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Introduction
Obesity represents a major risk factor associated with diabetes, ischemic heart attacks, stroke, sleep apnea, 
and cancer (1, 2). Current pharmaceutical interventions are ineffective at maintaining weight loss and 
cause multiple side effects (3). Impaired satiety signaling in the gastrointestinal tract becomes important in 
initiating weight gain and obesity (4). Gut peptide hormones released in response to food intake and related 
satiety signals conducted by vagal afferent neurons have become potential targets for future therapeutic 
intervention (5, 6).

Gastrointestinal vagal afferents are important in controlling satiety and food intake (7, 8). Chemical 
contents of  food are detected by specialized cells in the gut that secrete peptide hormones, such as chole-
cystokinin (CCK), glucagon like peptide-1 (GLP1), and peptide tyrosine tyrosine (PYY). Obesity involves 
imbalanced vagal afferent anorexigenic and orexigenic signals (8). Sensitivity to anorexigenic vagal signals 
such as mechanical distention, leptin, PYY, GLP-1, and CCK is reduced. CCK is a major paracrine satiety 
hormone secreted after intake of  fat and protein (5, 7, 9). Its suppressive effect on food intake is reduced in 
obesity (10, 11). Administration of  CCK decreases meal size and increases meal duration (5, 7, 12, 13). Con-
versely, administration of  a CCK1 (CCKA) receptor antagonist decreases feelings of  fullness and increases 
meal size in humans (5, 14). Activation of  intestinal vagal afferents by CCK through CCK1 (CCKA) recep-
tor transduces the short-term satiety signal to the nucleus tractus solitarius (NTS) and hypothalamus to ter-
minate food intake and, in addition, increases metabolism and limits weight gain (15, 16). Recordings from 
vagal afferents indicate that both spontaneous and CCK-induced nerve activity is reduced in obese mice on a 
high-fat diet (HFD) (17). There is a decrease in neuronal excitability and the number of  neurons responding 
to CCK, but the ion channels involved in the activation of  these neurons have not been defined.

CCK activates G protein coupled CCK1 (CCKA) receptors, leading to activation of  phospholipase 
C/diacylglycerol/inositol-1,4,5-trisphosphate (PLC/DAG/IP3) signaling, an increase in intracellular 
Ca2+, and activation of  protein kinase C (PKC) (18–22). In HFD-induced obesity, CCK1 (CCKA) receptor 

The satiety effects and metabolic actions of cholecystokinin (CCK) have been recognized as 
potential therapeutic targets in obesity for decades. We identified a potentially novel Ca2+-activated 
chloride (Cl–) current (CaCC) that is induced by CCK in intestinal vagal afferents of nodose neurons. 
The CaCC subunit Anoctamin 2 (Ano2/TMEM16B) is the dominant contributor to this current. Its 
expression is reduced, as is CCK current activity in obese mice on a high-fat diet (HFD). Reduced 
expression of TMEM16B in the heterozygote KO of the channel in sensory neurons results in an 
obese phenotype with a loss of CCK sensitivity in intestinal nodose neurons, a loss of CCK-induced 
satiety, and metabolic changes, including decreased energy expenditure. The effect on energy 
expenditure is further supported by evidence in rats showing that CCK enhances sympathetic nerve 
activity and thermogenesis in brown adipose tissue, and these effects are abrogated by a HFD and 
vagotomy. Our findings reveal that Ano2/TMEM16B is a Ca2+-activated chloride channel in vagal 
afferents of nodose neurons and a major determinant of CCK-induced satiety, body weight control, 
and energy expenditure, making it a potential therapeutic target in obesity.
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expression and CCK levels are both increased (23–25), but paradoxically, the CCK-induced response is 
decreased (10, 11, 17). We investigated whether defects in ion channels induced by CCK in vagal afferent 
neurons contribute to this paradox.

Multiple K+ channels, transient receptor potential (TRP) channels, and cholinergic nicotinic receptors 
(nAchR) in adipose tissue and in the central as well as the peripheral sensory nervous system are involved 
in obesity (26). Increased TWIK-related acid-sensitive K+ (TASK) channel–mediated current contributes 
to HFD-induced vagal afferent dysfunction (27). Ion channels involved in CCK-induced responses include 
L-type voltage–dependent Ca2+ channels and TRP channels that contribute to the neuronal Ca2+ influx 
elicited by CCK (21, 28–30). ATP-sensitive potassium channel (KATP) and A-type K channels may also be 
involved in responses to CCK (31, 32).

Our goals were to (a) define the ionic current induced by CCK in nodose neurons; (b) determine wheth-
er the channel expression and its activity are reduced in intestinal nodose neurons of  mice fed HFD; and (c) 
characterize the phenotype in the heterozygote KO of  the channel.

Here, we report a calcium-activated Cl– current (CaCC) induced by CCK in intestinal nodose neurons. 
Ano2/TMEM16B (Anoctamin-2/Transmembrane member 16B) is the dominant subunit of  the channel con-
ducting this CaCC. We also investigated whether the expression of  this channel is reduced in obese mice 
fed a HFD. Finally, we knocked out 1 allele of  the Ano2 gene by crossing the floxed Ano2fl/fl mice with mice 
expressing Cre in nodose neurons driven by Nav1.8 promoter and measured weight gain, CCK responses, 
and other phenotypic characteristics of  the heterozygote mice.

Results

CCK induces a Cl– current in nodose ganglia neurons
CCK-8, a major form of  CCK in the proximal intestine (33), has been reported to induce activation of  sev-
eral cation channels in different tissues (21, 28–31). To test whether nodose neurons respond to CCK, we 
cultured the dissociated nodose ganglia (NG) neurons from mice and recorded the CCK-induced current 
using whole-cell patch-clamp. With a symmetrical concentration of  Cl– on both sides of  the membrane, 
extracellular application of  10 nM CCK-8 induced a large and sustained inward current (32.5 ± 6.1 pA/
pF, n = 15) that recovered after removing CCK (Figure 1A). The induction of  the current by CCK was dose 
dependent, with a significant current induced by a CCK concentration as low as 0.01 nM (Figure 1A).

We replaced intracellular Cl– ([Cl–]i) in the pipette solution with aspartate and reduced the [Cl–]i from 
133 mM to 4 mM. The CCK-induced inward current was eliminated (Figure 1B), indicating that the cur-
rent is likely caused by anion efflux of  Cl–. In confirmation, we measured the current-voltage relationship 
(I-V curve) and the reversal potential by lowering the extracellular Cl– ([Cl–]o) concentration from 133 mM 
to 68 mM and 4 mM. The reversal potential of  the CCK-induced current was ~ 0 mV, with equal concen-
tration of  Cl– on both sides of  the membrane, and gradually shifted to more positive voltage with 68 mM 
and 4 mM of  [Cl–]o. The plot of  the reversal potential showed a linear relationship with the logarithmic 
concentration of  [Cl–]o, which is consistent with the properties of  Cl– channels (Figure 1C).

The CCK-induced Cl– current is Ca2+ dependent. We tested the Ca2+ dependence of  this CCK-induced Cl– 
current (22, 34). [Ca2+]i was recorded using calcium imaging by loading nodose neurons with Fluo-4/AM. 
Application of  increasing concentrations of  CCK-8 from 0.1 nM to 1000 nM induced a dose-dependent 
increase in [Ca2+]i with an EC50 of  1.2 ± 0.5 nM and a plateau level at 10 nM of  CCK-8 (Figure 1D), which 
is consistent with previous reports (35, 36). Moreover, buffering [Ca2+]i with 10 mM of  the fast Ca2+ chelator 
BAPTA completely eliminated the CCK-8 induced current (Figure 1E), confirming its Ca2+ dependence.

