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A gut-brain axis mediates sodium appetite via
gastrointestinal peptide regulation on a medulla-
hypothalamic circuit
Yuchu Liu1,2†, Ji-an Wei1,2†, Zhihua Luo1†, Jing Cui1, Yifan Luo2, Sarah Oi Kwan Mak2, Siqi Wang1,
Fengwei Zhang2, Yan Yang1, Kwok-Fai So1,3,4,5, Lingling Shi1*, Li Zhang1,3,4*,
Billy Kwok Chong Chow2*

Salt homeostasis is orchestrated by both neural circuits and peripheral endocrine factors. The colon is one of the
primary sites for electrolyte absorption, while its potential role in modulating sodium intake remains unclear.
Here, we revealed that a gastrointestinal hormone, secretin, is released from colon endocrine cells under body
sodium deficiency and is indispensable for inducing salt appetite. As the neural substrate, circulating secretin
activates specific receptors in the nucleus of the solitary tracts, which further activates the downstream para-
ventricular nucleus of the hypothalamus, resulting in enhanced sodium intake. These results demonstrated a
previously unrecognized gut-brain pathway for the timely regulation of sodium homeostasis.
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INTRODUCTION
Water and salt homeostasis is crucial for the survival of terrestrial
animals. By continuously monitoring the sodium content of body
fluids, mammals can maintain salt homeostasis via both neural cir-
cuits and hormonal factors. Within the brain, the subfornical organ
(SFO) and the nucleus of the solitary tract (NTS) sense salt contents
in cerebrospinal fluid (CSF) and initiate sodium intake behaviors
(1–4). As an alternative neural mechanism, serotonin 2C receptor
(Htr2c) neurons in the lateral parabrachial nucleus (LPBN) can sup-
press sodium appetite by projecting to the central amygdala
(CeA) (5).

In terms of endocrine factors, angiotensin II (ANG II) binds to
the zona glomerulosa (ZG) under sodium deficiency (6), inducing
the release of aldosterone (7, 8) to mediate sodium reabsorption in
the distal nephron of the kidney (9). In the brain, ANG II type 1
receptor (AT1aR) neurons in the SFO project to the dorsal bed
nucleus of the stria terminalis (dBNST) to induce salt intake (10).
The exact role of circulating ANG II in centrally mediating salt ap-
petite is still controversial (11, 12), although the blood-brain barrier
(BBB) permeability of ANG II was relatively high (13). In the NTS,
sodium appetite is also regulated by aldosterone-sensitive 11-β-hy-
droxysteroid dehydrogenase type 2 (HSD2) neurons (1), which
project to pre-locus coeruleus (p-LC) prodynorphin (PDYN)
neurons (14), the medial subdivision of the central lateral parabra-
chial nucleus (mPBcl) and the bed nucleus of the stria terminalis
(BNST) (3, 15). However, the permeability of aldosterone across

the BBB is relatively low (16–18), raising the possibility of other
neuropeptides forming a peripheral-central axis for salt intake.

Inside the body, sodium absorption in the food chyme primarily
occurs within the gastrointestinal (GI) tract, which abundantly ex-
presses sodium channels (19). These observations raise one interest-
ing question: Can the GI tract respond to body sodium levels and
then transduce this signal to the brain to mediate salt appetite?
However, no neural or hormonal pathway has been reported to
support this model. The GI peptide secretin (SCT) was previously
found to participate in renal water reabsorption by mediating vaso-
pressin expression (20) and hypothalamic regulation of water intake
(21). SCT owned prominent expression levels in colon tissues (22,
23) and satisfactory BBB permeability (24). We thus proposed that
SCT might work as a neuropeptide to modulate salt intake in a re-
sponse to body sodium levels.

To test this hypothesis, we identified elevated SCT levels in the
colonmesenchyme under low-sodium stress, and the release of SCT
is necessary for inducing salt intake. To dissect the neural substrate,
the SCT receptor (SCTR) was found in a specific neuronal subpo-
pulation in the NTS, which was activated upon elevated peripheral
or central SCT. Optogenetic and chemogenetic manipulation of
these NTS-SCTR+ cells validated their roles in facilitating salt
intake under sodium depletion, via monosynaptic projection to
the paraventricular nucleus of the hypothalamus (PVH). In
summary, we revealed a previously recognized gut-brain axis by
which colon SCT responds to salt deficiency and stimulates
salt intake.

RESULTS
Circulating SCT mediates salt appetite under acute sodium
depletion
To generate a sodium-deficient (Na-D) model, mice were injected
with furosemide (50 mg/kg) to induce sodium loss (25), followed by
a low-sodium diet for 24 hours (Fig. 1A). These Na-D mice showed
a strong appetite for 3% saline during the first 30 min in the two-
bottle test, while sodium-satisfied (control, or Na-S) mice did not
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Fig. 1. Sodium depletion raised serum SCT to stimulate salt appetite. (A) Schematic diagram of sodium deficiency (Na-D) treatment. (B) Comparison of 1-hour
cumulative saline intake under Na-D and Na-S. Two-way ANOVA, group factor F1,15 = 181.4, P < 0.0001. BW, body weight. (C) Quantification of saline intake during 1-
hour two-bottle test. Unpaired Student’s t test, P < 0.0001; n = 9 and 8 mice for the control group and Na-D group, respectively, in (B) and (C). (D) Plasma sodium
concentration did not show any change after Na-D treatment. Welch’s t test, t = 0.02097; n = 6 and 8 mice for the control group and Na-D group, respectively. (E)
Serum SCT concentration was increased after Na-D treatment. Welch’s t test, t = 7.102; n = 5 mice in each group. (F) Correlation between serum SCT concentration
and sodium intake under Na-D. (G) Schematic diagram of two-bottle behavior test in transgenic mice. (H) Comparison of 1-hour cumulative saline intake under Na-D
in C57, SCTR−/−, or SCT−/− mice. (I) Quantification of saline intake during 1-hour two-bottle test. n = 5, 6, and 6 mice for control, SCT−/−, and SCTR−/− group, respectively.
(J) Schematic diagram of SCT injection assay. (K) Comparison of 1-hour cumulative saline intake after 8, 32, and 128 ng of SCT or vehicle injection under Na-S condition.
Two-way ANOVA, group factor F3,28 = 6.511, P < 0.0001. (L) Quantification of saline intake during 1-hour two-bottle test. One-way ANOVA, F3,28 = 6.874, P < 0.0001. n = 8
mice in each group in (K) and (L). (M) Schematic diagram of SCT5-27 administration using Na-D mice. (N) Comparison of 1-hour cumulative intakes of 3% saline in 1.5-μg
SCT5-27 injection mice under Na-D. (O) Quantification of saline intake during the 1-hour two-bottle test. Student t test, t = 8.217. n = 6 and 8 mice in vehicle and STC5-27
group, respectively, in (N) and (O). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with significant difference. All data were presented as means ± SD.
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show such preference (Fig. 1, B and C). Moreover, the plasma
sodium level remained unchanged after furosemide treatment
(Fig. 1D), in an agreement with a previous study (26). Sodium ap-
petite can be driven by either neural or endocrine pathways. Periph-
eral organs, including the GI tract, affect brain activity via the vagal
afferent nerve (27, 28), which may also participate in the central reg-
ulation of sodium intake. We thus performed the vagotomy on Na-
D–treated mice to disconnect GI organs from the brain (fig. S1, A
and B). The absence of wheat germ agglutinin (WGA) labeling (29)
in the dorsal motor nucleus (fig. S1, C to E) demonstrated the effi-
ciency of the vagotomy, which, however, did not affect the volume
or preference toward saline (fig. S1, F and G). Although recent
works also suggested the involvement of spinal afferent pathway
in gut-brain communications (30), we proposed that salt appetite
is primarily mediated by a hormonal pathway under Na-D. This hy-
pothesis was supported by the observation that sodium deficiency
was associated with an elevated SCT concentration (Fig. 1, E and F).

