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SUMMARY

The suppressive effect of insulin on food intake has been documented for decades. However, whether in-
sulin signals can encode a certain type of nutrients to regulate nutrient-specific feeding behavior remains
elusive. Here, we show that in female Drosophila, a pair of dopaminergic neurons, tritocerebrum
1-dopaminergic neurons (T1-DANSs), are directly activated by a protein-intake-induced insulin signal from
insulin-producing cells (IPCs). Intriguingly, opto-activating IPCs elicits feeding inhibition for both protein
and sugar, while silencing T1-DANs blocks this inhibition only for protein food. Elevating insulin signaling
in T1-DANs or opto-activating these neurons is sufficient to mimic protein satiety. Furthermore, this signal
is conveyed to local neurons of the protocerebral bridge (PB-LNs) and specifically suppresses protein
intake. Therefore, our findings reveal that a brain-derived insulin signal encodes protein satiety and sup-
presses feeding behavior in a nutrient-specific manner, shedding light on the functional specificity of brain

insulin signals in regulating behaviors.

INTRODUCTION

Insulin is the most important postprandial signal for regulating
metabolic and physiological processes.’” Interestingly, after
the consumption of different types of macronutrients, insulin
levels are found to change in different manners. The circulating
insulin is greatly increased after the consumption of carbohy-
drates and protein® but not lipid,* while insulin levels in the
hypothalamus are increased upon carbohydrates intake,
decreased upon lipid intake, and unchanged upon protein
intake.>* These observations suggest that insulin signals dis-
criminatively respond to different types of macronutrients. In
addition to receiving peripheral insulin,>° the brain has also
been found to produce and release insulin, as well as insulin-
like growth factors (IGFs).””'° Notably, both the insulin receptor
(InR) and IGF receptors (IGFRs) are widely distributed in the brain
and can form hybrid receptors.'’*'? Moreover, both insulin and
IGF1 can bind to the InR and IGFRs with different affinities.'®™"°
Such complex organization of the ligand sources, receptors, and
crosstalk raises the speculation that instead of a general nutrition
state, different insulin signals in the brain may represent different
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types and/or levels of nutrients for precise metabolic and behav-
ioral regulation.

In the central nervous system (CNS), accumulating evidence
shows that the insulin signal participates in the regulation
of various innate'”'® and cognitive behaviors.'®?° Among
these regulations, the most prominent function of insulin is
reducing food intake. Since the 1970s, intraventricular or intra-
nasal administration of insulin has been found to significantly
decrease food intake in baboons, marmots, and rats.?’>*
Notably, such feeding suppression appears independent of
the metabolic regulation function of insulin.?' In agreement
with these insulin administration studies, whole-brain knockout
(KO) of the InR results in a significant increase in the food intake
of mice.?® Furthermore, conditional KO of the InR in the orectic
Agouti-related protein neurons also promotes feeding.?® Never-
theless, a recent study reported that activating insulin-express-
ing neurons in the hindbrain promotes feeding.?” In Drosophila,
most studies are in line with the notion that insulin signals are
anorexigenic,”®® whereas an orectic effect of insulin signaling
has also been reported.**° In the brain, insulin-producing
cells (IPCs) produce three types of Drosophila insulin-like
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peptides (DILPs), and intriguingly, the expression levels of them
vary with the duration of starvation in different ways.®” These
findings suggest that insulin signals possess complex function
in regulating feeding behavior, which relies on the specific neu-
ral circuits.

Out of the three macronutrients, protein elicits the strongest
satiety. Notably, protein consumption triggers a remarkable in-
crease in circulating insulin to a comparable level to that post-
sugar consumption.®**° Our earlier study implied that brain
insulin signaling is required for protein-intake induced feeding in-
hibition (PIFI) in adult female flies.“® To determine whether there
is an insulin signal representing protein-specific satiety, we
screened for potential downstream neurons in which insulin
signaling is responsible for PIFI. Remarkably, we found that a
single pair of dopaminergic neurons, tritocerebrum 1-dopami-
nergic neurons (T1-DANs), are necessary and sufficient to
respond to the insulin signal triggered by protein overeating,
thereby achieving protein-specific feeding inhibition within the
time window of a meal. Moreover, we delineated the down-
stream circuit of T1-DANs in the protocerebral bridge (PB),
where this protein satiety signal is integrated with protein food in-
formation for eliciting feeding suppression.

RESULTS

Insulin signaling in R67D01-labeled DANs is required for
PIFI

To study insulin signals in the regulation of PIFI, we knocked
down the InR using different Gal4 lines and subjected these
flies to the pre-feeding paradigm (Figure 1A). As shown in Fig-
ure 1B, pre-feeding of protein food (tryptone) suppressed
the following consumption of mixed food (normal food) in con-
trol flies; however, this suppression was abolished when the
INR was knocked down in R67D01-Gal4-labeled neurons
(R67D01-Ns). The statistical results showed that the suppres-
sion index of protein food (Sly) was significantly decreased in
these InR-knockdown (KD) flies compared with the two con-
trol groups (Figure 1C). In contrast, pre-feeding of sugar
food (sucrose) elicited a comparable suppression effect,
termed sugar-intake induced feeding inhibition (SIFI), in InR-
KD and control groups (Figure 1B), and the suppression index
of sugar food (Sls) was not decreased in these InR-KD flies
(Figure 1D).
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We further tested whether the insulin signal in R67D01-Ns is suf-
ficient to suppress food intake. As shown in Figures 1E and 1F, the
expression of the constitutively active form of InR (INR®4)*" in
R67D01-Ns resulted in a significant feeding suppression of normal
food in fasted flies. Moreover, these flies exhibited a significant
reduction in tryptone, but not sucrose, consumption (Figure 1F).
Together, these results indicate that R67D01-Ns include the neu-
rons that are responsible for the insulin-mediated PIFI effect.