TMEM16B is the major subunit of the CCK-induced Cl– channel in nodose neurons
Two subunits of  the Ca2+-activated Cl– channel (CaCC) family have been cloned, TMEM16A (Ano1) and 
TMEM16B (Ano2), with TMEM16A showing a 10-fold higher sensitivity to [Ca2+]i than TMEM16B (37). 
TMEM16A is activated by [Ca2+]i as low as 0.1 μM, whereas TMEM16B activation requires concentra-
tions higher than 1 μM (38, 39). To determine the relative sensitivity to [Ca2+]i in nodose neurons, we used 
excised inside-out patches exposed to a series of  intracellular Ca2+ concentration buffered by 1 mM EGTA 
and found that the Cl– channel responded only to [Ca2+]i higher than 1 μM (Figure 2A), supporting the 
dependence of  CCK-8–induced CaCC on TMEM16B rather than TMEM16A. We also found that the spe-
cific TMEM16A inhibitor T16Ainh-A01 (T16A) did not attenuate the CCK-8–induced response (Figure 2B).
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Niflumic acid (NFA) is a more potent CaCC inhibitor of  TMEM16A, with an inhibition of  ~90% of  
the TMEM16A current with 100 μM NFA (40) and only ~60% inhibition of  the TMEM16B current at 
300 μM (41). Our results confirm the necessity of  the higher concentration of  NFA (300 μM) in order to 
cause significant inhibition of  61.7% of  the CCK-induced current and further support the dominance of  
TMEM16B in this response (Figure 2C).

Effect of  shRNA on neuronal TMEM16 expression and CCK-induced current. To more directly determine the 
dominance of  TMEM16B in this response, we transduced nodose neurons with lentivirus carrying shRNA 
against TMEM16B and control virus with scrambled RNA. The vector also carried a puromycin-resistant 
gene, and nodose neurons were exposed 2 days later to 3 μg/ml of  puromycin to selectively favor the surviv-
al of  transduced neurons that would be resistant to puromycin. Control neurons transduced with scrambled 
shRNA sequences presented robust CCK-induced currents, whereas neurons transduced with TMEM16B 
shRNA showed a 79.8% decrease in CCK-induced current density (Figure 2D). The mRNA expression of  
TMEM16B measured by single cell quantitative PCR (qPCR) in individual neurons 2 days after transduc-
tion was reduced significantly in neurons transduced with shRNA compared with neurons transduced with 
scrambled sequences (P < 0.05; Figure 2E).

HFD suppresses CCK-8–induced CaCC and expression of TMEM16B in nodose neurons
CCK-induced satiety signaling and vagal afferent excitability are reduced with HFD-induced obesity, 
despite normal or high levels of  CCK (17, 24, 25, 42, 43). We investigated whether a defect in CCK recep-
tors and/or the CaCC channel account for this CCK insensitivity in HFD-induced obesity. C57BL/6 mice 
were fed a HFD with 60% of  calories from fat for 12–14 weeks, and control mice were fed normal chow 
with 18% of  calories from fat. Mice fed a HFD had a 31.4% greater increase in body weight compared with 
mice fed regular chow (Figure 3A). The age of  mice in these 2 groups was similar (21.0 ± 0.5 weeks in 
chow-fed mice and 20.6 ± 0.4 weeks in HFD mice). The HFD diet was started at 8 weeks of  age.

Expression of  CCK receptors and responses of  [Ca2+]i to CCK are preserved in nodose neurons of  mice on HFD. 
The level of  CCK1 (CCKA) receptor mRNA in NG from mice fed a HFD was 48% higher than in mice 
fed regular chow (P < 0.05), and the mRNA level of  CCK2 (CCKB) receptor was similar in the 2 groups 
(Figure 3B). The results are consistent with previous reports showing that CCK receptors are not decreased 
and may be increased in HFD-induced obesity (23).

Since an increase in [Ca2+]i is required for CCK-induced activation of  the CaCC channel, we tested 
whether the CCK-induced Ca2+ signal is reduced in nodose neurons of  obese mice fed a HFD. We found 
that the Δ[Ca2+]i in response to CCK over a wide dose range was not significantly different in nodose neu-
rons from mice fed a HFD vs. regular chow (Figure 3F), indicating that CCK insensitivity is caused by 
events downstream of  the CCK receptor and Ca2+ signal.

Expression of  TMEM16 subunits is reduced in NG of  mice on a HFD. In NG of  obese mice on a HFD, 
the mRNA levels of  CaCC subunit TMEM16A/Ano1 were decreased by 40%, and those of  TMEM-
16B/Ano2 subunit were decreased by 71% compared with control (Figure 3C). Immunostaining using 
specific antibodies also showed a marked reduction of  both TMEM16A and TMEM16B protein levels 
in NG in HFD-fed mice compared with control mice. The reduction is more obvious in Z-section and 
3-dimensional images (Figure 3, D and E).

Please refer to Supplemental Figure 4 (supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.122058DS1) for additional fluorescence images from different NG slices that 
confirm the reduction in TMEM16A and -B on HFD while the DAPI nuclear staining is preserved. Sup-
plemental Figure 5A demonstrates fluorescent nodose neurons in culture showing DAPI nuclear staining 
(blue), neurofilament light chain (NFL, green), Ano2/TMEM16B (red), and their merged image. In Supple-
mental Figure 5B, the localization of  TMEM16B to the neuronal cytoplasmic membrane is evident.

CCK-induced CaCC current is reduced in intestinal nodose neurons of  mice on HFD. We then investigated 
whether the reduction of  TMEM16B mRNA and protein in obese mice fed a HFD leads to a decrease in 
the CCK-induced current, specifically in intestinal nodose neurons. We labeled nodose neurons innervating 
the proximal intestine by injecting 1,1’-Dioctadecyl-3,3,3′,3’-tetramethylindocarbocyanine perchlorate (DiI) 
into the wall of  the jejunum and duodenum 2 weeks before culturing the neurons. Only neurons with strong 
red fluorescence were used for recording. The CCK-induced CaCC current was defined as the magnitude 
of  current inhibited by 300 μM NFA. This current was markedly reduced by 61% in neurons from mice on 
a HFD compared with neurons from mice on regular chow (Figure 3G). On the other hand, in another Cl– 
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Figure 1. CCK-8 induces a Cl‑ current in nodose neurons. (A) CCK-8 dose-dependently induces a large inward current 
with peak values at 32.5 ± 6.1, 17.1 ± 5.8, 12.0 ± 2.4, and 13.9 ± 2.8 pA/pF for 10, 1, 0.1 and 0.01 nM of CCK-8, respec-
tively (n = 7–15 neurons at each dose level from a total of 10 ganglia of 5 mice). (B) The CCK-8 (10 nM) induced current 
in individual neuron is reduced significantly (**P < 0.01) from 30.9 ± 8.3 (n = 11) to 2.5 ± 0.7 pA/pF (n = 13) (obtained 
from 6 ganglia of 3 mice), by reducing [Cl–]i from 133 to 4 mM. (C) The reversal potentials of CCK-8–induced currents 
obtained with 133 mM [Cl–]i shows a linear relationship with logarithmic concentration of [Cl–]o, which decreases 
from133 mM (black) to 68 mM (blue) and 4 mM (red). The corresponding reversal potentials are –3.0 ± 0.4, 4.9 ± 0.3, 
and 38.3 ± 4.9 mV (n = 3 neurons from 2 ganglia of 1 mouse). (D) CCK-8 induced a rapid dose-dependent increase in 
[Ca2+]i with a maximal response reached with 10 nM and an EC50 at 1.2 ± 0.5 nM (n = 17–34 neurons from 6 ganglia 
of 3 mice). (E) The CCK-induced current is eliminated (**P < 0.01) from 26.5 ± 6.4 (n = 7) to 1.0 ± 0.5 pA/pF (n = 4 
neurons from 4 ganglia of 2 mice), with 10 mM of the fast Ca2+ chelator BAPTA in the pipette solution. Throughout, 
data are presented as means ± SEM, unpaired 2-tailed Student’s t test (B and E). Each data point in A, B, and E 
represents an individual nodose neuron obtained from a total of 10 mice.
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channel, the hyposmolarity-induced volume-regulated anion current (SWELL1), which we had identified in 
nodose neurons (44), is also expressed in labeled intestinal neurons, but its activation is not reduced by HFD 
(Figure 3G), suggesting that reduction in CCK-induced CaCC current by HFD is selective.

