in the same manner as described
above. The brain sections were prepared from — 2.4 mm
to — 145 mm from the bregma. The sections were
then incubated for 60 min with the blocking solution
and incubated with rabbit anti-c-Fos antibody (sc-52:
1:1000, Santa Cruz, CA) overnight. Then, the sections
were incubated for 30 min with biotinylated goat anti-
rabbit IgG (Vector Laboratories, CA), diluted to 1:500.
Following incubation, the sections were incubated with
Alexa 594-labelled streptavidin, diluted to 1:500, for
30 min. The sections were mounted with mount medium
(DAKO, CA). The images were acquired using a fluores-
cent microscope (Keyence, Osaka, Japan) or a confocal
laser-scanning microscope (Fluoreview FV10i; Olympus,
Osaka, Japan).
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The numbers of c-Fos-IR cells, CTB-labelled cells, and
both immunoreactive and CTB-labelled cells per sec-
tion were counted from the fluorescence images. The cell
count per section was averaged for all sections in each
investigated nucleus of each animal.

Statistical analysis

All data are presented as mean=+ SEM. Student’s ¢-test
was used for two-group comparisons. The statistical
analysis of the locomotor activity, diurnal feeding pat-
tern, the daily changes of BW and food intake were ana-
lyzed by two-way ANOVA followed by Tukey’s multiple
range test. All statistical tests were two-tailed, with val-
ues of 0.05 being considered statistically significant.

Result

Distribution of c-Fos after refeeding, and GLP-1R positive
neurons in DMH

The amount of food intake for 2 h in the refed rats was
3.46+0.17 g. C-Fos expression was increased after
refeeding in various feeding-related brain regions
(Fig. 1G), including the SCN (Fig. 1A, D), DMH (Fig. 1B,
E), and NTS (Fig. 1C, F). Also, GLP-1R immunostain-
ing confirmed abundant GLP-1R expression in the entire
area of the DMH (Fig. 1H-J), as well as PVN, VMH and
ARC (Additional file 1: Fig. S3).

The deletion of GLP-1R-expressing neurons in the DMH
induced hyperphagia and obesity, and disrupt diurnal
feeding pattern

Exendin-4, and its synthetic version, exenatide 4, is
a high-affinity agonist to GLP-1R [23]. Therefore, we
injected Ex4-SAP into the bilateral DMH (Fig. 2A),
where GLP-1R expression was observed. The Ex4-SAP-
injected rats confirmed to have a low density of neurons
in the DMH (Fig. 2B, C) with a decreased expression
of GLP-1IR mRNA. GLP-1R expression was decreased

(See figure on next page.)

Fig. 2 Deletion of GLP-1R expressing neurons in the DMH results in hyperphagia and obesity. A-C: An illustration of the control blank-saporin
(B-SAP) or Exenatide4-saporin (Ex4-SAP) injection site (A). The sections with Niss| staining after B-SAP (B) or Ex4-SAP (C) injection. D-H Relative
mMRNA expression of GLP-1R (D), GAD67 (E), NPY (F), CCKA receptors (CCKAR) (G) and leptin receptors (LEPR) (H). I-N Colocalization of GLP-1R I,

L) and GAD67 (J, M) in the DMH. K and N indicate the merged image of I and J, L and M, respectively. I-N indicate enlarged image of dashed
square in I-K, respectively. Scales in I-K=50 um. Scales in L-N =10 um. O Twenty-four hours of locomotor activity (count per hour) of rats
injected with control B-SAP or Ex4-SAP into the bilateral DMH. (=19, 7) P The counts of locomotor activity (Left), and the ratio of locomotor activity
(Right) between the dark phase (DP) and light phase (LP) in B-SAP- and Ex4-SAP-injected rats. * P<0.05, ** P<0.01. Student t-test. (n=9, 7). Q
Twenty-four hours of food intake in rats that were injected with B-SAP or Ex4-SAP. *P < 0.05, **P < 0.01. Two-way ANOVA. (n=9, 6). R The amount