We then examined the expression pattern of R67D01-Gal4 by
expressing membrane-GFP (mGFP). As shown in Figure 1G,
R67D01-Gal4 labels a number of neurons, among which IPCs
are the most apparent. The InR has been found to be expressed
in IPCs, and this insulin signaling feedback regulates the expres-
sion of DILPs.*? However, knocking down the InR in IPCs
affected neither PIFI nor SIFI (Figure S1A). In addition, we sup-
pressed the expression of InR-RNAi in IPCs using dilp2-LexA>
LexAop-Gal80 (Figure 1H); thus, the InR was knocked down in
the remaining R67D01-Ns. These flies displayed impaired PIFI
but normal SIFI, shown as a significant decrease in the Slt but
not the Slg (Figures 11 and 1J), which is similar to the flies with
InR KD in all R67D01-Ns (Figures 1A-1C). We further utilized
TH-Gal80 to block the Gal4 function in DANs (Figure 1K).
Notably, InR KD in the remaining R67D01-Ns showed no effect
on either PIFl or SIFI (Figures 1L-1M), indicating that the
R67D01-labeled DANs are required for PIFI.

T1-DANs are responsible for insulin-signal-mediated
feeding suppression

To find out which group of DANSs is responsible for mediating the
insulin signal to regulate PIFl, we examined several Gal4 fly
strains that label different groups of DANs. However, InR KD in
these DANs did not block the PIFI effect (Figure S1B). We then
searched for R67D01-DANs by performing immunostaining
against tyrosine hydroxylase (TH), and two groups of R67DO01
neurons were found to be TH positive. As shown in Figure S2A,
one pair of DANs locate close to the esophageal foramen
showing in the anterior view, and the other group of DANs locate
at the posterior dorsal region.

To obtain a restricted expression pattern of these DANs, we
utilized the split-Gal4 approach.*® We generated the R67D01-
p65AD transgenic fly and combined it with various Gal4DBD fly
strains labeling different subsets of DANs. Among these split-
Gal4 strains, we found that two of them, R67D01-p65AD;

Figure 1. Insulin signaling in R67D01-labeled DANSs is required for PIFI

(A) The diagram of pre-feeding paradigm. During pre-feeding, tryptone (T) was used as the protein food, sucrose (S) as the sugar food, and agar (A) as the no-pre-
feeding control. Normal food (NF) was used in the test.

(B-D) Knocking down InR in R67D01 neurons abolished the feeding inhibition effect induced by protein pre-feeding (PIFI) but not sugar pre-feeding (SIFI). The
suppression index of protein pre-feeding (Sly) in these INR-KD flies was significantly decreased (C), whereas that of sugar pre-feeding (Sls) was not impaired (D).
n=6-8.

(E and F) In hungry flies, expressing In in R67D01 neurons reduced food consumption of normal food and tryptone but not sucrose. n = 6-10.

(G) The expression pattern of R67D01-Gal4. Dots symbolize the R67D01-labeled neurons, and the red dot represents the insulin-responding neurons that are
required for PIFI.

(H-J) InR KD in R67D01®IPC neurons (with no expression in IPCs, H) abolished the PIFI effect (I). n = 6-12.

(K—-M) InR KD in R67D01®TH neurons (with no expression in DANs, K) did not affect the PIFI (L) or SIFI (M) effect. n = 8-12.

n represents the number of trials. Student’s t test for relative food consumption (RFC) in (B), (I), (J), (L), and (M). One-way ANOVA, Dunnett test for suppression
index (Sl) in (C), (D), (), (J), (L), and (M) and for RFC in (F). “p < 0.05, **p < 0.01, and **p < 0.001. n.s. indicates no statistical significance. The data are shown in
mean + SEM. Scale bar, 100 um.

See also Figure S1.

RCA

Cell Reports 43, 114282, June 25, 2024 3



¢? CellPress

OPEN ACCESS

Cell Reports

Figure 2. Insulin signaling in T1-DANs is
required for the PIFI effect

(A) The PIFI effect was significantly reduced in flies
with InR KD in T1-DANs using T1-Gal4. n = 12-18.
(B) InR KD in PPM3-DANSs did not affect PIFI effect.
n=6.

(C) INR KD in T1-DANSs by T1’-Gal4 suppressed the
PIFI effect. n = 7-10.
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her obtained an independent split-Gal4
fly strain, VT029577-p65AD;VT038817-
Gal4DBD, which specifically labels T1-
DANs, named T1’-Gal4 (Figures 2C and
S2H). Consistently, knocking down the
InR using T1'-Gal4 also significantly sup-

FHatch—>Temp‘ Food pressed the PIFI effect (Figure 2C).
Day 1 ) We then utilized the dominant-negative
Day 2 L form of InR (INR°™M*" as an alternative
approach to block insulin signaling. Con-
Day 3 3 sistent with the results obtained from
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TH-C-Gal4DBD and R67D01-p65AD;DAT-B-Gal4DBD, showed
apparent expression in the two types of R67D01-DANS, respec-
tively (Figures 2A and 2B, top, and S2B-S2G). According to the
position of cell bodies and the morphology of neural projection,
we recognized them as T1 and PPMS (protocerebral posterior
median 3) DANs and named them as T1-Gal4 and PPM3-Gal4,
respectively.
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Together, these results indicate that insu-

lin signaling in the T1-DANSs is required for
the PIFI and that elevating insulin signaling in the T1-DANSs is suf-
ficient to suppress feeding selectively for protein food.

T1-DANSs receive insulin signal directly from IPCs

We then examined whether T1-DANs were activated upon pro-
tein consumption using the CaMPARI approach.** As shown in
Figures 3A-3C and Table S1, the calcium levels (indicated by
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Figure 3. T1-DANs are activated by IPC-
derived insulin signals after protein con-
sumption

(A)The diagram of feeding treatment and photo-
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the photoconversion rate) were significantly increased after
30-min protein consumption, in comparison with that in the
agar group. In contrast, sugar consumption for 30 min did not
affect the calcium levels in the T1-DANs. Thus, T1-DANs are
selectively activated by protein feeding. To determine whether
protein intake triggers the release of DILPs, we utilized the
ELISA method.*® As shown in Figures 3D and 3E, the DILP2
levels in the hemolymph were significantly elevated after protein
consumption, but not after sugar consumption, in adult fe-
male flies.