Decreased TMEM16B mRNA expression and CCK-induced CaCC current in nodose neurons 
of heterozygote mice
To assess the functional contribution of  TMEM16B, we reduced its expression by knocking out 1 allele of  
Ano2 in NG neurons using a loxP-Cre conditional KO technique. The loxP site flanks either side of  exon 
12 in Ano2. The Ano2loxP (Ano2fl/fl) mice were bred with Cre mice expressing Cre-recombinase driven by the 
Nav1.8 promoter to generate Nav1.8Cre;Ano2fl/WT (heterozygote KO) mice with 1 allele of  Ano2 in primary 
afferent neurons (Ano2+/–). The littermate Cre-negative Ano2fl/WT mice were used as WT controls (Ano2+/+). 
Both control and Nav1.8Cre;Ano2fl/WT mice were born at Mendelian frequency and survived to adulthood.

The decrease of  Ano2 mRNA in nodose neurons of  Nav1.8Cre;Ano2fl/WT mice was tested using single cell 
qPCR. The Ano2 mRNA was 80% lower (P < 0.05) in nodose neurons of  Nav1.8Cre;Ano2fl/WT heterozygote 

Figure 2. The CCK-8 induced Ca2+-activated Cl– current is dependent on Ano2/TMEM16B subunit. (A) The dose 
response obtained using 1 excised inside-out patch showed that the Cl– channel is only activated by Ca2+ concentra-
tions higher than 1 μM. (B) TMEM16A specific inhibitor T16Ainh-A01 does not suppress the CCK-8–induced current (n = 8 
neurons from 4 ganglia of 2 mice, P > 0.05). (C) The CCK-8–induced current is reduced from 29.4 ± 5.6 to 17.9 ± 4.4 pA/
pF by 100 μM of NFA (n = 6 neurons from 4 ganglia of 2 mice, P > 0.05) but is significantly inhibited from 26.9 ± 4.7 
to 10.3 ± 2.1 pA/pF (n = 10 neurons from 6 ganglia of 3 mice, **P < 0.01) by 300 μM of NFA. (D) ShRNA against Ano2/
TMEM16B greatly reduced the CCK-8–induced current to 4.6 ± 1.3 from 22.8 ± 4.3 pA/pF in control neurons transduced 
with scrambled sequence (n = 5 and 7 neurons from 4 ganglia of 2 mice, *P < 0.05). (E) The shRNA reduced the relative 
mRNA expression of TMEM16B from 1.00 ± 0.30 in control to 0.13 ± 0.01 in shRNA transduced neurons (n = 19 and 12 
neurons from 4 ganglia of 2 mice in each group, *P < 0.05). The expression of puromycin acetyltransferase (PAC) as an 
indicator of transduction was similar in both groups (n = 28 neurons from 4 ganglia of 2 mice in each group, P > 0.05). 
Data are presented as means ± SEM, paired (B and C) or unpaired (D and E) 2-tailed Student’s t test; each data point in 
the panels represents 1 individual nodose neuron.
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Figure 3. HFD suppresses CCK-8 responses and Ano1 and Ano2 expression in intestinal nodose neurons. (A) The body weight of the C57BL/6 mice (n = 24) 
fed HFD was much greater (41.4 ± 0.9 g, at 20.6 ± 0.4 weeks) than control mice (n = 24) fed regular chow (28.4 ± 0.7 g, at 21.0 ± 0.5weeks, **P < 0.001). (B) 
The relative mRNA level of CCK1 receptor (CCKR[A]) in nodose ganglia from mice fed HFD is 1.54 ± 0.41-fold the level from the control group fed regular chow 
(1.06 ± 0.37, *P < 0.05). The level of CCK2 receptor (CCKR[B]) mRNA shows no significant difference between these 2 groups (P > 0.05; n = 6 ganglia from 
3 mice in each group). (C) The mRNA level of Ano1 is reduced from 1.01 ± 0.20 to 0.61 ± 0.09 fold (**P < 0.001), and the Ano2 level is decreased from 1.02 ± 
0.22 (n = 6) to 0.31 ± 0.07-fold (**P < 0.01) in ganglia from mice fed regular chow vs. HFD (n = 6 ganglia from 3 mice in each group). (D) The protein expression 
of both TMEM16A (green) and TMEM16B (red) are reduced in nodose ganglia from mice fed HFD compared with regular chow. (E) Quantitation showed the 
fluorescence intensity in mice fed control vs. HFD diet is 99.8 ± 13.8 vs. 41.4 ± 6.4 for TMEM16A and 51.9 ± 9.0 vs. 23.7 ± 4.7 AU for TMEM16B (n = 3–4 slices 
from 6 ganglia of 3 mice in each group, *P < 0.05 and **P < 0.01). (F) CCK-8–induced increases in [Ca2+]i are not different in labeled intestinal nodose neurons 
from mice fed HFD or regular chow (n = 3–5 neurons from 4 ganglia of 2 mice, P > 0.05). (G) The CCK-8–induced Ca2+-activated Cl– current (CaCC) in DiI-labeled 
nodose neurons innervating proximal intestine is attenuated from 32.0 ± 8.7 to 12.4 ± 3.3 pA/pF in mice fed regular chow vs. HFD, respectively (n = 7 and 10 
neurons from 4 ganglia of 2 mice, *P < 0.05). The osmolarity induced volume-regulated anion channel (VRAC) (SWELL/LRRC8) currents, which are inhibited 
by DCPIB; however, they show no difference between 2 groups (44.0 ± 3.9 vs. 47.7 ± 8.5 pA/pF in labeled nodose neurons from 8 ganglia of 4 mice fed regular 
chow vs. 4 ganglia of 2 mice fed HFD, respectively, P > 0.05). Each data point represents 1 individual nodose neuron. Data are presented as means ± SEM, 
unpaired 2-tailed Student’s t test.
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mice (Ano2+/–) compared with their Cre-negative Ano2fl/WT littermate controls (Ano2+/+). Similarly, the CCK- 
induced current was reduced by 53.6% (P < 0.05 in Ano2+/–; Figure 4A).

Increased weight gain in heterozygote mice
Body weight was measured over a 48-week period. Heterozygote Ano2+/– mice gained more weight than 
littermate controls (Ano2+/+). Average maximal body weight of  heterozygote (Ano2+/–) mice (41.9 ± 1.3 g, 
n = 14) was significantly greater than that of  WT littermate control mice (36.0 ± 1.5 g, n = 14, P < 0.0001; 
Figure 4B). Increases in body weight of  individual mice are reported in Supplemental Figure 1.