of food intake (Left) and the ratio of food intake (Right) between the dark phase (DP) and light phase (LP) in the B-SAP- and Ex4-SAP-injected rats.
*P<0.05,** P<0.01. Student's t-test. (N =9, 6). S: Daily food intake for 4 weeks after B-SAP or Ex4-SAP injection into the DMH. *P< 0.05, **P < 0.01.
Two-way ANOVA. (n=6, 6) T Cumulative food intake for 4 weeks in the B-SAP- and Ex4-SAP-injected rats. *P < 0.05. Student's t-test. (n=6, 6). U
Change of BW for 4 weeks after B-SAP or Ex4-SAP injection. ** P<0.01. Two-way ANOVA. (n =6, 6). V The comparison of body size of the B-SAP- and
Ex4-SAP-injected rats at 28 days after injection. Left: B-SAP, Right: Ex4-SAP. W: Food intake for 2 h after refeeding in B-SAP or Ex4-SAP injected rats.
(n=9,8). X, Y Representative c-Fos expression after refeeding in the SCN of rats in which B-SAP (X) or Ex4-SAP (Y) was injected into the DMH. Scale
bars =100 pm. Z The number of c-Fos-positive neurons in the SCN per section after being refed. * P <0.05, Student’s t-test. (n=9, 8)
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Table 1 List of primers used in this study
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Name Primers

GLP-1 receptor

Fw:GCTGCCCTCAAGTGGATGTA

RV:ATGAGCAGGAACACCAGTCG

GAD67 Fw:CAAGTTCTGGCTGATGTGGA Rv:GCCACCCTGTGTAGCTTTTC
NPY Fw:ATGCTAGGTAACAAACG Rv:ATGTAGTGTCGCAGAG
CCKA receptor Fw:AACTCTACCAAGGAATCA Rv:GTAACAGCCATCACTATC

Leptin receptor

Fw:AGTGGGAAGCACTGTGCAGTT

RV:GAGCTCTGATGTAGGACGAATAGATG

by approximately 90% (Fig. 2D). In addition to GLP-1R
mRNA, GAD67 and CCKAR mRNA expressions were
decreased by 20% (Fig. 2E, G). However, there were no
changes in neuropeptide Y (NPY) and leptin receptor
(LEPR) mRNA expression levels (Fig. 2F, H). Histochemi-
cal analysis revealed that the neurons with both GLP-1R
and GADG67 positive neurons were frequently detected in
the DMH (Fig. 2I-N). Twenty-five % of GLP-1R positive
neurons were GAD67 positive, and 60% GADG67 positive
neurons were GLP-1R positive (Table 2).

Fourteen days after Ex4-SAP injection, locomotor
activity and food intake were measured for 24 h. The con-
trol rats showed significantly higher locomotor activity in
the dark phase than in the light phase (Fig. 20, P left).
However, the Ex4-SAP-injected rats showed high loco-
motor activity throughout both phases with no signifi-
cant difference in locomotor activity between dark and
light phase (Fig. 20, P left). The percentages of locomotor
activity in dark and light phase were 67.3, 32.6% in B-SAP
group, and 48.1, 51.9% in Ex4-SAP group, respectively
(Fig. 2P right). In the control rats, the food intake was
significantly higher in the dark phase than in the light
phase (Fig. 2Q, R left), whereas there were no significant
differences in the food intake between the light and dark
phases in the Ex4-SAP-injected rats (Fig. 2Q, R left). The
percentages of food intake in dark and light phase are
59.6, 40.4% in B-SAP group, and 52.7, 47.3% in Ex4-SAP
group, respectively (Fig. 2R right).

To investigate the long-term effect of Ex4-SAP injec-
tion, food intake and BW were measured for 4 weeks
after Ex4-SAP injection. Food intake was increased
within 4 days after Ex4-SAP injection, and maximum
food intake was detected at around 2 weeks after injec-
tion (Fig. 2S). The cumulative food intake of the Ex4-
SAP-injected rats for 4 weeks was approximately twice
that of the B-SAP-injected rats (Fig. 2T). Accompanying
this, BW was also dramatically increased in the Ex4-SAP-
injected rats (Fig. 2U). At 4 weeks after Ex4-SAP-injec-
tion, the difference in BW was approximately 100 g
(Fig. 2U). The overall sizes of the animals were signifi-
cantly different, as shown in Fig. 2V.