To demonstrate the causal relationship between SCT and salt ap-
petite, we used null knockout mice [SCT−/− and SCTR−/−; see (31)],
which showed decreased saline intake and the absence of sodium
preference under Na-D conditions (Fig. 1, G to I). As an alternative
approach to manipulate the SCT pathway, we peripherally infused
gradient amounts of recombinant SCT peptide (8, 32, or 128 ng) to
stimulate saline drinking in Na-S mice (Fig. 1J). The infusion of
SCT peptides elevated the preference toward 3% saline (Fig. 1, K
and L), which was not physiologically required. Moreover, the infu-
sion of the SCTR antagonist SCT5-27 (1.5 μg) (32) decreased the
total saline intake of Na-D mice (Fig. 1, M to O). These results sug-
gested that circulating SCT facilitated salt intake under Na-D stress.

Colon tissues respond to sodium challenge by releasing
SCT to elicit salt appetite
As one GI peptide, SCT is abundantly expressed in the duodenum
(33), small intestine (34), and colon tissues (35). To investigate the
origin of circulating SCT under Na-D, we generated an SCT-
Cre;ROSA-tdTomato double-transgenic mouse line (36), in which
SCT expression was found across different intestinal segments
(Fig. 2A). However, only colon tissues showed significantly in-
creased SCT mRNA and peptide levels under Na-D (Fig. 2, B and
C). We thus hypothesized that colon SCT responds to low-sodium
challenge to facilitate salt intake. Immunofluorescent labeling on
SCT-Cre;ROSA-tdTomato mice identified prominent expression
of SCT in enterochromaffin pancreozymin cells [tryptophan hy-
droxylase positive (TPH+)] but not in fibroblasts (vimentin+;
Fig. 2, D and E), implying the neuroendocrine nature of SCT+

cells, which were unaffected by mechanical contraction (23).
To better support the causal link between colon SCT and salt

intake, we established a colon-specific Sct gene knockdown (KD)
model by local injection of an adeno-associated virus (AAV)
vector expressing small interference RNA (siRNA) targeting SCT
transcript [AAV-CAG-siRNA (SCT)–green fluorescent protein
(GFP)] into five different intestinal sites of mice under Na-D chal-
lenge (Fig. 2F). Immunofluorescent staining confirmed the region-
and cell-type specificity of the virus in colon TPH+ cells (Fig. 2G
and fig. S2, A to D). Reduction of Sct gene expression was found
in both the proximal and distal colon (fig. S2, E and F). Sct gene
KD was further confirmed by quantitative polymerase chain reac-
tion (qPCR) and enzyme-linked immunosorbent assays (ELISAs;
Fig. 2, H and I). These mice presented normal water and food

intake under naïve conditions and no signs of significant body
weight gain/loss (fig. S3). The colon-specific deficiency of SCT
(KD) did not affect the basal level of serum SCT but dampened
the SCT surge under Na-D (Fig. 2J). The SCT concentration in
CSF paralleled such changes in serum (Fig. 2K), suggesting poten-
tially central functions. In the two-bottle test, colon-specific Sct
gene KD decreased total saline intake (Fig. 2L) and largely abolished
the saline preference (Fig. 2M) under Na-D challenge. Moreover,
SCT KD in colons did not affect the local function of neuroendo-
crine cells or integrity of intestinal tissues, as suggested by un-
changed Tph1, Glp1, or aquaporin (Aqp) genes (fig. S4). In
another set of assays, the chemogenetic excitation of colon SCT+
cells (fig. S5, A to E) elevated circulating SCT levels (fig. S5, F and
G) and induced saline intake in Na-S mice (fig. S5, H and I). These
results converged to suggest the role of colon-derived SCT in cen-
trally mediating sodium intake.

SCTR+ neurons in the NTS facilitate sodium intake
Given the elevated SCT level in CSF under Na-D, we investigated
the neural mechanism of SCT in mediating salt intake. To centrally
block the SCT pathway, the lateral ventricle was implanted with a
cannula connected to an osmotic mini-pump prefilled with SCT an-
tibody (Fig. 3, A to C). Under Na-D, the saline intake volume and
preference were both depressed with SCT neutralization (Fig. 3, D
and E), suggesting the role of brain SCTR during salt homeostasis.
To better characterize the spatial distribution of SCTR, we generated
an SCTR-Cre transgenic mouse line (fig. S6), which was further
crossed with the ROSA-tdTomato (Ai9) reporter line to visualize
the spatial patterns of SCTR expression (Fig. 3F). Apart from pre-
vious findings showing the presence of SCTR in the hippocampus,
hypothalamus, and cerebellum (21), we quantified SCTR+ cells in
different nuclei related to water and salt homeostasis (Fig. 3, G to
L). Among these regions, NTS had the highest expression level,
while BNST, p-LC, the parabrachial nucleus (PBN), SFO, and
PVH showed only minimal SCTR expression (Fig. 3M). Along
the rostral-caudal axis of the NTS, the highest SCTR+ cell density
occurred in the subpostremal part of the NTS [spNTS; anterior-pos-
terior (AP):−7.2 mm to AP:−7.48mm; fig. S7]. To dissect the iden-
tity of NTS-SCTR+ cells, RNAscope found that all SCTR+ neurons
were glutamatergic cells (Vglut2+) and accounted for 37.6% of this
population in the spNTS (Fig. 3, N and O).

Next, we analyzed the neuronal activity of NTS-SCTR+ cells
under Na-D. Using the immediate early gene cFos, we found the
excitation of NTS-SCTR+ neurons upon Na-D and under intrave-
nous (IV) or intracerebroventricular (ICV) SCT infusion (Fig. 4, A
and B). Furthermore, the activity of NTS-SCTR+ cells was recorded
using an ex vivo patch clamp (Fig. 4C), and SCT perfusion remark-
ably elevated the frequency of spikes at gradient dosage (Fig. 4, D
and E), suggesting potentiated NTS excitability by SCT (fig. S8).
These results illustrated the necessity of SCT-SCTR axis of the
NTS in maintaining salt intake under Na-D.