CCK-induced Short-term reduction in food intake is reversed in heterozygotes. Since CCK contributes to the sati-
ety signal in vagal afferents, we measured the effect of  CCK on food intake in heterozygotes and littermate 
control mice in metabolic cages after fasting them for 15.5 hours. Immediately at the end of  fasting and fol-
lowing i.p. injection of  either CCK-8 (3 μg/kg) or saline as control, each mouse was placed back in the cage 
with free access to food. The amount of  food intake was measured every 16 minutes for 4 hours thereafter.

Food intake during the 4 hours after fasting was increased significantly in WT (Ano2+/+ mice) given 
saline but was significantly less after CCK injection compared with saline injection (Figure 4C, left panel). 
Conversely, during the 4 hours following fasting the heterozygote (Ano2+/–) mice receiving saline had a 
much lower food intake than corresponding control (Ano2+/+) mice. Moreover, when injected with CCK-8, 
the heterozygote mice had a paradoxically greater increase in food intake during the 4 hours after fasting 
compared with control mice (Ano2+/+) injected with saline (Figure 4C).

Metabolic changes in heterozygotes. In addition to the greater increase in weight gain observed over a peri-
od of  48 weeks and reversal of  the response to CCK-8 with increased short-term food intake, there were 
other metabolic changes in heterozygote mice compared with control mice (Ano2+/+; Figure 5). The fat/
lean mass ratio was 0.27 ± 0.07 (n = 12) in control mice and 0.31 ± 0.05 (n = 14) in heterozygote mice. 
When the mean value in control Ano2+/+ mice was adjusted to exclude 2 outliers of  the 12 mice that had 
fat/lean mass ratios exceeding 3 SDs of  the mean of  the group, the new ratio of  0.17 ± 0.03 (n = 10) in 
Ano2+/+ was significantly reduced compared with that of  the heterozygote mice (Figure 5A, P < 0.05).

There were significant cumulative decreases (P < 0.0001) in energy expenditure (Figure 5C) and in loco-
motor activity (Figure 5D) in the heterozygote mice (Ano2+/–) compared with littermate controls (Ano2+/+) 
that would have contributed to their obesity (Figure 5B). There was also an improvement in glucose tol-
erance (P = 0.01) without a change in insulin tolerance in the heterozygote mice vs. control mice (Figure 
5, E and F). Supplemental Table 1 presents detailed analyses of  the variance of  changes described above.

Neurogenic contribution of CCK-8 to energy expenditure through activation  
of vagal afferents
The decreased energy expenditure observed in heterozygote mice suggests that the activation of  TMEM16B 
by CCK may also contribute to an increase in thermogenesis. Thus, in addition to CCK-induced satiety, the 
activation of  vagal afferents by CCK may trigger a reflex increase in sympathetic drive to brown adipose 
tissue (BAT). Such an effect would be abrogated by a HFD and vagotomy. Several studies in rats have iden-
tified the role of  intestinal vagal afferent neurons in the gut-brain axis regulation of  food intake. More spe-
cifically, the effect of  CCK on these afferents has been described in rats by Raybould and Taché as early as 
1988 and by others (45, 46). Since then, studies carried out also in rats have identified the effect of  duodenal 
lipid sensing, as well the effect of  glucagon-like peptide-1 released from enteroendocrine cells on nonshiv-
ering brown fat thermogenesis (47, 48). Work by our coauthor (CJM) (49, 50) indicates that, in rats, vagal 
afferent activity can regulate the effect of  cooling on BAT sympathetic nerve activity (SNA) and BAT ther-
mogenesis. Given the extensive background information on vagal afferent activation and thermogenesis 
in BAT that was done in rat models, and our past experience with that model, we used it to determine the 
effect of  CCK-8. It is important that the comparative pharmacology of  CCK-induced activation of  cultured 
vagal afferent nodose neurons from rats and mice indicates similar dose dependency, percent responders, 
and overlap between CCK and capsaicin responsiveness between the 2 species (36). This supports the valid-
ity of  our interpretation of  the metabolic effect of  CCK in mice in light of  the results obtained in rats.

To determine the role of  CCK-induced activation of  vagal afferents in the regulation of  energy metab-
olism, we measured SNA to BAT, BAT temperature (TBAT), and expired CO2 in anesthetized rats while skin 
temperature (TSKIN) was maintained (35.9°C ± 0.2°C; Figure 6). I.v. injections of  CCK-8 (0.5 and 5.0 μg/
kg) in rats fed regular chow produced significant increases in BAT SNA, TBAT, and expired CO2. With the 
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high dose of  CCK-8 (5 μg/kg), there were transient decreases followed by large and long-lasting (>20 min-
utes) dose-dependent increases in the 3 responses (Figures 6, A and D).

HFD and bilateral vagotomy each abrogate thermogenic responses to CCK-8. The CCK-induced increases 
in BAT SNA, TBAT, and expired CO2 (Figure 6, A and D) were completely abrogated in rats on a HFD 
(Figure 6, B and D). The responses on normal diet were dependent on vagal afferents, since after bilat-
eral vagotomy, CCK-8 failed to increase BAT SNA and TBAT, while the increase in expired CO2 was 
significantly reduced (Figure 6, C and D).

Discussion
The prevalence of  obesity and the challenge of  effective therapeutic interventions require an understanding 
of  fundamental mechanisms underlying obesity. Vagal intestinal afferents, with cell bodies located in the 
NG, sense gastrointestinal volume and nutrient content and generate a satiety signal to regulate energy 
homeostasis. With a paucity of  chemical receptors in stomach vagal afferents (51), nutrient contents are 
primarily detected by the proximal and distal intestines (51). Endocrine I cells located in the mucosa of  
intestine secrete CCK after intake of  protein, fat, and amino acids (52) to activate vagal afferents (15, 16, 
45, 53, 54) and regulate short-term food intake (5, 7, 9, 12, 13).

In this study, we report that the activation of  intestinal vagal afferents by the satiety signaling peptide 
CCK requires a potentially novel CaCC subunit, ANO2/TMEM16B. The relevance of  this channel to obe-
sity became compelling when we found that obese mice on a HFD have a decreased expression of  TME-
M16A and TMEM16B, both RNA and protein, in NG — as well as a markedly suppressed CCK-induced 
CaCC current in DiI-labeled intestinal nodose neurons (Figure 3).

Figure 4. Weight gain and CCK-8 responses of heterozygote TMEM16B-KO mice. (A) Conditional KO of Ano2/TMEM16B in Nav1.8Cre;Ano2
fl/WT (Ano2+/–) mice 