In the Drosophila brain, DILP2 is generated by a group of
endocrine neurons, namely IPCs. To determine the spatial
relationship between T1-DANs and IPCs, we labeled T1-
DANs by expressing mGFP and IPCs by DILP2-HA immuno-
staining.”®> From the front view, the two neurons overlapped
in the cell body and projection areas of T1-DANSs, respectively
(Figure 3F1). By observing the 3D reconstructed image from
two angles, 45° and 90° (Figures 3F2 and 3F3), we found
that T1 projection is distant from the axon bundle of IPCs,
while the cell bodies of T1-DANs are adjacent to the IPC pro-
jection terminals (Figure 3G). Interestingly, we observed cellular
protrusions on the cell bodies of T1-DANs, appearing as filipo-
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image turns 45° (D2) or 90° (D3), only the cell
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region (arrowhead), which is enlarged in (E). Scale
bars, 50 um in (F) and 10 um in (G).
(H-J) Pharmacological activation of IPCs induced
a remarkable increase in calcium levels of T1-
DANSs, and this increase was abolished when in-
sulin signaling was blocked in T1-DANs. The cell
body region of one T1-DAN in each brain was
selected as the region of interest (ROIl). The num-
ber of brains: n = 10-12.
One-way ANOVA, Dunnett test in (C), (E), and (J).
& *p < 0.05, *p < 0.01, and *p < 0.001. n.s. in-
: dicates no statistical significance. The data are
shown in mean + SEM.
_1_ See also Figure S3 and Video S1.
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dia-like and lamellipodium-like structures
(Figure S3A; Video S1). Nevertheless, we
did not detect any reconstituted GRASP
signal®® between IPCs and T1-DANs
(Figures S3B and S3C). These results
suggested that T1-DANs receive insulin
signal through short-range paracrine rather than synaptic
transmission.

Next, we asked whether T1-DANs are directly activated by
IPCs. As shown in Figure 3H, P2X, was expressed in IPCs to
allow the pharmacological activation of these neurons by puffing
ATP,*"*8 and GCaMP7s was expressed in T1-DANSs for calcium
imaging. Tetrodotoxin (TTX) was added to the bath to block the
potential indirect activation of T1-DANs through other neurons.*®
The results showed that activating IPCs led to a fast and signif-
icant increase of the calcium signals in T1-DANs, while genetic
control groups lacking either the Gal4 or the P2X, displayed no
response (Figures 3l, 3J, and S3D-S3F). Moreover, this activa-
tion was abolished when the InR was knocked down in T1-
DANSs, indicating that T1-DANS receive the insulin signal directly
from IPCs.

Activation of T1-DANSs is necessary and sufficient for
PIFI

To determine whether the activation of T1-DANs is required
for PIFI, we utilized the optogenetic approach by expressing
GtACR2 in T1-DANs.°® The results showed that silencing
this single pair of T1-DANs completely blocked the PIFI effect,
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Figure 4. PIFl is abolished when T1-DANs are inhibited

(A) The diagram of optogenetic manipulation in the pre-feeding paradigm.

(B-E) Optogenetic silencing T1-DANs using T1-Gal4 (B and C) or T1’-Gal4 (D and E) abolished the PIFI effect but not the SIFI effect. n = 5-9. Student’s t test for
RFC. One-way ANOVA, Dunnett test for Sl.
(F and G) Opto-inhibiting T1-DANSs abolished the feeding inhibition induced by activating IPCs selectively for protein-containing foods, normal food (n = 5-7) and
tryptone (n = 6-9), but not for sucrose (n = 6-7). The same set of data was used for the first and seventh columns in all three groups of experiments. One-way

ANOVA, Dunnett test for the comparison within groups. See also Table S2 for two-way ANOVA comparison between groups.

n represents the number of trials. “o < 0.05, **p < 0.01, and ***p < 0.001. n.s. indicates no statistical significance. The data are shown in mean + SEM.
See also Figure S4 and Table S3.

whereas SIFl was unaffected (Figures 4A-4C, S4A, and S4B).
In contrast, silencing PPM3-DANs showed no influence on
PIFIl, and all these flies displayed normal PIFI compared to
their parental groups when the light was off (Figures S4C

6
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and S4E).

and S4D). We additionally used T1/-Gal4 to silence T1 neurons
and similarly found that the Sly was significantly decreased
in these flies, while SIFI was unaffected (Figures 4D, 4E,
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A B Tryptone Sucrose (o] Tryptone Sucrose Figure 5. Activation of T1-DANs suppresses
protein consumption
@ 2.0~ adidd 2.0 Ak (A-C) Optogenetic activation of T1-DANs using
. * %k %k * % % n.s. two Gal4 stains both suppressed food consump-
Sta(;\;aht)lon 1.5 - 1.5 - tion of tryptone but not sucrose. RFC, relative
Agar . . feeding consumption. n = 5-9 for tryptone and n =
%) 2° P 11-13 for sucrose in (B). n = 7-9 for tryptone and
l & 1.0 o3 & 1.0 . 3 n = 6-7 for sucrose in (C).
m . == .. o |l 12] |0 (D and E) In the two-choice assay, the choice ratio
0.5 : 0.5 5 of protein-containing food was significantly
Test oo o reduced when activating T1-DANs, while it was
(10min) 0.0 [?] 0.0 unchanged when PPM3-DANs were activated. n =
TIS ™ - + + T - + + - o+ o+ 511 o
CsChrimson + - + + - + CsChrimson + - + + - + (F and G) O;-atogenletlc‘ ac.t'vatpn of T1'DANS
reduced protein choice in flies with 24 h protein
deprivation. n = 10.

D E n represents the number of trials. One-way
M Slicross ANOVA, Dunnett test. *p < 0.05, “*p < 0.01, and
Starvation 1.0 0.5 0.0 0.5 1.0 *p < 0.001. n.s. indicates no statistical signifi-

(24h) L L 1L ! cance. The data are shown in mean + SEM.
Agar T1>+ n.s. | L .- |*** See also Figure S5.
l T1>CsChrimson «| : HE R - -
+>CsChrimson x| o He I***
!|! o PPM3>CsChrimson n.s.| - Hll ¥ [n.s.
(3?'::“) PPM3>+ -l i eo T1-DANs greatly reduced food consump-
vs S tion of protein but not sugar (Figures 5A-
5C), while the control groups with light-
OFF all showed normal food consumption
F M G Sucrose Tryptone (Figures S5A-S5C). In contrast, opto-acti-
Protein Deprivation 10 0.5 0.0 0.5 10 vating PPMS-DANS did not affect protein
(24h) i i I i i consumption (Figure S5D). In agreement,
Sucrose Ti>+ | T in the two-choice assay,”’ the preference
l p % for protein-containing food was signifi-
M +>CsChrimson ¢ :-UI _:-- %|% cantly decreased when T1-DANs were
. :l 5 activated, whereas it was unaffected
(3;‘:::n) T1>CsChrimson ""' ’ when PPM3-DANs were activated (Fig-
TvsS ures 5D and 5E). Moreover, activating