Last, to track the in vivo activity of NTS-SCTR+ neurons, an
optic fiber was implanted into SCTR-Cre mice whose NTS was in-
fected with genetically coded fluorescent calcium indicator
GCaMP6s under a double-inverted orientation (DIO) flanking se-
quence (Fig. 5, A and B). After IV-SCT injection, elevated neural
activity changes were observed within 10 min (Fig. 5, C and D).
The activity of NTS-SCTR+ neurons was further observed during
fluid ingestion. No obvious calcium peak was found in Na-S mice
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Fig. 2. Colon mesenchymal senses hyponatremia by biosynthesis of SCT. (A) Confocal images showing SCT expression in the colon, small intestine, and duodenum
using SCT-Cre;ROSA-tdTomato double-transgenic mice. Scale bars, 500 μm. (B) Colon mRNA level of SCT was increased under Na-D conditions. Two-way ANOVA, group
factor F3,32 = 32.57, P < 0.0001. (C) Na-D–induced colon secretion of SCT. F2,25 = 388.6, n = 5 mice for each group in (B) and (C). (D and E) Confocal images showing colon
SCT+within enterochromaffin (TPH+) cells, but notmyofibroblasts/fibroblasts (vimentin+). Scale bars, 200 μm (left) and 50 μm (right). DAPI, 4′,6-diamidino-2-phenylindole.
(F) Schematic diagram of colon-specific KD of SCT. (G) Specific infection of siRNA-SCT-GFP virus in colon tissue. Scale bars, 200 μm. (H) mRNA level of SCT in the colon,
small intestine, and duodenum under Na-S, Na-D, SCT KD in colon + normal diet (KD + Na-S), or KD + Na-D. F2,50 = 1.343, P < 0.05. (I) Na-D–induced SCT release was
blocked by colon-specific SCT KD. F3,48 = 2.221, P < 0.05. (J) Na-D increased serum SCT, which was absent under colon-specific SCT KD. One-way ANOVA, F3,5.295 = 31.62,
P < 0.001. n = 5 mice for each group in (H) to (J). (K) The Na-D-induced CSF SCT surge was not present in the colon-specific SCT KD group. n = 5 mice for each group. (L)
Comparison of 1-hour cumulative saline intake. (M) Quantification of water and 3% saline intake during the 1-hour two-bottle test. SCT KD in colons led to decreased 3%
saline intake. n = 5 mice for each group in (L) and (M). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with significant difference. All data were presented
as means ± SD.
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Fig. 3. SCT may mediate sodium intake via a central mechanism. (A to C) Schematic diagram of cannula implantation for SCT antibody infusion. The mini-osmotic
pump was placed in a subcutaneous back pocket of the mouse. (D) Comparison of 1-hour cumulative 3% saline intake under SCT antibody infusion. n = 7 and 6 mice in
the control and anti-SCT group, respectively. (E) Quantification of water and 3% saline intake during the 1-hour two-bottle test. SCT antibody decreased the saline intake.
Unpaired Student’s t test, t = 2.660, n = 7 and 6 mice in the control and anti-SCT group, respectively. (F) Schematic illustration of SCTR-Cre;ROSA-tdTomato double-
transgenic mice. (G to L) Representative confocal images of SCTR+ neurons in water and sodium homeostasis–related brain nuclei. Scale bars, 200 μm. (M) Quantification
of SCTR+ neurons across brain regions. n = 6mice. (N andO) Representative images ofmulticolored RNAscope showed thatmost of NTS-SCTR+ cells were Vglut2+ neurons.
Scale bars, 200 μm. n = 6 mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with significant difference. All data were presented as means ± SD.
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regardless of whether saline, KCl, water, or oil was used (Fig. 5, E to
G). However, Na-D mice showed remarkably decreased calcium ac-
tivities of NTS-SCTR+ neurons immediately after the first lick of
saline but not for other fluids (Fig. 5, H to J). The depression of
NTS-SCTR+ neurons after satisfying sodium appetite further sup-
ported their roles in eliciting sodium appetite.

NTS-SCTR+ neurons facilitated salt appetite via their
hypothalamic projections
After recognizing the activation of NTS-SCTR+ cells under sodium
deficiency, we next tested the necessity of those cells in eliciting salt
intake. First, the expression of SCTR was abolished by transfecting
AAV-hSyn-Cre-tdTomato into the NTS of SCTRfl/fl mice (Fig. 6, A
and B). The conditional knockout of SCTR suppressed saline intake
(Fig. 6, C and D), suggesting the participation of SCT-SCTR axis in
sodium appetite. Next, the role of NTS-SCTR+ cells was evaluated
by the cell ablation approach, in which AAV-DIO-Caspase3 was in-
fected into the NTS of SCTR-Cre mice (Fig. 6, E to G). The removal
of NTS-SCTR+ cells resulted in decreased saline intake under Na-D
(Fig. 6, H and I), suggesting their roles in facilitating sodium appe-
tite. To better characterize the behavioral relevance, the excitatory
chemogenetic receptor hM3Dq was expressed in the NTS of SCTR-

Cre mice under the DIO flanked sequence (Fig. 6J). The injection of
the receptor ligand clozapine N-oxide (CNO) elevated cFos activity
in NTS neurons even under Na-S conditions (Fig. 6K) and induced
saline intake (Fig. 6L) to produce salt preference (Fig. 6M), although
sodium is not physiologically required at this moment. On the other
hand, whenNTS-SCTR+ neurons were deactivated by the inhibitory
receptor hM4Di and CNO infusion (Fig. 6, N and O), the total
saline intake was repressed even under Na-D conditions (Fig. 6, P
and Q). These results collectively illustrated the indispensable role
of NTS-SCTR+ neurons in facilitating salt intake under Na-D.