leads to a significant reduction of mRNA levels in individual nodose neurons compared with littermate controls (Ano2+/+), from 1.00 ± 0.28 to 0.20 ± 0.08 (n = 
24 and 10 neurons from 8 ganglia of 4 mice for each group, *P < 0.05). The CCK-induced current is significantly reduced from 21.1 ± 3.7 to 9.8 ± 1.8 pA/pF (n = 
10 and 8 neurons from 6 ganglia of 3 mice for Ano2+/+ and Ano2+/– groups, respectively, *P < 0.05). Unpaired Student’s t test. (B) The Ano2+/– mice gained more 
weight, with their maximal body weight averaging 41.9 ± 1.3 g (n = 14) vs. 36.0 ± 1.5 g in control mice (n = 14, P < 0.0001, 2-way ANOVA). (C) CCK-8 suppresses 
the cumulative 4-hour food intake following fasting significantly (n = 7) compared with saline (n = 5) in Ano2+/+ (left panel, P < 0.0001) but increases food 
intake in Ano2+/– mice (n = 7) compared with saline (n = 6; middle panel, P = 0.0030, 2-way ANOVA). The total 4-hour food intake (bar graph) decreases with 
CCK from 1.21 ± 0.11 to 0.77 ± 0.18 g (*P < 0.05, unpaired Student’s t test) in Ano2+/+ and increases from 0.63 ± 0.15 to 0.91 ± 0.13 g (P > 0.05, unpaired Student’s 
t test) in Ano2+/– mice. Data are presented as means ± SEM; each symbol represents individual nodose neurons in A and represents individual mice in C.
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Obese phenotype of the heterozygotes
To define the function of  TMEM16B, 1 allele of  the gene was knocked out in sensory neurons using 
Nav1.8Cre;Ano2fl/WT mice (Ano2+/–). Deletion of  TMEM16B expression caused a loss of  CCK-activated 
CaCC in nodose neurons and a heterozygote phenotype of  increased weight gain and obesity, reversal of  the 
CCK-induced satiety, and significant decreases in energy expenditure and locomotor activity, which likely 
contributed to weight gain. There was also an increase in fat/lean mass ratio, with some increase in glucose 
tolerance but without any change in respiratory exchange ratio or sleep time (Supplemental Figure 2).

Figure 5. Metabolic changes in Nav1.8 Cre;Ano2fl/WT 
(Ano2+/–) mice. (A) The percent body weight in Ano2+/+ vs. 
Ano2+/– mice is 15.6% ± 3.3% vs.18.4% ± 2.4% for fat mass, 
65.0% ± 2.6% vs.61.1% ± 1.8% for lean mass and 0.267 ± 
0.072 vs. 0.314 ± 0.048 for fat/lean mass ratio, respectively 
(Student’s t test, P > 0.05 for all). By excluding the 2 outliers 
of the 12 Ano2+/+ mice that had a percent fat mass that 
exceeded the mean by 3 SD, the calculated fat/lean mass 
ratio in this control (Ano2+/+) group decreased to 0.165 ± 
0.026, making the increase in fat/lean mass ratio in Ano2+/– 
mice significantly greater statistically (Student’s t test, P 
< 0.05). (B) Food intake in control vs. Ano2+/– mice is 1.08 
± 0.20 vs.0.75 ± 0.08 g (P > 0.05) in light phase and 1.88 ± 
0.14 g vs.1.84 ± 0.09 g (P > 0.05) in dark phase. The 24-hour 
cumulative food intake shows a significant decrease (right 
panel, P < 0.0001, 2-way ANOVA) mostly during the light 
phase and is associated with a decrease in locomotor activi-
ty. The dark phase (shaded) was between hours 6 p.m. and 6 
a.m. (C) The energy expenditure of Ano2+/– mice is reduced in 
light and dark phases. The cumulative energy expenditure in 
Ano2+/– mice is significantly lower as shown during the light 
phase (unshaded; P < 0.0001, 2-way ANOVA). (D) The loco-
motor activity of Ano2+/– mice is reduced in light and dark 
phases. The cumulative locomotor activity is decreased in 
Ano2+/– mice through the 24-hour period (P < 0.0001, 2-way 
ANOVA). (E) The glucose tolerance test shows significantly 
lower glucose levels in the Ano2+/– mice at 30, 60, and 120 
minutes after glucose injection (n = 12 mice in each group, P 
= 0.0103, 2-wayANOVA). (F) The insulin tolerance test shows 
no difference in glucose levels between control and Ano2+/– 
mice at 15, 60, and 120 minutes after insulin injection (n = 12 
for Ano2+/+ and 13 for Ano2+/– mice, P > 0.05, 2-way ANOVA). 
Data are means ± SEM. Each dot or circle represents 1 
mouse. Student’s t tests are applied in A and in the left and 
middle panels of B, C, and D; 2-way ANOVA are applied to 
right panels of B, C, and D. More values for locomotor activi-
ty, energy expenditure, and glucose and insulin tolerance are 
presented in Supplemental Table 1.
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Several aspects of  the obese phenotype of  heterozygote mice resulting from deletion of  Ano2/
TMEM16B from sensory afferents, and the fact that HFD decreases the expression of  that same chan-
nel TMEM16B from NG neurons, require further discussion. Our initial impression that a loss of  the 
CCK-mediated activation of  intestinal nodose vagal afferents that induce satiety is the cause of  obesity in 
the heterozygotes has limitations.

Contributions of  NG vs. DRG neurons. First, deletion of  TMEM16B with Nav1.8Cre targets not just NG 
neurons, but also neurons of  dorsal root ganglia (DRG) and trigeminal ganglia. Thus, to the extent that 
TMEM16B and CCK receptors are expressed in the 3 ganglia, the CCK-mediated response may not be 

Figure 6. CCK-8 induces thermogenesis in rats fed on control but not in rats fed HFD diet or rats with vagotomy. (A–C) The thermogenic responses of 
individual rats to 2 consecutive i.v. doses of CCK-8 (0.5 μg/kg and 5.0 μg/kg) recorded over a period of 50 minutes. The responses include 3 stimulatory 
effects of CCK, represented in each panel as increases in brown adipose tissue (BAT) sympathetic nerve activity (SNA root mean square [rms]) in the top 
tracing, BAT temperature (TBAT) in the middle, and expired carbon dioxide (Exp. CO2 %) in the lower tracing. (A) Pronounced dose-dependent increases in 
BAT SNA, TBAT, and Exp. CO2 in a rat on the control diet. (B) These responses are eliminated in a rat on the HFD. (C) These responses are eliminated in a 
vagotomized rat on the control diet. SNA amplitude, shown in red, was calculated as the rms value. The black scale bars to the right of the SNA tracings 
represent 20 μV in A, 100 μV in B, and 200 μV in C. (D) The 6 graphs in D show group data of the time course of the responses to each of the 2 doses of 
CCK over a 20-minute period. In each graph, the rats on the control diet (n = 6; filled circles) are compared with rats on the HFD (n = 5; open circles) and to 
vagotomized rats on the control diet (n = 5; filled triangles). Data are means ± SEM. Each symbol represents the mean value over 30 seconds. Student’s 
t tests were used to compare the 20-minute time point after each CCK injection between rats on the control diet and rats on the HFD. The pronounced 
increases in BAT SNA, TBAT, and Exp. CO2 seen with CCK-8 on the control diet were eliminated on the HFD (*P < 0.05). Similarly, vagotomy eliminated SNA and 
ΔTBAT and suppressed ΔExp. CO2 responses. 
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solely ascribed to nodose vagal afferents. To address that issue at least in part, we contrasted the mRNA 
expression of  CCK receptors and Ano1 and -2 subunits in DRG vs. NG. As demonstrated in Supplemental 
Figure 3, A and B, the expression of  Ano2, CCK1, and CCK2 receptors are significantly lower in DRG than 
in NG. Moreover, the magnitude of  the CCK-induced CaCC currents (Ano2/TMEM16B) is significantly 
less in DRG than NG. One might therefore attribute a greater extent of  the CCK-induced sensory activation 
to intestinal vagal afferents of  nodose neurons than DRG neurons.