We then tested whether silencing T1-DANs was sufficient to
block the feeding inhibition induced by the insulin signal. As
shown in Figures 4F and 4G, opto-activating IPCs suppressed
the consumption of normal food in hungry flies. Remarkably,
silencing T1-DANs completely abolished this suppression,
although silencing T1-DANs alone did not affect the food intake
in hungry flies. We further repeated this set of experiments using
protein food and sugar food, respectively. The results showed
that activating IPCs induced significant feeding inhibition in
both types of foods, whereas silencing T1-DANs only blocked
the group using protein food but not sugar food (Figures 4G,
S4F, and S4G). We further performed a two-way ANOVA anal-
ysis. As shown in Table S2, in normal food and protein food ex-
periments, activating IPCs together with inhibiting T1-DANSs led
to similar results to inhibiting T1-DANs only, whereas in sugar
food experiments, activating IPCs together with inhibiting T1-
DANs led to similar results to activating IPCs only. Therefore,
these findings indicate that the pair of T1-DANs is one of the
IPC-downstream neurons and selectively responds to the pro-
tein-satiety-induced insulin signal.

The next question was whether activating T1-DANs was suffi-
cient to induce feeding inhibition. In fasted flies, opto-activating

T1-DANs also strongly suppressed the

protein preference in flies with protein
starvation for 24 h (Figures 5F, 5G, S5E, and S5F). Therefore,
activating T1-DANSs is sufficient to induce feeding inhibition spe-
cifically on protein-containing food.

T1-DANs convey the protein satiety signal to PB-LNs via
dopamine signal

To determine the downstream neural circuit of T1-DANs, we
expressed sytGFP to label the pre-synaptic sites of this pair
of neurons. As shown in Figure 6A, this pre-synaptic signal
was prominently localized in the projection terminals at the
PB. We then performed syb:GRASP® experiments between
T1-DANs and various types of PB neurons, including local neu-
rons (LNs), eb-pb-gall (EPG), pb-eb-no (PEN), and pb-fb-no
(PFN)**7° (Figure S6A). Strong GRASP signals were observed
between T1-DANs and PB-LNs (Figure S6B). In agreement,
we detected the postsynaptic DenMark signal of PB-LNs in
the PB region (Figure 6B). Using the syb:GRASP approach,®?
we further examined the synaptic activity of T1-DANs to PB-
LNs under different feeding conditions. Compared to the agar
group, the synaptic activity significantly increased after protein
consumption but not sugar consumption (Figure 6C). Therefore,
these findings indicate that T1-DANs form a direct and dense
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Figure 6. T1-DANSs function through dopaminergic activation of PB-LNs

(A and B) The pre-synaptic signals of T1-DANSs (A) and the postsynaptic sites of PB-LNs (B) are both concentrated in the brain region of PB. Scale bar, 50 um.
(C) The syb:GRASP signals between T1-DANs and PB-LNs increased after protein consumption. Scale bar, 50 um. The number of brains: n = 15-21.

(D-F) T1 activation induced a significant increase in calcium signals in PB-LNs. This induction was abolished when the antagonist of the dopamine D1-like
receptor SCH23390 was supplied. The projection region of PB-LNs was selected as the ROI. The number of brains: n = 9-11.

(G and H) Knocking down TH in T1-DANSs abolished PIFI effect. The number of trials: n = 5-10.

(I) KD of Dop1R2, but not Dop1R1 or D2R, in PB-LNs abolished PIFI effect. The number of trials: n = 6.

One-way ANOVA, Dunnett test in (C) and (F). Student’s t test for RFC in (G)—(l). One-way ANOVA, Dunnett test for SI. *p < 0.05, **p < 0.01, and ***p < 0.001. n.s.
indicates no statistical significance. The data are shown in mean + SEM.

See also Figure S6.
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} contains the protein nutrient.
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1 A l A A l Ak The insulin signal in the brain has long
1 1
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connection with PB-LNs and that the synaptic transmission is
enhanced specifically after protein intake.

We then tested for the functional connection between T1-
DANs and PB-LNs. As shown in Figures 6D-6F, S6C, and S6D,
activating T1-DANs using the ATP-P2X, system*’ triggered a
strong increase in calcium levels of PB-LNs in the presence of
TTX,* while genetic control groups lacking either Gal4 or P2X,
did not show any response. Moreover, this increase was abol-
ished when the dopamine D1-like receptor antagonist SCH
23390°° was added into the bath, suggesting that T1-DANs acti-
vate PB-LNs through excitatory dopaminergic transmission. In
the behavioral experiments, TH KD in T1-DANs resulted in defec-
tive PIFI (Figures 6G and 6H). Furthermore, knocking down the
dopamine receptor Dop1R2 in PB-LNs also lead to a significant
reduction in the Sl (Figure 6l). Collectively, these results indicate
that T1-DANs activate PB-LNs through Dop1R2 and that this
dopaminergic activation of PB-LNs is required for PIFI.

We further examined whether PB-LNs are required for PIFI us-
ing the optogenetic approach. Consistent with the results of in-
hibiting T1-DANSs, inhibiting PB-LNs strongly impaired PIFI, while
SIFI was not affected (Figures 7A and 7B). However, different
from activating T1-DANs, activating PB-LNs suppressed food
consumption of both protein and sugar (Figures 7C, 7D, S7A,
and S7B), suggesting that the information of protein-containing
food is included in PB-LNs. As the control, inhibiting or activating
these neurons did not affect the locomotion activity of flies
(Figures S7C and S7D). Taken together, our findings reveal
that the insulin signaling in T1-DANs represents high internal pro-

Drosophila, a brain-derived insulin signal

directly activates a single pair of dopami-

nergic neurons, T1-DANs, and inhibits
feeding through the downstream PB-LNs. Intriguingly, the insulin
signal underlying this neural circuit elicits the suppressive effect
on feeding only for protein food (Figure 7E). Therefore, we pro-
pose that insulin signals in the brain can encode satiety informa-
tion in a nutrient-specific manner and precisely regulate feeding
behavior.