To depict the real-time effect of NTS-SCTR+ cells during salt
intake, we further used an optogenetic approach by infecting
SCTR-Cre mice with AAV–DIO–channelrhodopsin-2 (ChR2) or
halorhodopsin-3.0 (NpHR3.0; Fig. 6, R and U), followed by a
two-bottle test with light stimulation via preimplanted optic fibers
(fig. S9A). The light activation of NTS-SCTR+ cells (fig. S9B) re-
markably enhanced saline intake (Fig. 6S) even under Na-S condi-
tions, without a remarkable effect on water drinking behaviors
(Fig. 6T). In a second assay using Na-Dmice that normally present-
ed strong sodium appetite, light inhibition of NTS-SCTR+ neurons
(fig. S9B) strongly inhibited saline drinking behaviors (Fig. 6V),
while leaving water intake unaffected (Fig. 6W). Furthermore,

Fig. 4. NTS neurons are activated by SCT under sodium deficiency. (A) Representative confocal images showing c-Fos expression in SCTR+ cells in dorsolateral NTS
(dlNTS) using SCTR-Cre;ROSA-tdTomato mice. Scale bars, 200 μm. (B) Quantification of c-Fos+ signals in SCTR+ neurons under normal conditions, Na-D, 128-ng IV-SCT
injection, or ICV-SCT injection. One-way ANOVA; F3,20 = 1.187. n = 6 mice in each group. (C) Sample images of electrophysiological recording in SCTR+ neurons. (D and E)
Quantification and representative spiking traces showing that SCT can activate SCTR+ cells in the dlNTS. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with
significant difference. All data were presented as means ± SD.
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Fig. 5. NTS-SCTR+ neurons presented neural activity associated with sodium appetite. (A and B) Schematic of fiber photometry recording under IV-SCT injection.
Scale bar, 200 μm. (C) Representative calcium peak image showing the effect of IV-SCT or PBS on NTS neuronal activities. A total of 7-min traces were recorded, including 2
min before and 5min after injection. n = 6 trials from six mice in each group. (D) Peak values of calcium transients were significantly elevated with SCT injection. Unpaired
Student’s t test, t = 7.586. n = 6 mice in each group. (E) Schematic of fiber photometry recording for water, NaCl, KCl, and oil intake under Na-S. (F) Heatmap of calcium
signal changes of NTS neurons. A total time of 10 s was recorded, including 5 s before and 5 s after licking behaviors. For each scenario, a total of 30 traces from six mice
were recorded and analyzed, and the signal strengths were averaged for each animal. (G) Quantification of area under the curve (AUC) of calcium signal showing that
neuron activities remained unchanged under Na-S. One-way ANOVA, F3,128 = 2.807. (H) Schematic of fiber photometry recording for water, NaCl, KCl, and oil intake under
Na-D. (I) Heatmap of calcium signal changes of NTS neurons. A total time of 10 s was recorded, including 5 s before and 5 s after licking behaviors. For each scenario, a total
of 34 traces from five mice were recorded and analyzed, and the signal strengths were averaged for each animal. (J) Quantification of AUC of showing that neuron
activities were depressed after saline intake under Na-D. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with significant difference. All data were presented
as means ± SD.
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light-stimulated facilitation or inhibition of saline intake was in-
stantly induced and was rapidly lifted when the light was
removed. In an alternative approach, the light activation of NTS-
SCTR+ neurons directed a conditional place preference for saline
chamber in Na-S mice (fig. S10). Since the heat rate rhythm was un-
affected by such light stimulation (fig. S11), these results supported

the involvement of NTS-SCTR+ neurons in specifically regulating
salt drinking behaviors.

Subsequently, we analyzed the anatomical features of these NTS-
SCTR+ cells in the context of sodium appetite regulation. As these
cells did not belong to previously established HSD2+ neurons
(Fig. 7, A and B) and did not innervate these HSD2+ cells (fig.
S12), we propose that they may have distinct circuitry connections.

Fig. 6. NTS-SCTR+ neurons are necessary
for driving salt intake. (A and B) Virus in-
jection into the NTS. Scale bar, 200 μm. (C
and D) Cumulative saline intake (C) and
total volume (D) in the NTS-SCTR KD under
Na-D. Two-way ANOVA, group factor
F1,11 = 18.43; unpaired Student’s t test,
t = 4.130. n = 7 mice in each group. (E to G)
Ablation of SCTR+ cells in the NTS. t = 4.593.
n = 6 mice in each group. Scale bars, 200
μm. (H and I) Cumulative saline intake (H)
and total volume (I) under NTS-SCTR+

neuron ablation. Two-way ANOVA, group
factor F1,16 = 101.1; unpaired Student’s t
test, t = 5.631. n = 6 and 7 mice in control
and DIO-Caspase 3 group, respectively. (J
and K) Chemogenetic activation of NTS-
SCTR+ neurons under Na-S. Scale bars, 200
μm. (L and M) Cumulative saline intake (L)
and total volume (M) after CNO injection.
Two-way ANOVA, group factor
F2,170 = 108.2; one-way ANOVA,
F2,17 = 7.553. n = 8, 6, and 8 mice in control,
DIO-3D + CNO, and DIO-3D group, respec-
tively. (N and O) Chemogenetic inhibition
of NTS-SCTR+ neurons under Na-D. Scale
bars, 200 μm. (P and Q) Cumulative saline
intake (P) and total volume (Q) after CNO
injection. Two-way ANOVA, group factor
F2,170 = 80.64; one-way ANOVA,
F2,17 = 1.135. n = 6, 7, and 6 mice in control,
DIO-4D + CNO, and DIO-4D group, respec-
tively. (R to T) Optogenetic activation of the
NTS-SCTR+ neurons under Na-S–triggered
saline (S) but not water (T) intake under Na-
S condition. Two-way ANOVA, group factor
F1,48 = 34.33; n = 9mice in each group. (U to
W) Optogenetic inhibition of the NTS-
SCTR+ neurons under Na-D–depressed
saline (V) but not water (W) intake under
Na-D conditions. Two-way ANOVA, group
factor F1,40 = 13.48; n = 6 mice in each
group. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001, with significant differ-
ence. All data were presented
as means ± SD.
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Using an anterograde transsynaptic strategy by co-infecting AAV-
DIO-TK and HSV-△TK or DIO-GFP into the NTS of SCTR-Cre
mice (Fig. 7C), we selectively traced the downstream target of NTS-
SCTR+ cells (Fig. 7D). These cells mainly project to PVH and CeA,
in addition to the limited terminus within the p-LC and PBN, and
no projection was found in the SFO or BNST (Fig. 7, E to K). As an
alternative approach, the axonal terminal fibers were labeled by
AAV-DIO-GFP (Fig. 7L), which further confirmed the projection
of NTS-SCTR+ neurons to PVH and CeA (Fig. 7, M to S). In

specific, NTS-SCTR+ cells selectively innervated MC4R+ neurons,
but no VP+ or OCT+ cells in PVH (fig. S13), implying its unique
physiological functions via downstream projections.