Reversal of  satiety response. An unexpected finding is the reversal of  the CCK-8 satiety response in the 
heterozygote mice. To our surprise, CCK-8 receptor activation in the heterozygote mice not only failed to 
suppress food intake, as seen in littermate control mice, but caused a paradoxical increase in food intake 
and seemed to switch the long-term effects of  CCK from anorexigenic to orexigenic. The possibility of  a 
central action of  CCK-8 was considered, since CCK-8 has been reported to activate orexin/hypocretin neu-
rons through CCK1 (CCKA) receptors (55). Orexins have been implicated in regulating sleep/wakefulness 
and increases in food intake and locomotor activity when administered centrally to animals (56–58). Con-
flicting studies have reported that CCK suppressed food intake (59–61) as well as locomotor activity (62) 
when administered i.p. or intracerebroventricularly, making it difficult to define the central contribution.

An alternative to the central effect is the CCK-induced increase in [Ca2+]i in nodose neurons, which — in 
the absence of  TMEM16B— may open the Ca2+-activated potassium channel (IKCa2+). This activation causes 
hyperpolarization and suppression of  any tonic vagal afferent activity and, thus, would favor increased food 
intake. Such coactivation of  CaCC and IKCa2+ by carbamylcholine has been reported in isolated lacrimal 
gland cells (63). Thus, the enhanced food intake noted in the heterozygote mice might reflect sequential 
activation of  CCK1 (CCKA) receptors, an increase in [Ca2+]i, activation of  IKCa2+, and hyperpolarization of  
satiety-inducing vagal afferents. Supporting this theory is the finding that reversal of  the CCK satiety effect 
depends on activation of  the CCK receptor and is not seen in CCK1 (CCKA) receptor–KO male mice (60).

Vagal afferents, thermogenesis and energy expenditure
The metabolic response with decreased energy expenditure in heterozygote mice (Ano2+/–) raised the possi-
bility that CCK-induced vagal afferent activation of  TMEM16B may induce thermogenesis, which hereto-
fore has not been reported, to our knowledge. Several reports have indicated that CCK and vagal afferent 
activity can modulate thermogenesis in addition to food intake and satiety and, thus, define the magnitude 
of  energy expenditure and weight gain (48, 50, 64–67). Figure 6 demonstrates that i.v. CCK-8 (0.5 μg/Kg 
and 5.0 μg/Kg) infused over a period of  50 minutes significantly increases SNA in BAT in rats. This effect 
would complement the effect of  CCK on satiety with an increase in energy metabolism and thermogenesis 
in BAT (50). Since these responses were abrogated by vagotomy, we conclude that they were mediated by 
CCK-sensitive vagal afferents. Of  interest, CCK-sensitive vagal afferents are also activated by duodenal 
lipids that enhance BAT thermogenesis through activation of  CCK1 (CCKA) receptors (48).

The significant decrease in expression of  TMEM16B in NG and the loss of  CCK sensitivity of  mice 
fed a HFD highlights 2 effects that favor increased body weight. One is the decreased satiety response and 
unmasking of  an orexigenic effect of  CCK, as mentioned above. The second effect is the loss of  CCK-me-
diated activation of  vagal afferents, which abrogated increases in SNA and thermogenesis in BAT and 
decreased energy metabolism (Figure 6B) (50, 64). Taken together with our finding that heterozygote 
mice exhibit CCK insensitivity and decreased energy expenditure, our results suggest that activation of  
TMEM16B by CCK in vagal afferents may evoke the reflex increases in BAT SNA and thermogenesis. 
Impaired sympathetic activation during HFD intake and impaired thermogenesis in BAT are likely import-
ant contributors to weight gain in obese adult humans (65, 66). Even the decreased locomotor activity in 
heterozygote mice may be a consequence of  CCK insensitivity, as reported by Hirosue et al. (62), who 
show that CCK antagonists induced suppression of  locomotor activity in mice.

Decreased expression of  TMEM16 on HFD. In obese mice on a HFD, we found a significant decrease in 
expression of  TMEM16 in NG, which reduced CCK-induced firing of  intestinal afferents and satiety (17) 
despite significant increases in CCK levels and CCK1 (CCKA) receptors (23, 24, 68). The reason for the 
decreased expression of  TMEM16 on HFD is unclear. A consideration is that long- and short-chain fatty 
acids regulate gene expression in many mammalian cells and tissues (69). Long-term consumption of  a HFD 
in mice decreases expression of  peroxisome proliferator-activated receptors (PPARγ) in NG, and conditional 
KO of  PPARγ in NG neurons induces weight gain (67). Consequently, if  TMEM16 is regulated by PPARγ 
in nodose neurons, its suppression by a HFD would be expected as a result of  the decrease in PPARγ.
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We observed changes in baseline 24-hour cumulative food intake that appear to conflict with the 
CCK-induced food intake and pattern of  weight gain (Figure 5B). In the heterozygote mice that became 
obese, 24-hour food intake was reduced, whereas CCK administration enhanced food intake during the 
period of  4 hours following 15.5 hours of  food deprivation. CCK is a regulator of  short-term food intake, 
whereas the baseline 24-hour cumulative food intake obtained at the end of  the 48-week study reflects 
both short- and long-term control of  intake, as well as the effects of  changes in energy metabolism and 
locomotor activity. Moreover, the relative decline in 24-hour intake was evident during the light phase in 
heterozygote mice when their locomotor activity was markedly reduced.

Although we ascribe the weight gain phenotype to the decrease of  Ano2 expression in intestinal vagal 
afferents to nodose neurons specifically in response to CCK, we cannot exclude the effects of  CCK on cen-
tral orexigenic or anorexigenic central neurons. We also cannot exclude the potential effect of  Ano2 deletion 
in peripheral sensory neurons on response of  vagal afferents to other ligands, which regulate metabolism, 
heat generation, locomotor activity, and long-term 24-hour food intake.

Perspective
We have identified TMEM16B the anoctamin CaCC in intestinal vagal afferent neurons as the neu-
ronal sensor of  CCK-induced satiety. We suggest that it is a potentially novel regulator of  weight 
gain and its suppression by HFD contributes to obesity. Based on our findings, the Ano2/TMEM16B 
may serve as a new therapeutic target for obesity in the future. Therapeutic strategies targeting type 1 
CCK receptors (CCKR[A]) or enhancing CCK receptor sensitivity have not been successful (5). The 
doses of  such drugs used to cause weight loss are high and cause significant side effects. Our studies 
suggest that decreased expression of  CaCC channels downstream of  CCK receptors may serve as a 
rate-determining step to limit the response of  vagal afferents to those drugs. Future strategies should 
preferentially target CaCC channel expression to restore and enhance the impaired vagal afferent sens-
ing mechanism.

Methods

Animals, diet, body weight, and metabolic studies
C57BL/6 male mice (The Jackson Laboratory) were used unless otherwise indicated. All animals were 
euthanized according to NIH/American Physiological Society (APS) guidelines under anesthesia fol-
lowed by cervical dislocation after completion of  each protocol. Animals were housed in a 12:12-hour 
light-dark cycle with free access to food (regular chow, EVIGO 7913) consisting 18% calories from fat and 
23% from protein (3.1 kcal/g) and water ad libitum. Key resources that were used for all materials and 
animals are listed in the Supplemental Table 2.

Studies of  the effect of  HFD were done in male C57BL/6 mice (starting at 6–8 weeks of  age) fed a diet 
(D12492, Research Diets Inc.) consisting of  60% calories from fat and 20% from protein (5.24 kcal/g) for a 
total of  12–14 weeks. Control littermates were fed regular chow.

Studies on heterozygote TMEM16B Nav1.8Cre;Ano2fl/WT male mice (C57BL/6-129/Svj background) 
(Ano2+/–) and their littermate controls (Ano2+/+) were carried out over a period of  1 year. Body weight was 
recorded weekly. Animal care was supervised by veterinarians in our animal care facilities. Metabolic stud-
ies and monitoring of  food intake and activities with CCK-8 injection were done in facilities that included 
a Comprehensive Lab Animal Monitoring System (CLAMS).