To examine the role of GLP-1R expressing neurons in
the DMH, c-Fos expression levels in the SCN after fasting

and refeeding were examined in rats that had their DMH
injected with B- or Ex4-SAP. At 2 h after refeeding, there
were no significant differences in food intake between the
two groups (Fig. 2W). However, c-Fos expression after
refeeding was decreased in the SCN of the Ex4-SAP-
injected rats (Fig. 2X-Z). On the other hand, food intake
after 6 to 12 and 12 to 24 h was decreased and increased,
respectively in Ex4-SAP injected rats (Additional file 1:
Fig. S4).

These results suggest that the GLP-1R-expressing neu-
rons in the DMH may mediate the long-term satiety and
change the activity of neurons in SCN after meal.

Identification of projection from DMH GLP-1R-positive
neurons to the SCN

Next, to clarify the neural signalling pathway from
the DMH to the SCN, CTB was injected into the SCN
(Fig. 3A). CTB-labelled neurons were abundantly distrib-
uted in the DMH (Fig. 3B), VMH, preoptic area (POA),
BNST, arcuate nucleus (ARC), medial amygdala (MeA)
and parabrachial nucleus (PBN). This result indicates
the existence of projection from neurons in these nuclei,
including DMH to SCN.

We next examined the projection from the GLP-
1R-positive neurons in the DMH to the SCN (Fig. 3C,
D), and found that 34% of the CTB-positive neurons in
the DMH were GLP-1R-positive (Table 3). Conversely,
24% of the GLP-1R-positive neurons were CTB-positive
(Table 3).

To identify the nuclei that are associated with the feed-
ing signal, as well as the projection from the DMH to the
SCN, c-Fos expression was measured in the brains of
the SCN-CTB-injected rats after fasting and refeeding.
Significant increases in c-Fos expression after refeed-
ing in CTB-positive neurons were detected in the DMH
(Fig. 3E-]) of the SCN-CTB-injected rats. Approximately
9% of the CTB-labelled neurons in the DMH were found
to be c-Fos positive (Fig. 3K).

These histological data suggest that a substantial num-
ber of neurons projecting from the DMH to the SCN are
GLP-1R-positive neurons and the possibility that a part
of the projections from the DMH to the SCN influence
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Fig. 3 SCN projecting DMH neurons with GLP-1R expression increase c-Fos after feeding. A The injection site of the retrograde tracer, CTB in the
SCN. Scale bar=100 um. B The distribution of CTB-positive neurons in the DMH. C The distribution of GLP-1R-positive neurons in the DMH. D A
merged image of B and C. Scale bars =50 um. The enlarged images located in the left corner in the image of B-D indicate the image in the dotted
white square in the respective image. Scale bars =10 um. Arrowheads indicate the neurons co-localizing CTB and GLP-1R. E-J: The distribution

of CTB-positive neurons (E, H), c-Fos-positive neurons (F, 1) and a merged image (G, J) in the DMH of a control fasting (E-G) or refeeding (H-J) rat.
Scale bars in E-J indicate 10 um. K The percentage of c-Fos-positive neurons among CTB-positive neurons in the DMH. (=5, 4) ** P<0.01, Student
t-test

Table 2 Co-localization of GLP-1R and GAD67 in DMH

Total GLP-1 Total GAD67 Total double positive % of GAD67 positive neurons in % of GLP-1R positive neurons
neurons neurons neurons GLP-1R positive neurons in GAD67 positive neurons
Rat1 751 371 273 73.58 36.35
Rat2 1412 544 340 62.50 24.08
Rat3 790 293 148 50.51 18.73
Mean 984.33 402.67 253.67 62.20 26.39
SE 214.13 7417 56.26 6.66 5.22

the activities of neurons in the SCN in response to the Identification of projection from NTS GLP-1 neurons