Last, we compared the modulatory effect of the
NTSSCTR+→PVH or CeA circuit on salt intake by local light activa-
tion or inhibition of the NTS-SCTR+ terminus during the two-
bottle assay (Fig. 8, A and B). Under Na-S conditions, light activa-
tion of the NTSSCTR+→PVH pathway rapidly potentiated saline
intake (Fig. 8C) but left the total water volume unchanged

Fig. 7. NTS-SCTR+ neurons preferentially project to PVH nuclei. (A) Representative RNAscope images showing that SCTR+ cells are not HSD2+ cells. Scale bars, 200 μm.
(B) Quantification of HSD2+ neurons showed their minimal overlapping with SCTR+ neurons in the NTS. n = 88 neurons from three mice. (C) Schematic diagram showing
the transsynaptic anterograde labeling. (D to J) Confocal images of DIO-ΔTK and HSV showing downstream nuclei from SCTR+ neurons in the NTS. Scale bars, 200 μm. (K)
Quantification of downstream nuclei from SCTR+ neurons in the NTS. Means ± SD. (L to R) Confocal images of DIO-GFP showing projecting terminus from SCTR+ neurons
in the NTS. Scale bars, 200 μm. (S) Quantification of fiber fluorescence of projecting terminus from SCTR+ neurons in the NTS. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001, with significant difference.
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Fig. 8. NTS-SCTR+ neurons specifically facilitate sodium appetite by projecting to PVH. (A and B) Schematic diagram of the optogenetic setup for activating NTS-
SCTR+ neuronal terminals in CeA or PVH. Scale bars, 200 μm. (C andD) Activating NTS-SCTR+ terminals in PVH, but not CeA, triggers sodium intake under Na-S conditions.
Two-way ANOVA, group factor F2,42 = 34.36; n = 5 in each group. (E and F) Optogenetic inhibition of NTS-SCTR+ terminals in PVH, but not CeA, abolished sodium intake in
Na-D mice. Two-way ANOVA, group factor F2,52 = 42.01; n = 5 in each group. (G) Representative RNAscope image showing that SCTR+ cells are not CCK+ cells. Scale bars,
200 μm. (H) Quantification of CCK+ neurons overlappingwith SCTR+ neurons in the NTS. n = 106 cells from 3mice. (I and J) Activating NTS-SCTR+ terminals in PVH, but not
CeA, induced the intake of 0.5%Na–containing food. A total of seven trials were extracted from fivemice. (K and L) Activating NTS-SCTR+ terminals in PVH and CeA did not
alter the intake of low-Na food. A total of seven trials were extracted from fivemice. (M) Activating NTS-SCTR+ terminals in PVH, but not CeA, triggers the intake of normal
diet, but not low-Na diet under Na-S. Two-way ANOVA, group factor F2,36 = 140.2; a total of seven trials were extracted from 5 mice. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001, with significant difference. All data were presented as means ± SD.
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(Fig. 8D). In Na-D mice, light inhibition of the PVH terminus
strongly abolished salt appetite (Fig. 8E) but did not affect water
intake (Fig. 8F). The manipulation of CeA, however, did not
change either saline or water intake in these animals (Fig. 8, C to
F). These results converged to support that the NTS SCTR+→PVH
pathway was necessary for eliciting salt intake via monosynaptic ex-
citatory transmission (fig. S14). Since cholecystokinin-positive
(CCK+) cells in the NTS also project to PVH to inhibit food
intake (37, 38), we further analyzed such possibly confounding
factors. The first piece of evidence came from the fact that only
minimal (3.9%) overlapping existed between SCTR+ and CCK+ in
NTS cells (Fig. 8, G and H). Second, the light activation of the
NTSSCTR+→PVH pathway triggered food intake toward normal
diet (Fig. 8, I and J) but not low-sodium chows under Na-D condi-
tions (Fig. 8, K to M). In summary, NTS-SCTR+ neurons promote
sodium intake but not the appetite for food or water, specifically via
their excitatory projections to PVH (fig. S15).

DISCUSSION
Sophisticated neural and endocrine pathways are critical for sodium
homeostasis, while the potential linkage between peripheral hor-
monal factors and neural circuits remains unclear. In this study,
we demonstrated a previously unrecognized pathway by which
colon SCT responds to sodium depletion and centrally facilitates
salt intake. Although the role of ANG II and aldosterone has been
appreciated in regulating salt homeostasis in renal tissues (6–8) and
in the brain (10, 11), our work provides a complete peripheral-
central axis in mediating salt homeostasis. Of note, because of the
relatively short half-life of circulating SCT (39), this neuropeptide
pathway confers higher flexibility to regulate salt appetite in re-
sponse to body sodium status.

Classical views agree that sodium intake is tightly mediated by
ANG II and aldosterone systems. In addition to the peripheral
effect in driving kidney sodium reabsorption in the renal distal
nephron via epithelial sodium channel (ENaC) (9), the ANG II
pathway also induces salt intake via an SFO→spBNST circuit
(10). Similar to ANG II, aldosterone in the brain can induce
sodium appetite (40, 41) via NTS-HSD2+ neurons that can
project to the p-LC (14), PBN (3), and BNST (1). The current
study, on the other hand, identified an NTS-SCTR+ neuronal sub-
population that is distinct fromHSD2+ cells in terms of unique pro-
jecting patterns. Moreover, since SCTR+ neurons did not connect
with HSD2+ cells, these two subpopulations of NTS neurons may
have distinct physiological functions. Our findings thus expand
the knowledge of the central homeostatic regulation of salt intake
and provide more targets for correcting body sodium imbalance.

As the regulatory center for vital physiological functions, NTS
regulates salt homeostasis due to its sensitivity to hormonal
factors and projections to different downstream targets (1, 3, 42).
In vitro autoradiographic SCT incubation showed that the NTS
had the highest SCT binding affinity (43), and SCT can depolarize
NTS neurons by activating a nonselective cationic conductance
(44). These results indicated possible roles of SCT in mediating
salt homeostasis within the NTS. Here, we generated an SCTR-
Cre;ROSA-tdTomato reporter line and reported the spatial expres-
sional profile of SCTR at single-cell resolution. The spNTS had the
highest SCTR expression level, followed by AP, while BNST, p-LC,
PBN, SFO, and PVH only showed limited SCTR expression. The

transcriptional pattern of SCTR among the major nuclei of salt ho-
meostasis indicated that NTS might be the primary target of SCT.
Consistent with a previous study (44), NTS-SCTR+ cells can be ac-
tivated by peripheral SCT to drive salt intake under Na-D. Further-
more, sodium intake was decreased in NTS-specific SCTR gene KD
mice, and manipulation of NTS-SCTR+ neurons could trigger
saline drinking episodes even in Na-S mice. These results highlight-
ed the central role of SCT in modulating NTS neurons to facilitate
sodium intake.

Two subpopulations of NTS neurons have been previously char-
acterized, including HSD2+ cells projecting to the p-LC, PBN, and
BNST and CCK+ neurons innervating CeA (37), PBN (45), and
PVH (38). In the current study, the major downstream targets of
SCTR+ cells were located in PVH and CeA, whereas optogenetic
manipulation showed that only the NTS→PVH pathway regulated
sodium intake but not food or water appetite. Previous studies have
shown that PVH plays a critical role in water and salt homeostasis,
as lesions of PVH result in the abortion of the water drinking re-
sponse (46), while CeA is related with licking behaviors (47).
PVH also receives projections from the circumventricular organs
(CVOs), leading to the release of vasopressin that can induce
water reabsorption (48). Moreover, PVH neurons represent the
primary source of oxytocin in the brain (49), and the central oxy-
tocinergic pathway inhibits sodium intake (50). The current model
in which PVH neurons receive signals from NTS-SCTR+ cells to
enhance sodium appetite provides further inputs for hypothalam-
ic-driven salt appetite.