Insulin signals in the brain play nutrient-specific roles in
food satiation

Insulin is an ancient and conserved hormone serving as an
important nutrient signal in regulating systematic development,
metabolism, and behaviors.?°® In mammals, insulin levels
change differentially after the consumption of different types of
macronutrients.>“ In Drosophila, almost all known satiety signals
are found to induce the release of DILPs or the activation of
IPCs.3%4064°57 ntriguingly, the expression and/or release of
DILPs is also found to be differentially regulated. For example,
an earlier study showed that DILP2 is released in response to
protein consumption, while DILP3 is released upon sugar con-
sumption.®® In addition, allatostatin A (AstA) is a satiety peptide
selectively for carbohydrates, and silencing AstA neurons leads
to an increase in DILP2 expression but a decrease in DILP3
expression.®® Such differential regulation has also been found
in studies of another two satiety factors, leucokinin (LK)"® and
Drosophila tackykinin (DTK).”" Collectively, these studies sug-
gest that the insulin system serves as the hub for food satiation
of various nutrients, and the differential regulation of insulin pep-
tides implies that the information of nutrient type is encoded in
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the insulin system by different insulin/IGFs/ILPs, different insulin
releasing cells, and/or different downstream circuits.

Although these insulin signals mentioned above appear to be
nutrient specific, it has not been determined whether they partic-
ipate in feeding regulation, let alone whether they regulate
feeding in a nutrient-specific manner. Our study presented
here shows that activating IPCs suppresses both protein and
sugar intake, whereas silencing T1-DANs or PB-LNs blocks
this feeding suppression only for protein food. These findings
demonstrate that the insulin system mediates satiety signals of
more than one type of nutrient and achieves nutrient-specific
feeding regulation through specific downstream neural circuits.
Intriguingly, a study in human and mouse demonstrated that in-
sulin is secreted in response to the perfusion of amino acids
(AAs) in fetal pancreas islets but to glucose in adult islets,”” sug-
gesting that the nutrient coding of the insulin system may
dynamically change along development. Moreover, the DILP2
release was observed after protein feeding in adult female but
not male flies, ® implying a sexually dimorphic regulation of insu-
lin signals. Future studies focusing on the diverse information en-
coded by brain-derived insulin signals will deepen the under-
standing of the CNS insulin system.

Nutrient sensing of internal protein levels and its roles in
feeding regulation

As one of the macronutrients, protein is vital for animal develop-
ment, health, and reproduction. To maintain the internal protein
levels in the physiological range, both deficient and excess protein
levels need to be monitored. General control nonderepressible 2
(GCN2) kinase can bind to uncharged tRNA and is activated
when essential AAs (EAAs) are deficient.”*’* At the behavioral
level, GCN2 mutant mice exhibit a defect in the aversive response
to EAA-imbalanced food.”>”® In Drosophila larvae, the GCN2
signal functions in DL1-DANSs to reject EAA-imbalanced food.””
In adult flies, deficient EAAs increase the neural activity of WED-
DANs, which are responsible for inducing feeding of protein
food.”® A recent study report that flies can sense the deficiency
of a single type of AA, leucine, through the Sestrin-mTOR
pathway.”® In addition to the direct sensing in the brain, a gut pep-
tide CNMamide (CNMa) indicates the low levels of EAAs in the gut
and promotes protein feeding.®° These signals monitor the lack of
EAAs in the brain and gut for promoting consumption of more or
better-balanced protein food.

For protein-specific satiety sensing, our previous work re-
ported that a fat-body-expressed peptide, FIT, regulates PIFI
through the insulin signaling.”® In addition, two gut peptide
hormones, diuretic hormone 31 (Dh31)®" and CCHamidet
(CCHa1),?? also selectively respond to protein consumption
and trigger the switch from feeding to courtship and promote
sleep, respectively. Based on the experimental setting, we sus-
pect that Dh31 functions when the gut protein levels reach the
lower boundary of the physiological range, CCHa1 functions
when protein levels are high within the physiological range,
and FIT functions when protein levels exceed the high boundary
of the physiological range. Similar to FIT, the neural circuit of T1-
DANs to PB-LNs identified in this study is related to insulin
signaling and required for PIFIl. Therefore, we propose that this
circuit functions also when protein levels exceed the high bound-
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ary of the physiological range. Such nutrient-specific feeding in-
hibition enables effective and efficient protection from protein
overeating.

T1-DAN-mediated protein satiety signal is subjected to
further integration in PB

Our behavioral results show that silencing T1-DANs selectively
blocks PIFI but not SIFI, and consistently, PB-LN silencing
leads to the same results. These results indicate that the T1-
PB pathway is specific for controlling overeating of protein but
not sugar. However, different results were found when activating
these neurons. Activating T1-DANSs still selectively suppresses
protein intake, whereas activating PB-LNs suppresses con-
sumption of both protein and sugar foods. The loss of nutrient
specificity in PB-LNs suggests that in addition to T1 input, other
nutrient information is taken into account, presumably the exis-
tence of the protein nutrient in the food. PB-LNs exert an inhibi-
tory role on feeding only when both the protein satiety signal
(mediated by T1-DANs) and the protein-containing food signal
(through an unknown pathway) are present.

PB is a component of the central complex (CC), which is the
hub for behavioral regulation in adult fly. A recent study reported
that another component of the CC, the fan-shaped body (FB),
plays an essential role in sugar sensing and feeding prefer-
ence.®® Thus, the nutrient information of protein and sugar are
processed separately in the CC. There are multiple types of neu-
rons linking different parts of the CC, e.g., the PFN and pb-fb-
idfp (PFI) linking FB and PB,** raising the possibility of further
integration of these two types of nutrient signals. The CC plays
various roles in behavior regulation, including locomotion, navi-
gation, sleep, and social behavior.>*#*8" The protein satiety
signal may also participate in the modulation of these behaviors.
Further investigations on its roles in these behaviors will deepen
our understanding of how nutrient signals coordinately regulate
multiple behavior modules.