meal. to the DMH
To clarify the upstream neural pathway for the DMH-
SCN projection, we performed GLP-1 immunostaining
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Fig. 4 DMH projecting NTS neurons with GLP-1 expression increase c-Fos after feeding. A The injection site of the retrograde tracer, CTB in the
DMH. Scale bar =100 um. B The scheme of dorsal vagal complex (AP: area postrema, NTS: nucleus tractus solitaries and DMNV: dorsal motor
nucleus of the vagus) at — 13.8 mm from the bregma. D, E correspond with the blue square in B (lateral region of NTS). D: confocal image of GLP-1
immunoreactive neurons. ¢ CTB-positive neurons in the NTS of rats with CTB injected into the DMH. E A merged image of D and C. Arrowheads
indicate the double-positive neurons of GLP-1 and CTB. Scale bars=10 um. Enlarged images located in the right corner of image D and E
correspond to the asterisk- (¥) labelled neuron. F-K The distribution of CTB-positive neurons (F, I), c-Fos-positive neurons (G, J) and a merged image
(H, K) in the NTS of a control fasting (F-H) or refeeding (I-K) rat. | The percentage of c-Fos-positive neurons among CTB-labelled neurons in the NTS
after refeeding. (n=4, 3). ** P<0.01. M The scheme of the role of GLP-1R expressing neurons in the DMH. ‘meal”signal may be transmitted to SCN
neurons and change the neural activities partially via NTS GLP-1 neurons and DMH GLP-1R expressing neurons

in the NTS-containing sections from rats with CTB
injected into the DMH (Fig. 4A). CTB-labelled neurons
were observed to be distributed in the NTS (Fig. 4B, C),
PBN, locus coeruleus (LC), dorsal raphe (DR), MeA,
PVN, ARC, anterior hypothalamic area (AHA), SCN,
BNST and POA. GLP-1-immunoreactive neurons were
found to be distributed in the lateral region of the NTS
(Fig. 4D), and reticular nucleus. Approximately 33% of
CTB-positive NTS neurons were identified as GLP-1-im-
munoreactive (Table 4), and 7.6% of GLP-1-immunore-
active neurons were CTB-positive. (Table 4). To identify
the nuclei that are associated with feeding, as well as a
projection to the DMH, c-Fos expression was measured
in the brains of the DMH-CTB-injected rats after fasting
and refeeding. Significant increases in c-Fos expression
in CTB-positive neurons after refeeding were detected in
the NTS (Fig. 4F-K) of DMH-CTB injected rats. Approx-
imately, 15% of the CTB labelled neurons in the NTS
were c-Fos positive (Fig. 4L). These data provide histolog-
ical evidence that GLP-1 neurons in the NTS project to
the DMH, and that a part of the projection from NTS to
DMH may influence the activities of neurons in the SCN
in response to feeding (Fig. 4M).

Discussion

Recent studies have reported a close relationship
between circadian rhythm and obesity. While the light
and dark cycle is known to be a dominant zeitgeber for
most organs, periodic food availability also represents a
strong zeitgeber [2]. The vagal afferent-N'TS neural sys-
tem is important for conveying information on the feed-
ing signal to the central nervous system [24]. Therefore,
we consider that meal signals via the vagal afferent-NTS
contribute to give some influence on activity of SCN
neurons.

As a first step, we examined the c-Fos expression in the
hypothalamus and brain stem after refeeding. Increases
of c-Fos expression in the SCN after refeeding suggested
that meal-evoked factors indeed changed the neural
activities in the SCN.

Several mechanisms can be considered for the induc-
tion of neuronal activity in the SCN by refeeding. Such

mechanisms should be triggered by factors that increase
after eating. One such factor is humoral nutrients such as
glucose and amino acids [25, 26] or humoral hormones
[27, 28]. The ARC, which is known as the first-order
nucleus of the feeding center, senses information from
peripheral signals such as ghrelin, leptin [27], and insulin
[28]. The importance of communication from the ARC to
the SCN in maintaining the circadian rhythm has already
been reported [6, 29]. Thus, the humoral nutrient/hor-
mones — ARC — SCN neural pathway is considered to
be one of the pathways that activate SCN neurons after
refeeding.

Another possible neural pathway for refeeding-induced
SCN activation is through gut hormone signals via the
vagal afferent pathway, such as CCK, insulin, and GLP-1
[24, 30]. Because disruption of GLP-1R-expressing neu-
rons in the DMH decreased c-Fos expression in the
SCN after refeeding in the present study, we focused on
the DMH mediated-neural pathway to the SCN after
refeeding.