As one GI hormone, SCT is more prominently recognized due to
its pleiotropic functions in the GI tract (51). In the small intestine,
SCT could bind to SCTR in the intestinal vagal afferents and trans-
mit signals to the hypothalamus to inhibit gastric acid secretion
(52). In duodenum, the classical function of SCT is to stimulate pan-
creatic secretion in a response to the incoming acid chyme (53). In
kidney, SCT was found to regulate renal water reabsorption (54).
The role of SCT in water and salt homeostasis has been investigated
in recent years. For example, SCT can trigger vasopressin release to
compensate for water loss (55) and to induce aldosterone release in
primary ZG cells (56, 57). ANG II–induced water drinking behavior
was attenuated in SCT or SCTR knockout mice (58). These studies
indicate that SCT is involved in water and salt homeostasis in pe-
ripheral tissues. Within the brain, widely distributed SCTR (59,
60) plus the BBB permeability of SCT (24, 61) converged to indicate
the potential role of peripheral SCT in centrally mediating water
and salt homeostasis, the latter of which has been demonstrated
in the current work. Nevertheless, our results did not exclude the
possibility of colon SCT mediating renal reabsorption of sodium
ions as previously recognized. Instead, SCT may have dual roles
consisting of neural regulation for salt intake and renal sodium
retention.

The mechanism by which colon tissue senses sodium levels and
releases SCT remains as an interesting issue. In mammals, sodium
channels in the tongue, kidney, and GI tract have dual functions,
including sodium sensing and absorption (62). Although multiple
segments of the digestive tract can absorb sodium ions (63, 64), the
increased SCT level is only observed in the colon under sodium de-
pletion. The molecular mechanism for SCT release in colon tissues
has not been completely resolved but may be related to the homeo-
static regulation of membrane sodium channels. It is known that
sodium imbalance leads to substantial changes in ENaC expression,
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which plays a vital role in sodium acquisition in the colon (62). Fur-
thermore, amiloride-induced blockage of the sodium channel leads
to elevated blood aldosterone, supporting the potential role of the
colon in sensing sodium level changes (65). Future studies can thus
be performed to investigate the dynamics and trafficking of sodium
channels in colon endocrine cells, to better correlate body sodium
levels and SCT release. Our results also have potential values in clin-
ical fields, as ileostomy patients showed chronic salt and water dis-
orders, together with low urinary sodium excretion, all of which are
similar to the mice after furosemide injection (66, 67). Such clinical
observations can be replicated in animal models, as previous studies
indicated that SCT expression increased within 24 hours after colec-
tomy and decreased significantly on day 14 in rats (68). Although no
direct evidence has been provided for the role of colon SCT in
sodium homeostasis in human patients, these studies did imply
its possible involvement. Further works can be performed to
explore the possibility of targeting SCT-SCTR for correcting
sodium imbalance in colectomy patients.

In summary, the current study demonstrated a gut-brain
pathway in which colon tissues respond to body sodium deficiency
to produce SCT, which enters the brain to stimulate salt intake via
an NTSSCTR+→PVH circuit. Our results provide more insights for
understanding the homeostatic control of sodium intake and
provide previously unidentified targets for correcting body
sodium imbalance.

MATERIALS AND METHODS
Experimental animals
Animal care and handling procedures were under the protocols ap-
proved by the Committee on the Use of Live Animals in Teaching
and Research (CULATR) of the University of Hong Kong and the
Ethics Committee of Experimental Animals of Jinan University.
Mice used for the behavioral test were at least 6 weeks old with
~20 g body weight. Both males and females were used in this
study. SCT−/− and SCTR−/− mice were generated by our group as
previously documented (31). The SCTR-Cre transgenic mouse line
was generated by inserting an IRES-iCre construct after the 14th
exon of SCTR coding region (fig. S3). C57BL/6N mice were pur-
chased from the University of Hong Kong. All mice were housed
in a temperature-controlled room with a 12:12-hour light-dark
cycle and were fed with water and low-sodium diet (0.01% Na,
D02051701, Research Diets Inc.) or standard rodent chow (0.4 to
0.6% Na; TestDiet, no.5881) ad libitum.

Stereotaxic injection
Micewere anesthetized with ketamine (100mg/kg) and xylazine (10
mg/kg), with removal of the hair by clipper and depilatory cream
(VEET), and were fixed in a stereotaxic instrument (RWD,
China) on a heating pad at 37°C. The scalp was incised to remove
the muscle on the occipital bone for exposing the surgical site. The
injection site was located, followed by muscle removal and micro-
drilling at the skull above. The coordinate of NTS was 7 mm along
the AP axis, ±0.5 mm on the medial-dorsal (ML) axis, and 4.95 mm
dorsal-ventral (DV) depth, with respect to bregma. Virus injection
was performed with glass pipettes (WPI, #504949) connected to a
nanoliter-volume injection pump with an intuitive SMARTouch
controller (WPI, USA) at 60 nl/min. A total of 150-nl viral dilution
was slowly injected into NTS. The glass pipette was placed in the

NTS for 5 min before retraction. Mice were housed for 7-day recov-
ery after surgery, and behavior tests were performed at 3 weeks
after surgery.

For anterograde tracing, 150 nl of AAV2/9-Ef1α-DIO-EGFP-2A-
TK-WPRE-pAwas injected into the NTS. Another dosage of 150 nl
of HSV-ΔTK-hUbC-tdTomato was injected into the NTS after 3
weeks. The mice were sacrificed 4 days later.

Vagotomy and intestinal viral injection
Mice were anesthetized with a mixture of ketamine and xylazine as
described and fixed. Peritoneum and skin were incised to the
exposed colon. Excision of the intestinal vague nerve is performed
with sterile cotton swabs to retract the liver, and two glass pipettes to
hold the esophagus and cut a 1- to 2-mm section off the intestinal
vague nerve, followed by single house treatment for recovery. For
viral transfection into colon tissues, a total of 100 μl of virus was
injected in five different positions in the colon using an insulin
needle. For each position, cotton swab was used for gently wiping
of colon tissue to remove the connective tissue. A fine-needle was
inserted horizontally into the colon which was hold by the forceps. .
The needle was visible before injection, and after injection, a bubble
could be found in the injection site. To validate the efficiency of va-
gotomy, intraperitoneal (IP) injection of WGA conjugated was
performed.