Limitations of the study

Our findings in this study uncover that the T1-PB circuit, as one of
the downstream of IPCs, selectively adopts the insulin-mediated
protein-specific satiety signal. However, it remains undetermined
whether there is another downstream circuit that selectively
adopts the sugar-specific satiety signal. It would be intriguing to
know how, in response to food intake of different types of nutri-
ents, regulatory signals stimulate IPCs in different ways, how
DILPs in the IPCs encode different nutrient-specific satiety, and
how different downstream circuits selectively adopt these signals.
In addition, we speculate that in addition to the T1-mediated pro-
tein satiety signal, a signal representing protein food is required to
activate PB-LNs and elicit feeding inhibition. It would be valuable
to find out the neural input of this food nutrient signal and the cir-
cuit mechanism for integrating these two signals.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-TH (dilution 1:200) Millipole Cat#AB152; RRID: AB_390204
Mouse anti-HA (dilution 1:1000) ABclonal Cat#AEO008; RRID: AB_2770404
Goat-anti-rabbit 633 (dilution 1:1000) Invitrogen Cat#A-21071; RRID: AB_141419
Goat-anti-mouse (dilution 1:1000) Invitrogen Cat#A-21052; RRID: AB_2535719
Mouse anti-Flag (dilution 1:400) ABclonal Cat#AEQ05,

Rabbit anti-HA (dilution 1:10000)

Cell signaling

RRID: AB_2770401
Cat#3724S, RRID:AB_1549585

Rabbit-HRP (dilution 1:1000). CWhbio Cat#cw0103s, RRID:AB_2814709
Chemicals, peptides, and recombinant proteins

Agar (w/v 1%) Solarbio A8190
Tryptone (w/v 1.7%) OXOID LPO042
Sucrose (W/v 10%) Sinopharm Chemical Reagent 10021418
Brilliant blue Care N/A
Sulforhodamine B sigma 341738
all-trans-retina (ATR) sigma R2500
ATP (2.5 mM) Merck A1852
TTX (1 uM) TaiZhou KangTe N/A
SCH 23390 hydrochloride (100 pM) TOCRIS 0925
Alexa Fluor 568 hydeazide Invitrogen A10441
PFA EMS 157-8
PBS Sangon Biotech B548117
GS Gibco 16210-072
Triton X-100 Merck 11869
DMSO (10 mM) sigma D8418
Experimental models: Organisms/strains

UAS-TH-miR#G Xie et al.® N/A
UAS-Dop1R1-miR Xie et al.?® N/A
UAS-Dop1R2-miR Xie et al.®® N/A
TH-C-Gal4DBD Xie et al.®? N/A
DAT-B-Gal4DBD Xie et al.® N/A
R55C01-Gal4DBD Xie et al.® N/A
R60C07-Gal4DBD Xie et al.® N/A
R76F01-Gal4DBD Xie et al.® N/A
R76F05-Gal4DBD Xie et al.®” N/A
TH-Gal80 Berry et al.®° N/A
dilp2-LexA Li and Gong.*" N/A
ilp2', gd2HF Park et al.*® N/A
w78 Bloomington Drosophila Stock Center (BDSC) 5905
R67D01-Gal4 Bloomington Drosophila Stock Center (BDSC) 39412
VT029577-p65AD; VT038817-Gal4DBD Bloomington Drosophila Stock Center (BDSC) 86626
R55G08-Gal4 Bloomington Drosophila Stock Center (BDSC) 50422
R52B01-Gal4 Bloomington Drosophila Stock Center (BDSC) 38820
R60D05-Gal4 Bloomington Drosophila Stock Center (BDSC) 39247

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
R37F06-Gal4 Bloomington Drosophila Stock Center (BDSC) 49962
R55G08-LexA Bloomington Drosophila Stock Center (BDSC) 53544
R52B01-LexA Bloomington Drosophila Stock Center (BDSC) 52826
R60D05-LexA Bloomington Drosophila Stock Center (BDSC) 52867
R37F06-LexA Bloomington Drosophila Stock Center (BDSC) 52764
LexAop-Gal80 Bloomington Drosophila Stock Center (BDSC) 32216
dilp2-Gal4 Bloomington Drosophila Stock Center (BDSC) 37516
tub-Gal80's Bloomington Drosophila Stock Center (BDSC) 7018
UAS-InR-CA* Bloomington Drosophila Stock Center (BDSC) 8263
UAS-InR-DN*' Bloomington Drosophila Stock Center (BDSC) 8252
UAS-CsChrimson Bloomington Drosophila Stock Center (BDSC) 55135
UAS-GtACR2 Bloomington Drosophila Stock Center (BDSC) 92987
LexAop-CsChrimson Bloomington Drosophila Stock Center (BDSC) 55138
UAS-CaMPARI Bloomington Drosophila Stock Center (BDSC) 58761
UAS-jGCaMP7s Bloomington Drosophila Stock Center (BDSC) 79032
LexAop-P2X, Bloomington Drosophila Stock Center (BDSC) 76030
UAS-P2X, Bloomington Drosophila Stock Center (BDSC) 91223
LexAop-jGCaMP7s Bloomington Drosophila Stock Center (BDSC) 80913
UAS-mGFP Bloomington Drosophila Stock Center (BDSC) 5137
UAS-sytGFP Bloomington Drosophila Stock Center (BDSC) 6925
UAS-DenMark Bloomington Drosophila Stock Center (BDSC) 33061
UAS-CD4-spGFP1-10, LexAop-CD4-spGFP11 Bloomington Drosophila Stock Center (BDSC) 58755
UAS-nSyb-spGFP1-10, LexAop-CD4-spGFP11 Bloomington Drosophila Stock Center (BDSC) 64314
UAS-InR-RNAI Vienna Drosophila RNAi Center (VDRC) V992
UAS-D2R-Ri Vienna Drosophila RNAi Center (VDRC) V11471
Oligonucleotides

Generate R67D01-p65AD: forward primer Integrated DNA Technologies N/A
5'- cgaaaagtgccacctgacgtcAGAA

GGGGCTTTTGCAAGAAC

Generate R67D01-p65AD: reverse primer Integrated DNA Technologies N/A
5’- tccccgggegagetcggecggecCCCT

TGGGCCGCAATTAA

Recombinant DNA

Plasmid: R67D01-p65AD This paper N/A
pBPp65ADZpUw vector Addgene 26234
Software and algorithms

FIJI ImageJ (Schneider et al.)®® https://imagej.net/ij/download.html
GraphPad Prism 8 GraphPad Software https://www.graphpad.com
Excel Microsoft https://www.microsoft.com/

en-us/microsoft-365/excel

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yan LI

(liyan@ibp.ac.cn).