The sample size for our animal experiments was estimated based on the variability of  the responses in 
our pilot experiments. We have used all living heterozygote mice and their littermate controls and did not 
exclude any mice to avoid bias.

Dissociation and culture of neurons
Thoracic DRG (thoracic vertebrae levels 10–13; T10-13) and NG neurons were cultured as described 
previously (44). Mice were anesthetized with 3%–5% isoflurane. NG and DRG were removed and 
digested with DMEM/F12 media containing 1% penicillin/streptomycin, 10 mM HEPES (all from 
Thermo Fisher Scientific), supplemented with DNAse (0.1 mg/ml), trypsin (1 mg/ml), and collage-
nase (1 mg/ml) (all from Worthington). DMEM media (Thermo Fisher Scientific) containing BSA (1 
mg/ml, RPI) was added after digestion. Cells were centrifuged and resuspended in culture medium 
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containing DMEM/F12, 10 mM HEPES, penicillin/streptomycin, and 10% fetal bovine serum (FBS, 
Thermo Fisher Scientific), and transferred to glass coverslips coated with poly-L-lysine (Thermo Fish-
er Scientific) and incubated at 37°C overnight.

DiI labeling of  intestinal neurons. Mice were anesthetized, and DiI (50 mg/ml; Molecular Probes) was 
injected into the submucosa of  the duodenal and jejunal intestine. Animals were euthanized 2–4 weeks 
after DiI labeling. DiI-labeled nodose neurons were cultured and identified using FITC filter set (excitation 
and emission wavelength [Ex/Em] 490/525 nm) on the microscope stage (Nikon).

Measurement of  ionic currents in nodose neurons. Currents of cultured nodose neurons were recorded using 
the whole-cell voltage-clamp technique, as described previously (44), using Axopatch 200B amplifier and 
pCLAMP 8 software (Axon Instruments). Pipette solution contained (mM): 121 KCl, 10 NaCl, 2 MgCl2, 10 
HEPES (all from RPI), 5 EGTA, 2 K2-ATP (Both from MilliporeSigma) (pH 7.2) adjusted with 1 M tetrameth-
ylphenyl-ammonium hydroxide (TMAOH, MilliporeSigma). Perfusion solution contained (mM):124 NaCl, 
5.4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 MES (MilliporeSigma), 5.5 glucose (RPI) (pH 7.4 and 7.0, 6.5, and 
6.0) adjusted with TMAOH. Current was measured with Clamfit 9.2 (Axon Instruments).

Calcium imaging. As described previously (70), neurons were loaded with 5 μM Fluo-4/AM (Invitrogen, 
Molecular Probes) for 30 minutes. Fluorescence images were obtained using a filter cube (c-FL HYQ FITC) 
with Ex/Em of  535 ± 50 nm and 480 ± 40 nm on an inverted fluorescence microscope (Nikon TE2000-U) 
with 10-ms exposure time and a 1- to 5-second sampling interval. The 12-bit digital cooled charge-coupled 
device (CCD) camera (Cool SNAP-cf, Photometrics) was used with the graphics control software package 
MetaMorph 6.1.3. Fluorescence intensity (F) was converted to [Ca2+]i in individual neurons using the equa-
tion: [Ca2+]i = Kd (F – Fmin)/(Fmax – F), where Kd = 345 is the dissociation constant (71).

Bath solution (pH 7.4) contained the following in mM: 136.9 NaCl, 5.4 KCl, 4.2 NaHCO3, 1.3 CaCl2, 
0.8 MgSO4, 0.4 NaH2PO4, 5.6 D-glucose, and 10 HEPES. CCK-8 (MilliporeSigma) 0.1 to 1000 nM was 
diluted in bath solution. Calcium ionophore, 20 μM ionomycin, and 2 mM EGTA (MilliporeSigma) were 
used to determine maximum and minimum fluorescent intensity (Fmax and Fmin).

Real-time PCR
Total RNA was extracted from mouse tissues using Trizol reagent (Invitrogen) and chloroform and treated 
with Ambion’s DNase Treatment Kit (Thermo Fisher Scientific) to remove possible DNA contamination. 
Total RNA was further purified by Rneasy Column Purification kit (Qiagen’s Rneasy Protocol). RNAs 
were reverse transcribed into cDNA using AffinityScript QPCR cDNA Synthesis Kit (Agilent Technolo-
gies). qPCR was performed using Brilliant SYBR Green QPCR Master Mix (Agilent Technologies) with 
ABI 7000 real-time PCR system (Conquer Scientific). Specific primers were purchased from Integrated 
DNA Technologies (IDT). Expression of  GAPDH was used to normalize measurements. Data were ana-
lyzed using the ΔΔCT method. Primer sequences used for real-time PCR are listed in Supplemental Table 3.

Single cell RT-PCR. Single cell reverse transcription PCR (RT-PCR) was performed as previously 
described (72). Individual cultured nodose neurons were aspirated into a glass microcapillary tube (~25 
μm) and lysed with 4.5 μl lysis buffer containing 0.3% IGEPAL CA-630 (I8896, MilliporeSigma), 150 
mM NaCl (Invitrogen), 10 mM Tris-HCl (Invitrogen), and 0.1% BSA (A8412, MilliporeSigma). RT-PCR 
was done as noted above, except that the threshold for positive mRNA expression was 50 instead of  40 
cycles. The RT-PCR product was validated by a single band on the gel and DNA sequencing analysis (Iowa 
Institute of  Human Genetics, Genomics Division, University of  Iowa). Primers used are: Ano2 forward, 
5′-CCA GAA TGC CTT CAC CAT GT-3′; Ano2 reverse, 5′-AAC CGC ATC TGG AGT CTC TT-3′; PAC 
forward, 5′-CTCGACATCGGCAAGGTGTG-3′; PAC reverse, 5′-GAACCGCTCAACTCGGCCAT-3′.

Immunohistochemistry
Anesthetized mice were perfused with ice-cold fixative (4% paraformaldehyde in phosphate buffered saline, 
PBS; Thermo Fisher Scientific). NG in OCT was rapidly frozen using liquid nitrogen and sliced into 10-μm 
sections. After treatment with primary antibodies (1:50) and secondary antibodies (1:200), slides were mount-
ed and images were taken with an inverted Bio-Rad 1024 laser scanning confocal microscope equipped with 
Argon lasers (488 and 514 nm) and helium-neon (543 nm) and analyzed using ImageJ (NIH)software.

Primary antibodies. Goat polyclonal anti-Ano1 (catalog sc-69343, lot E2714), which recognizes epitope 
amino acids 825–875 of  human Ano1, is validated by Sun et al. (73) in pulmonary artery protein lysates and 
several labs in other tissues (74–79). It shows a band of  approximately 114 kDa in Western blot.
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Rabbit polyclonal anti-Ano2 (catalog sc-292004, lot E2813), which recognizes amino acids 931–1003 
of  human Ano2, has been validated by Dibattista et al. (80) on HEK 293T cells transiently transfected with 
plasmids containing Ano2 cDNA. This antibody recognized Ano2 and showed no cross-reaction to Ano1.

Fluorescence conjugated secondary antibodies were donkey anti-goat (sc-2024) and mouse anti-rabbit 
(sc-3917) (both from Santa Cruz Biotechnology Inc. ).