Optic fiber implantation and optogenetic manipulation
AAV-DIO-ChR2 and AAV-DIO-eNpHR3.0 were injected into NTS
of SCTR-Cre mice. Fiber implantation for optogenetic stimulation
was also performed 3 weeks after viral injection. In brief, the scalp
was incised, and the muscle was removed by forceps to expose the
skull. A microdrill was used to make a small hole, and a customized
optic fiber (1.25 mm diameter for optogenetic and 2.5 mm for fiber
photometry, ThinkerTech) was inserted. Dental cement and two
bone screw (RWD, China) were performed to fixation. Mice were
singly housed for 1-week recovery. The coordinates are as follows:
−7 mm (AP), 0 mm (ML), and −4.9 mm (DV) for NTS; −0.8 mm
(AP), 0.1 mm (ML), and −4.5 mm (DV) for PVH; and −1.45 mm
(AP), ±2.8 mm (ML), and −4.75 mm (DV). Mice were housed in an
acrylic cage 24 hours before the behavior test. For photo-inhibition,
after furosemide injection, no-sodium diet was provided for
24 hours.

Implantation of osmotic pump
Osmotic pump (2002W, RWD, China) with capsule carrying 200 μl
of SCT antibody (0.01 mg/ml; bs-0088R, Bioss, USA) was fixed
beneath the back skin. A plastic cannula was inserted into the ven-
tricle, and the osmotic pump was connected. Data were collected 1
week after recovery.

Two-bottle assay
A single dosage of furosemide (50 mg/kg) and 24-hour no-sodium
diet were applied to make sodium deficiency condition. Blood
serums were collected for measuring plasma Na+ assay with an
assay kit (E-BC-K207-S, Elabscience). All animals were pretrained
before formal experiments to be familiar with the water bottle. Mice
under Na-D condition need to have obvious licking behavior in 30
min after being accessible to the water and sodium bottle during
training. Mice were housed in acrylic boxes 1 day before the behav-
ior test. Na-D and Na-S mice were kept in an acrylic box for 1 hour
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with two bottles containing water and 3% NaCl, respectively. The
bottle consisted of a needle tubing in the end of a 2-ml pipette
with a clear scale to record the liquid layer. If there is air column
in the fore-end of the 2-ml pipette, the plunger rod was slowly
rotated until the column disappears. If there are too many air
bubbles in the 2-ml pipette and the bubbles are unmeasurable,
the data will be abandoned. The trails with many irregular
bubbles in the middle of the pipette that lead to inaccurate data
were not accounted for. The water and salt intake were continuously
monitored for 60 min. For ChR2-mediated photostimulation, mice
were freely accessible to water and 3% NaCl for 30 min, and laser
pulse was delivered from 10 to 20min. For eNpHR3.0-directed pho-
toinhibition, laser pulse was given during 0 to 5 min and 10 to
15 min.

Peripheral drug injection
IV injection of SCT (8, 32, and 128 ng) and SCT5-27 (1.5 μg) was
performed before two-bottle behavior tests. CNO (25mg/kg) was IP
injected 20 min before behavior test of chemo-genetics. For WGA
IP injection, 200 μg of WGA, Alexa Fluor 555 conjugate (W32464,
Thermo Fisher Scientific) was injected into each mouse, and the
mice were sacrificed 3 days later.

Ex vivo electrophysiological recording
SCTR-Cre;ROSA-tdTomato mice were anesthetized with isoflurane
and perfused with ice-cold artificial CSF (aCSF). VT1000S Vibra-
tome (Leica Microsystems, Wetzlar, Germany) was used for prepar-
ing coronal NTS slices (270 μm thickness), which were recovered in
an ice-cold, oxygenated (95% O2 and 5% CO2) aCSF (126 mM
NaCl; 2.5 mM KCl, 1.2 mM NaH2PO4, 10 mM glucose, 26 mM
NaHCO3, 2.4 mM CaCl2 and 1.2 mM MgCl2, and 295 mOsm, at
pH 7.4) bath. Warmed (~33.5°C) aCSF was used to incubate
brain slices for 25 min, and the slices were placed at room temper-
ature for recovery at 30 min before recording. Filamented borosili-
cate glass capillary tubes (inner diameter, 0.86 μm) were drawn by a
horizontal pipette puller (PC-100, Narishige) to make recoding
electrodes. With resistance ranging from 4.5 to 6 megohms, the pi-
pettes were filled with intracellular solution (135 mM K-gluconate,
5 mM KCl, 10 mM Hepes, 0.2 mM EGTA, 4 mM MgATP, 10 mM
Na2-phosphocreatine, and 0.3 mMNa3GTP; pH was adjusted to 7.4
with KOH).

To measure the effect of SCT on NTS-SCTR+ neuron, a depolar-
izing current (0.8-s stimulation for each trace from 0 to 80 pA) was
applied. Action potentials (APs) from one cell were recorded before
and 9 min after 400 nM SCT incubation. The membrane potential
was held at −60 mV.

To validate the efficiency of ChR2 or eNpHR3.0, whole-cell
current clamp recording was performed. The optic excitation
spikes were measured with 473-nm light pulses (20 Hz, 5-ms dura-
tion). The optic inhibition AP induced by eNpHR3.0 was recorded
by 594-nm light stimulation (20 mW, 1-s pulse duration).

Evoked postsynaptic currents were recorded by 473-nm light
stimulation (5-ms duration) at axonal terminals of NTS-SCTR+

neurons transfected with ChR2 in PVH. Brain slices were perfused
with tetrodotoxin (1 μM) followed by 4-aminopyridine (100 μM) to
confirm the monosynaptic connections from NTS-SCTR+ neurons
to PVH. The membrane potential was held at −65 mV during
recording.

Cell membrane potentials were recorded at 10 kHz, and traces
were low pass–filtered at 2 kHz. All recordings were performed
using a Multiclamp 700B amplifier (Molecular Devices, USA),
and light pulses were transmitted through digital commands from
Digidata 1550A. Series resistance (Rs) was kept within 25 megohms
and monitored throughout the experiments. The data were exclud-
ed when Rs changed >20% during recording. Clampfit 10.0 software
(Molecular Devices, USA) was used for data analysis.

In vivo fiber photometry
AAV2/9-hSyn-DIO-GCaMP6mwas transfected into NTS of SCTR-
Cre mice at 3 weeks before optic fiber implantation as described
above. During photometric recording, a dichroic mirror (Edmund
Optics) focused through an objective lens [20×; numerical aperture
(NA), 0.4; Olympus, Japan] was used to reflect light-emitting diode
(405-nm Lumileds, 470-nm LUXEON Rebel, and 572-nm
LUXEON Rebel). An optical fiber (200 nm outside diameter,
NA = 0.37) was used for guiding the light. The laser power was
maintained within 40 to 60 μW. The fluorescence signals from
the optical fiber were filtered (87753, Edmund Optics) and integrat-
ed by a photomultiplier tube (H10721, Hamamatsu). An amplifier
and a low-pass filter (35-Hz cutoff, ThinkerTech) converted the
photomultiplier tube current output to voltage. MATLAB-based
photometry software (ThinkerTech, China) was used for digitaliz-
ing the analog voltage signals at 100 Hz. Before the experiment, the
optic was bleached for at least 1 hour to avoid autofluorescence.
Mice were provided with low-sodium diet and housed in acrylic
cages 1 day before fiber recording.