Materials availability

All reagents and materials generated in this study are available from the lead contact.
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Data and code availability
@ All data are available from the lead author upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly strains and cultivation

Genotypes and sources of fly strains used in this paper are listed in the key resource table, and the genotypes in each figures and
video are listed in Table S4. For generating R67D01-p65AD transgenic fly, the enhancer region of R67D01 was obtained from the
genomic DNA of R67D01-Gal4 and cloned into the vector pBPp65ADZpUw (26234, Addgene). The resulting plasmid was injected
into fly embryos and inserted into the attP40 site via phiC31 by the Core Facility of Drosophila Resource and Technology, Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences.

Flies were reared on normal food with the recipe of Bloomington Drosophila Stock Center. The proportions of different components
were evaluated as approximately 1.7% protein and 10% carbohydrate. The flies were cultured at 25°C, 40-50% humidity, and 12/12
light/dark cycle, unless otherwise stated. Adult female flies were collected at hatch and aged for 3-5 days before subjected to
experiments.

METHOD DETAILS

Behavior assays
Food consumption assay
All behavioral experiments were performed in a double-blinded manner. In each trial, flies of approximately 100 were collected into a
bottle and aged for 3-5 days. After a starvation on agar for 24 h, these flies were subjected to a 10 min-feeding test with NF, 1.7%
Tryptone, or 10% Sucrose containing 0.5% Birilliant Blue. After the test, 30 female flies from each bottle were randomly collected and
divide into 3 tubes. In each tube, 10 headless flies were homogenized in 500 pL PBS and centrifuged at 12000 g for 30 min. The absor-
bance of the supernatant was measured at 620 nm using Multilabel Detection Platform (Hidex Chameleon Plate) and the data of the 3
tubes from the same bottle were averaged as one trial. Data from different genetic groups were normalized to the maternal control
group, namely Relative Food Consumption (RFC).

In the opto-activation (CsChrimson) experiment, the flies were cultivated in the dark and fed with 0.4 mM all-trans-retina (ATR) for
1 day before experiment. The light of 623 nm (0.79 mW/mm?) was used during test for opto-activation.
Pre-feeding assay
Pre-Feeding assay was described in our previous report.*® Briefly, adult flies were starved for 24 h and pre-fed with agar, tryptone, or
sucrose for 30 min. All groups were test for 10 min with NF containing 1% Brilliant Blue. RFC was measured and normalized to the
agar groups of the maternal control group. The Suppression Index (Sl) was used to quantify the feeding inhibition effect.

RFC —RFC RFC —RFC
For PIFI, Sty = FFCmptoe AfOuw £or giF), S| = AFOsuc AfChar

In the opto-inhibition (GtACR2) experiment, flies were cultivated in the dark, and fed with 1mM ATP for 3 days before experiments.
The light of 533 nm (30 uW/mm?) was applied only during test period for opto-inhibition.
Two-choice assay
A group of 30 flies were tested with equal amount of two types of foods in the two-choice bottle. Flies starved in agar for 24 h were
subjected to a choice bottle with 1.7% Tryptone+10% Sucrose and 10% Sucrose at two sides. Flies of protein deprivation group
were fed in sucrose for 24 h and subjected to the choice between 1.7% Tryptone and 10% Sucrose. The blue dye (0.125%) and
red dye (0.2%) were added to the foods alternately in parallel experiments. The tests were performed in dark, and the light of
623 nm (0.79 mW/mm?) was applied for 30 min. The numbers of flies with blue, red or purple abdomen were counted as Npe,
Nreq OF Npotn, respectively. The Choice Ratio (CR) was calculated as CRyue :W and CRyeq = Nia=0-5%Nooin

Niotal
Climbing assay
Experimental procedure was adapted from Romero et al.” Ten flies were transferred into an empty vial and adapted for 10 min and
gently tapped to the bottom of the vial. The number of flies climbing above 5 cm from the bottom in 10 s was counted. The experiment
was repeated five times for each group under 623 nm light (0.79 mW/mm?) or 533 nm light (30 pW/mm?) in opto-activation or inhibition
experiments, respectively.

|'92

Imaging

Immunohistochemistry and microscopy

Immunostaining experimental procedure was designed according to Wu and Luo.®® Adult fly brains were dissected, fixed, blocked
and stained with antibodies listed in the key resource table. All antibodies were diluted in blocking buffer and incubated at 4°C over-
night. Confocal images were taken with Nikon A1 microscope, 20x lens and 40x oil lens using the xyz model at the resolution of
1024 x 1024 and 1 um-step.
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Syb:GRASP experiment

For syb:GRASP®? experiments, brains were dissected, fixed and subjected to confocal imaging with identical setting. PB region was
scanned under Nikon A1 microscope, 40X lens and 2x ZOOM using the xyz model at the resolution of 1024 x 512 and 1 um-step.
The PB region was selected as the ROI after the maximal intensity Z-projection using the FIJI. The mean fluorescent intensity within
the PB region was subtracted by the background intensity and normalized to the average intensity of the agar group.

CaMPARI experiment

The CaMPARI experiment was performed according to Fosque et al.** In brief, flies were starved for 24 h and pre-fed with Agar, Tryp-
tone, and Sucrose. Brains were immediately dissected in PBST containing 10 mM DMSO and put under the photoconversion light
(405 nm, 300 mW/cm?) for 5 min before the fixation. The cell bodies of T1-DANs were scanned under Nikon A1 microscope, 40x lens
in both the green (488 nm) and red (561 nm) channels using identical imaging acquisition settings for all groups. For each neuron, the
photoconversion rate was calculated by the ratio of the mean fluorescent intensity of T1-DANs in the red channel to that in the green
channel.

Ex vitro calcium imaging

Female flies at the age of 4-7 days were starved for 16-24 h before the experiment. Single brain was dissected, transferred into the
chamber, and incubated in the saline®* with 1 M TTX for 15 min. Immediately after the incubation, brains were subjected to calcium
imaging under the Leica SP5 microscope, 20x water lens and xyt model at 1 fps. For P2X, activation, 2.5 mM ATP mixed with Alexa
Fluor 568 hydeazide was delivered by the Pressure Systems for Ejection of Picoliter Volumes (Parker Picospritzer Ill) for 5 s. The start
point of ATP application was determined by the detection of the dye. For the antagonist treatment, 100 uM SCH 23390 was incubated
for 10 min before the ATP application. TTX and SCH 23390 was added to the perfusion saline once they were incubated. For each
experiment, the condition of the neurons was checked by applying 85 mM KClI in saline for 5 s at the end of imaging.