A possible upstream factor that regulates GLP-1R-pos-
itive neurons is neurons in the N'TS, which is one of the
brain sites where GLP-1-expressing neurons reside. Our
experiment using CTB tracer also confirmed the projec-
tion from NTS GLP-1 positive neurons to DMH. Vrang
et al. suggested that the neurons projecting from the NTS
to the DMH are mainly PPG neurons [31], and Renner
et al. suggested that GLP-1 neurons in the NTS activate
DMH neurons via GLP-1R by conveying signals of satiety
[32]. Previous articles have reported that the DMH play
a key role as a food-entrainable oscillator in the feeding-
mediated regulation of the circadian rhythm [21, 33].

Because there are very few reports regarding the con-
tribution of DMH neurons on meal-oriented circadian
rhythm regulation, we focused on the upstream of the
DMH. We found that DMH neurons receive projections
from various feeding-related brain regions, including the
ARC, PVN, and NTS, which is consistent with the find-
ings of previous studies [31, 34]. Among these nuclei,
aside from the ARC, the NTS is also considered to be a
first-order nucleus of the feeding center that receive feed-
ing signals through the vagal afferent. There are several
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Table 3 Co-localization of CTB and GLP-1R in DMH
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Total CTB positive  Total GLP-1R Total double positive % of CTB positive neurons in % of GLP-1R positive
neurons neurons neurons GLP-1R positive neurons neurons in CTB positive
neurons

Rat1 979 1158 302 26.08 30.85

Rat2 729 920 209 22.72 2867

Rat3 753 1476 325 22.02 43.16

Mean 820.33 1184.67 278.67 2361 34.23

SE 79.64 161.06 3546 1.25 451

Table 4 Co-localization of CTB and GLP-1in NTS

Total CTB positive  Total GLP-1 Total double positive % of CTB positive neurons in % of GLP-1 positive
neurons neurons neurons GLP-1 positive neurons neurons in CTB positive
neurons

Rat1 112 656 44 6.71 39.29

Rat2 86 468 33 7.05 3837

Rat3 172 613 47 767 2733

Rat4 202 615 55 8.94 27.23

Mean 588.00 143.00 44.75 7.59 33.05

SE 41.21 26.66 4.55 334 049

types of neurons in the N'TS that contain neural peptides,
such as GLP-1, POMC, CART, and PrRP [7]. The present
study revealed that, in the NTS, 15% of DMH-projecting
neurons were significantly activated after refeeding, and
33% of the DMH-projecting neurons were identified as
GLP-1-positive. GLP-1 neurons in the NTS are closely
related to feeding regulation affected by gut hormones.
Intraperitoneal injection of the gut hormone CCK is
known to activate GLP-1 neurons in the NTS [35]. Many
other studies have reported the effect of GLP-1 in reduc-
ing food intake through the activation of neurons in
the PVN [36, 37], lateral septum area [38], and reward-
related nuclei, including the ventral tegmental area and
nucleus accumbens [39, 40]. Renner et al. have reported
that GLP-1-immunoreactive fibers and terminals topo-
graphically overlap with activated c-Fos-positive neurons
in the DMH in refed rats [32].

In the current study, we found a marked distribu-
tion of GLP-1R in the DMH, which was also reported
by Cork et al. [9] and Lee et al. [19]. Concerning with
physiological role of neuron with GLP-1R expression
in DMH, previous report by Lee et al., [19], which per-
formed GLP-1R knock down (KD) in DMH, showed
contradictory results from our present data which we
deleted GLP-1R expressing neurons in DMH. Although
BW was increased in both GLP-1R KD study and our
deletion of GLP-1R expressing neurons, our data
showed increase in food intake whereas not in study
with GLP-1R KD in DMH. In addition, NPY mRNA