Fluorescent staining
Mice were anesthetized and perfused with 30 ml of phosphate-buff-
ered saline (PBS), followed by 30 ml of 4% paraformaldehyde (PFA;
Biosharp, 71010900). The brains were kept in 4% PFA at 4°C over-
night, followed by 30% sucrose for 24 hours. The sample was em-
bedded in OCT (Sakura, 4583) for at most 1 week before sectioning.
For the immunofluorescence experiment, 30-μm brain sections
were incubated at 0.3% Triton X-100 in CAS-Block (Life Technol-
ogies, 2354658) for 2 hours. Sections were then incubated for 24
hours with primary antibodies diluted in blocking buffer with
0.3% Triton X-100: sheep anti-TPH (1:500, Millipore, AB1541), vi-
mentin XP rabbit monoclonal antibody (Alexa Fluor 48 conjugate)
(1:400, Cell Signaling, 9854), guinea pig anti–c-Fos (1:500, Synaptic
Systems, 226005), rabbit anti-MC4R (1:1000, Abcam, ab24233),
rabbit anti-oxytocin (1:10,000, Immunostar, AB_572258), rabbit
anti-vasopressin (1:1000, Millipore, AB1565), rabbit anti-
HSD11B2 (1:500, Proteintech, 14192-1-AP), rabbit anti-mcherry
antibody (DsRed) (1:500, Clontech, Mountain View, CA), and
anti-GFP antibody (1:500, Aves Labs, GFP-1020). Cells were
washed with PBS five times, and then sections were incubated in
secondary antibodies for 2 hours: donkey anti-sheep immunoglob-
ulin G (IgG) H&L (Alexa Fluor 488) (Abcam, ab150177), goat anti–
guinea pig IgG (H+L) highly cross-adsorbed secondary antibody,
Alexa Fluor 488 (Invitrogen, A-11073), Alexa Fluor 680 goat anti-
rabbit IgG (H+L) (1:500, Invitrogen, A21109), Alexa Fluor 594
donkey anti-rabbit IgG (H+L) (1:500, Invitrogen, A21207), and
Alexa Fluor 488 goat anti-chicken IgG (H+L) (1:500, Invitrogen,
A11039). Double staining of SCTR/c-Fos was performed by fluores-
cence in situ hybridization (FISH) following the manufacturer’s in-
structions of a PinpoRNA Multiplex Fluorescent RNA In Situ
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Hybridization kit (Pinpoease). Double staining of SCTR/Vglut2
and double staining of SCTR/HSD2, SCTR/tdtomato, and SCTR/
CCK were performed by FISH following the manufacturer’s in-
structions of RNAscope multiplex fluorescent V2 assay (ACD).

Real-time qPCR
The small intestine, duodenum, kidney, and colon tissues were in-
cubated in TRIzol and treated with an EZ-10 total RNAMini-Preps
kit (BBI, USA) overnight to isolate total RNA, which was reversely
transcribed into complementary DNA by a PrimeScript RT reagent
kit (Takara, Japan). TB green premix EX Taq II (Takara, Japan) was
used for quantitative reverse transcription PCR (qRT-PCR). The
peak of themelting curvewas used. ΔΔCq values after normalization
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
to calculate relative expression level. Primers for RT-PCR (Sangon,
China) include the following: Sct, AGACACTCAGACGGAATGT
TCA (forward) and CTGGTCCTCTAAGGGCTTGGA (reverse);
Gapdh, AGGTCGGTGTGAACGGATTTG (forward) and TGTAG
ACCATGTAGTTGAGGTCA (reverse); Tph1, TTCTGACCTGGA
CTTCTGCG (forward) and GGGGTCCCCATGTTTGTAGT
(reverse); Glp1, GGCACATTCACCAGCGACTAC (forward) and
CAATGGCGACTTCTTCTGGG (reverse); Aqp1, CAT
CACCTCCTCCCTAGTCG (forward) and GCACAGTACCAGCT
GCAGAG (reverse); Aqp3, GGGATTGTTTTTGGGCTGTA
(forward) and CAGAGGGATAGGTGGCAAAG (reverse); Aqp4,
CCTCATCTCCCTTTGCTTTG (forward) and GTGCACACCAT
GGCTACAGT (reverse); and Aqp8, CCATTCTCCATTGGCTTC
TC (forward) and CCAATGGAAGTCCCAGTAGC (reverse).

Enzyme-linked immunosorbent assay
Protein samples from the small intestine, duodenum, and colon
were ultrasonically homogenized in radioimmunoprecipitation
assay (RIPA) buffer containing protease inhibitor and phosphatase
inhibitors. Tissue lysates were treated by 2000g centrifugation at 4°C
for 12 min. The sample was kept at −80°C for further experiments.
An SCT (mouse) ELISA kit (Phoenix Pharmaceuticals, USA) was
used for quantification following the manual instruction. For CSF
SCT concentration, a 30-gauge needle was used to collect CSF from
the fourth ventricle. On average, 8 μl of CSF was collected from one
mouse, and seven mice were pooled as a sample before ELISA.

Conditional place preference
To test conditional place preference, a 10 cm × 25 cm acrylic box
was performed with two bottles containing 3% NaCl and water
on two sides. Before conditioning on day 1, each mouse was
placed separately in the acrylic box for 5 min, with free access to
both bottles. The conditioning place preference was recorded in
the next three continuous days. Light pulses (473 nm; 20 Hz, 5-
ms pulse duration) were delivered during 0 to 5 min. Data were an-
alyzed with behavior tracking software (TopScan).

Heart rate measurements
For ChR2 photostimulation, the heart rate of micewas continuously
measured using a pulse oximeter, and then the number of beats was
reported at 15-Hz intervals (MouseOxPlus Software; Starr Life
Science) for head-fixed mice. Heart rate values ranged from 500
to 700 beats per minute. The mice were habituated to the sensor
for at least 10 min. Light pulses (473 nm; 20 Hz, 5-ms pulse dura-
tion) were delivered during 10 to 70 s.

Statistical analysis
All data were shown as means ± SD. Prism 9.0 software (GraphPad
Software, La Jolla, USA) was used for data analysis and figure plot-
ting. Parametric datasets were compared using unpaired Student’s t
test. Mann-Whitney test was used for comparison between two
groups of nonparametric data. One-way analysis of variance
(ANOVA) and Kruskal-Wallis test were used for comparison
among more than two groups, under parametric or nonparametric
scenarios, respectively. Two-way ANOVA was adopted when two
independent variables were co-considered, followed by a Sidak
post hoc comparison.

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Table S1

View/request a protocol for this paper from Bio-protocol.
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