ELISA

Transgenic fly ilp27,gd2HF was used to detect circulating DILP2.%° Briefly, after pre-feeding, approximately 30 flies were quickly put
into a 0.6 mL EP tube with glass fibers.?® After a 3-min centrifuge at 9000 g in 4°C, 3 uL. hemolymph collected from two parallel tubes
was subjected to the ELISA test. Antibodies used in this assay were anti-Flag (ABclonal, AE005, 1:400), anti-HA (Cell signaling,
C29F4, 1:10000), and Rabbit-HRP (cwbio, cw0103s, 1:1000). The 405 nm absorbance was detected by microplate readers

(TECAN, Infinite F50). Hemolymph of w’""® flies was used as the blank control. The normalized circulating DILP2 levels were calcu-
A4504gar Tryptone /Sucrose —AVG A450piank

lated as A450pgar—AVG Ad50pank

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed with Graphpad Prism and plotted as mean + standard error of mean (S.E.M.). According to the data type and
sample size, the data were assumed to conform normal distribution. Student’s t test was used to compare two groups. Paired t test
was used for the comparison between two paired measurements before and post treatment. One-way ANOVA followed by Dunnett’s
multiple comparisons test was applied to determine the difference among groups. two-way ANOVA was used to determine the inter-
action between two factors. *, p < 0.05; **, p < 0.01; ***, p < 0.001. All of the statistical details of experiments can be found in the figure
legends.
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Figure S1. Insulin signalling in IPCs and some DANSs is not required for feeding inhibition.

Related to Figure 1.
(A) Knockdown of InR in IPCs did not affect the PIFI or SIFI effect. n = 5-6.
(B) Knockdown of InR in various subsets of DANs did not affect the PIFI effect. n = 5-6.

n represents the number of trials. Student’s 7 test for Relative Food Consumption (RFC). One-way

ANOVA, Dunnett test for Suppression Index (SI). *, p < 0.05. ** p <0.01. *** p <0.001. n.s.

indicates no statistical significance. The data are shown in Mean + S.E.M.
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Figure S2. Identification of two types of DANs in R67D01-labeled neurons. Related to Figure

2.

(A) TH staining (red) marks the cell bodies of two types of DANs in R67D01-neurons from the
anterior view (A1) and the posterior view (A3). Scale bar, 100 um. A2 and A4 are the partial
enlarged view of A1 and A3. Scale bar, 20 um.

(B-E) The expression pattern of the split-Gal4 lines of R67D01-p65AD in combination with
different Gal4DBD fly strains. Scale bar, 50 um.

(F-H) The enlarged view of cell bodies of T1-Gal4 (Fig. 2A), PPM3-Gal4 (Fig. 2B) and T1°-Gal4
(Fig. 2C). Scale bar, 50 pm.
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Figure S3. No synaptic but functional connection between IPCs and T1-DANs. Related to

Figure 3.

(A) The 3D illustration of filipodia-like (arrow) and lamellipodia-like (star) cellular protrusion
of T1-DANSs. R and L indicates the right and left side, respectively. Scale bar, 10 um.

(B-C) There was no detectable GRASP signal between IPCs and T1-DANs. Scale bar, 50 um.

(D) Activation of IPCs induced a remarkable increase in calcium levels of T1-DANs.
Representative images in different groups. Scale bar, 15 pm.

(E-F) Each row in the heat map represents the AF/Fo response of one T1-DANs neuron. Each pair

of vertical dashed lines marks stimulation duration. The number of brains n = 10-12.
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Figure S4. Silencing PPM3-DANs does not affect the PIFI effect. Related to Figure 4.

(A)  The diagram of optogenetic manipulation in the pre-feeding paradigm.

(B)  Flies showed comparable PIFI when light was OFF. n = 5.

(C-D) Inhibition of PPM3-DANSs does not affect PIFI. n = 5-6.

(E)  Flies showed comparable PIFI when light was OFF. n = 6-7.

(F-G) Flies showed comparable food consumption when light was OFF. n = 6-10. Same set of
data were used for the first and seventh column in all the three groups of experiments.

n represents the number of trials. Student’s ¢ test for Relative Food Consumption (RFC) in B-E.

One-way ANOVA, Dunnett test for Suppression Index (SI) in B-E and RFC in G. See also Table

S2 for Two-way ANOVA comparison between groups. *, p < 0.05. **, p <0.01. *** p <0.001.

n.s. indicates no statistical significance. The data are shown in Mean + S.E.M.
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Figure S5. Activation of PPM3-DANSs does not affect protein feeding. Related to Figure 5.

(A) The diagram of optogenetic manipulation in the feeding test.

(B-C) Flies showed comparable food consumption when light was OFF. n = 5-6 in B. n = 13-15
in C.

(D) Opto-activating PPM3-DANSs did not affect protein intake. n = 5-8.

(E-F) Flies showed comparable choice index when light was OFF. n = 6-8.

n represents the number of trials. One-way ANOVA, Dunnett test for Relative Food Consumption

(RFC) in B-D and Choice Ratio in E and F. *, p <0.05. **, p <0.01. *** p <(0.001. n.s. indicates

no statistical significance. The data are shown in Mean + S.E.M.



Figure S6. T1-DANs form synaptic and functional connections with PB-LNs. Related to
Figure 6.

(A)
B)

©

(D-E) Each row in the heat map represents the AF/Fo response of individual PB-LNs. Each pair
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The expression pattern of different types of PB-projecting neurons.
The syb:GRASP between T1-DANs and PB-projecting neurons (B1-B4). B0 is the control
with no PB-driver.
Activation of TI-DANSs induced a remarkable increase in calcium levels of PB-LNs.

Representative images in different groups.

of vertical dashed lines marks stimulation duration. The number of brains n = 9-11.

Scale bar, 50 pm.
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Figure S7. Manipulation of PB-LNs does not affect motility. Related to Figure 7.
(A-B) Flies showed comparable food consumption when light was OFF. n = 7-10.

©)
D)
n represents the number of trials. One-way ANOVA, Dunnett test. *, p <0.05. **, p <0.01. ***,

Silencing PB-LNs did not affect the climbing activity of flies. n = 6.
Optogenetic activation of PB-LNs did not affect the climbing activity of flies. n = 6-7.

p <0.001. n.s. indicates no statistical significance. The data are shown in Mean + S.E.M.
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