Nav1.8Cre;Ano2fl/WT Mice. Ano2fl/fl mice (Ano2 , GenBank AC122284.5) with C57BL/6-129/Svj back-
ground were provided by Thomas J. Jentsch’s lab (Leibniz-Institut für Molekulare Pharmakologie [FMP]/
Max-Delbrück-Centrum für Molekulare Medizin [MDC], Berlin, Germany) (81). The Nav1.8Cre mice 
(Cre, EMBL X03453.1) were provided by John N. Wood’s lab (Wolfson Institute for Biomedical Research, 
University College London, United Kingdom) (82). These mice express Cre-recombinase in Nav1.8-posi-
tive sensory neurons such as NG, dorsal root ganglia, and trigeminal ganglia (83). The Ano2fl/fl mice were 
crossed with Nav1.8Cre mice to generate Nav1.8Cre;Ano2flox/WT mice. The genotype of  these mice was tested 
using PCR with primers: Cre forward, 5′-TGC CTG CAT TAC CGG TCG AT-3′; Cre reverse, 5′-ATC 
CGC CGC ATA ACC AGT GA-3′. The Ano2 was tested by primers: forward, 5′-GGA CAC CCC GTA 
CTT GAA GA-3′; reverse, 5′-AGC ACA ATG CAG ACC AAG TT-3′.

ShRNA transduction. The lentivirus carrying shRNA against TMEM16B (sc-154400-V, San-
ta Cruz Biotechnology Inc/) contained a mixture of  3 different shRNA plasmids. Hairpin sequence 
of  plasmid A is: 5′-GATCCGCATTGTACACGAGATTCTTTCAAGAGAAGAATCTCGTGTA-
CAATGCTTTTT-3′; plasmid B is: 5′-GATCCCAAGTTCTCCGTCATCATTTTCAAGAGAAAT-
GATGACGGAGAACTTGTTTTT-3′; plasmid C is: 5′-GATCCCATCCTAGCACCCATCTAATTCAA-
GAGATTAGATGGGTGCTAGGATGTTTTT-3′.

shRNA was transduced according to the protocol by Santa Cruz Biotechnology Inc. Cultured nodose 
neurons was treated with lentivirus containing shRNA or empty vector (~1000 MOI) for 6–7 hours. Trans-
duced neurons were selected with puromycin (3 μg/ml) 2 days after transduction. Reduction of  mRNA was 
tested with qPCR 2 days after application of  puromycin, and currents were recorded after 4–5 days. The 
concentration of  puromycin was determined by adding 0.5–10 μg/ml of  puromycin (44).

Comprehensive monitoring system
The Nav1.8Cre;Anofl/WT mice and their control littermates without Cre at 1 year of  age were housed in 
individual chambers of  the CLAMS (Columbus Instruments) for measurements of  energy expenditure, 
locomotor activity, indirect calorimetry, and 24-hour food intake (84). Mice were monitored continuously 
for 5 days. Data obtained at days 3–5 were used. Mice were fasted for 15.5 hours with free access to water 
between 4:30 p.m. and 8:00 a.m. They were then injected i.p. with either CCK (3 μg/kg body weight) or 
saline at 8:00 a.m. on day 5 and rehoused in CLAMS chambers with free access to food and water. Food 
intake was measured over the subsequent 4 hours.

Nuclear magnetic resonance (NMR). The body fat mass and lean mass ratios were assessed using NMR 
(Minispec LF50, Bruker) 1 week after the CLAMS study. Mice were placed in a polycarbonate restraint 
tube and scanned for a rapid analysis (approximately 1 minute).

Glucose and insulin tolerance tests. Glucose and insulin tolerance were tested 1 week after NMR study. Mice 
were fasted for 16 hours and then weighed and slightly sedated using 3% isoflurane. Tail blood was dropped 
on the test strip (catalog 1620911, Abbott Laboratories) of  the glucose meter (catalog CFGS293-M1652, 
Abbott Laboratories) to test the baseline glucose level (time 0). Mice were then injected i.p. with glucose (2 
g/kg body mass, 20% glucose, MilliporeSigma) (85). Glucose levels were measured 30, 60, and 120 minutes 
after injection.

One week after the glucose tolerance test, mice were fasted for 6 hours in the morning and then 
weighed, and baseline blood glucose level was measured. Mice were injected i.p. with insulin (0.75 × 10–3 
U/g body mass). Glucose levels were measured 15, 60, and 120 minutes after injection.

SNA and thermogenesis in BAT
Male Wistar rats (Charles River Laboratories) were housed at 22°C–23°C in a 12:12-hour light-dark cycle 
with free access to water and control diet (n = 11, 13% kcal from fat; Laboratory Rodent Diet 5001, Lab-
Diet.com) or HFD (n = 5, 45% kcal from fat; Research Diets, D1245) and were maintained for 53 ± 13 
days after their body weight reached 300 g. Rats were anesthetized with isoflurane  (Phoenix) (2%–3% 
in 100% O2) and the femoral artery, and vein and trachea were cannulated (60). Rats were then kept 
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anesthetized with urethane (750 mg/kg i.v.) and α-chloralose (60 mg/kg i.v.), artificially ventilated with 
oxygen, and paralyzed with d-tubocurarine. Expired CO2 was measured using a capnometer (CapStar 
100, CWE Inc.). TBAT, TSKIN, and core body temperature (TCORE) were measured via thermocouples in the 
interscapular BAT pad, on the hindquarter skin, and in the rectum, respectively. BAT SNA was recorded 
with bipolar hook electrodes, amplified (×10,000), filtered (1–300 Hz), and digitized to a hard drive (Spike 
2; Cambridge Electronic Design).

BAT SNA was quantified using Spike2 software. SNA amplitude was calculated as the square root of  
the total power in the 0.1–20 Hz frequency band (root mean square value) from the autospectra of  sequen-
tial 4-second segments of  BAT SNA. Values of  BAT SNA were normalized to a baseline level taken as the 
mean BAT SNA amplitude during a 2-minute period of  minimum BAT SNA recorded (TCORE and TSKIN > 
36.5˚C). Rats on the control diet were i.v. injected with CCK 0.5 μg/kg, and a second dose of  5 μg/kg was 
injected 20–30 minutes later (n = 6). A separate group of  rats (n = 5) with the same injection was vagoto-
mized bilaterally at the cervical level after tracheal cannulation.

Chemicals/solutions/drugs. NFA (MilliporeSigma, N0630) and T16Ainh-A01 (MilliporeSigma, 613551) 
were dissolved in DMSO. CCK-8 (MilliporeSigma, C2175, or Tocris Bioscience, 1166) was dissolved in 
water. BAPTA with 1 M concentration was dissolved in a pipette solution to 10 mM, and the pH was adjust-
ed to 7.25 using HCl. The osmolarity was measured after pH adjustment with a vapor pressure osmometer 
(Wescor). The extracellular free Ca2+ concentration was calculated according to the program MaxChelator 
(Stanford University, Stanford, California, USA).

Statistics. Data were presented as means ± SEM. Significance of responses was analyzed with 2-tailed 
Student’s t tests or 2-way ANOVA using Excel, GraphPad Prism6, and SYSTAT software. Values of P < 0.05 
were considered significant. In testing the effects of various pharmacological blockers, the CCK-8 responses 
with and without the blocker were obtained from the same nodose neurons and the differences were tested 
using paired Student’s t test.

Study approval. All animal maintenance and handling and experimental protocols were approved by the 
University of  Iowa IACUC or by the Oregon Health & Science University IACUC, as required. The ethical 
conduct in the care and use of  animals followed NIH/APS guidelines.
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