expression in DMH was increased in GLP-1R KD, but
showed no change in our rats with deletion of GLP-1R
expressing neurons in DMH. Also, expression of CCK
receptor and leptin receptor mRNA in DMH were not
affected in GLP-1 KD rats, but CCK receptor mRNA
were dramatically decreased in our rats with GLP-
1R expressing neurons deleted in DMH. The underly-
ing mechanism for these two contradicting results is
unclear. Considering the fact that our Ex4-SAP injected
rats showed dramatical hyperphagia and obesity (30%
of BW increase), one possible mechanism could be
the involvement of CCKR. The Ex4-SAP injected
rats showed marked reduction of CCKR expres-
sion in DMH. CCKR in DMH is the key factor that
regulate food intake. Zhu et al, reported that induc-
tion of CCKR in DMH of CCKR defected OLETF rats
showed decrease of individual meal size with no effect
on total amount of food intake and BW [41]. There-
fore, decreased CCKR expression in DMH in Ex4-SAP
injected rats may partially contribute to induction of
hyperphagia and obesity. However, other factors may
have been altered in our Ex4-SAP injected rats and
therefore further studies are required.

Our present study showed that in Ex4-SAP injected
rats, hyperphagia was observed in daily food intake
at 28 days after the injection. The amount of refed
food intake within 2 h after overnight fasting was not
increased but food intake of 6 to 12 h was decreased,
and 12 to 24 h was increased. These data suggest that
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GLP-1R expressing neurons are related to long-term
feeding regulation, through changes in locomotor
activity and feeding rhythm via SCN neuronal activity,
rather than short term effect or acute phase changes in
satiety cognition.

In animals that anticipate scheduled food, c-Fos
expression in the SCN is reported to be low and neu-
ronal activity in the DMH to be high [42]. Also, it has
been demonstrated that the inhibition of SCN neuronal
activity is a consequence of activated GABA-expressing
neurons in the DMH that project to the SCN [42]. These
reports indicate the importance of inhibitory input from
the DMH to the SCN for food-entrainable circadian
rhythm.

However, in this study, refeeding induced c-Fos expres-
sion in both the SCN and DMH, and c-fos expression was
decreased in the SCN of the rats with disrupted GLP-
1R-positive neurons in the DMH. These data suggest
that the SCN receives activatory inputs from DMH neu-
rons after refeeding. It is reported that 16% of GLP-1R
expressing neurons are glutamatergic neurons [19]. On
the other hand, 25-35% of GLP-1R positive neurons are
GABAergic [19].

The mRNA expression of GAD67, which are criti-
cal enzyme for synthesizing GABA, was dramatically
decreased after deletion of GLP-1R positive neurons
in the current study. Histological analysis also found
that 60% of GAD67 positive neurons are GLP-1R posi-
tive neurons, and 25% of GLP-1R positive neurons are
GADG67 positive neurons in DMH which is consistent to
the previous article [19]. The contribution of this GAD67
reduction remains unclear. In this study, together with
hyperphagia, increase of locomotor activities were con-
firmed after Ex4-SAP injection. However, excitotoxic
lesion of DMH is reported to reduce food intake [43]
circadian rhythms of wakefulness, feeding and locomo-
tor activity [44]. Therefore, the effects of specific deletion
of GLP-1R expressing neurons in the DMH are differ-
ent from lesioning of DMH. In this study, we confirmed
that expression of GAD67 mRNA in DMH was reduced
in Ex4-SAP injected rats and therefore the GABA sig-
nals should have been reduced in these rats. Consider-
ing from previous reports and our data, it is possible to
consider that reduction of both GABAergic and gluta-
matergic neurons in DMH GLP-1R expressing neurons
may have altered the overall neural activities of SCN in
our Ex4-SAP injected rats. Our present data indicate that
disturbance of overall excitatory/inhibitory input from
DMH GLP-1R expressing neurons may alter circadian
rhythm-based food intake and body weight regulation.
This interpretation supports our suggestion that GLP-
1R expressing neurons in DMH are related to long-term
feeding regulation, through changes in locomotor activity
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and feeding rhythm via SCN neuronal activity, rather
than acute phasic satiety cognition. However, further
studies are required to clarify this in the future.

Conclusion
In the current study, we showed that the disruption of
GLP-1R expressing neurons in the DMH eliminates diur-
nal feeding pattern, and induces both hyperphagia and
severe obesity. Additionally, we showed that feeding acti-
vated SCN neurons, partially via the NTS-DMH neural
pathway.

The present study indicates the “meal” signal may be
transmitted to SCN neurons and change the neural activ-
ities via DMH GLP-1R expressing neurons.
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