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SUMMARY

Hunger is a powerful drive that stimulates food intake. Yet the mechanism that determines how the
energy deficits that result in hunger are represented in the brain and promote feeding is not well
understood. We previously described SLC5A11 — a sodium/solute co-transporter-like — (or
cupcake) in Drosophila melanogaster, which is required for the fly to select a nutritive sugar over a
sweeter nonnutritive sweetener after periods of food deprivation. SLC5A11 acts on approximately
12 pairs of ellipsoid body (EB) R4 neurons to trigger the selection of nutritive sugars, but the
underlying mechanism is not understood. Here, we report that the excitability of SLC5A11-
expressing EB R4 neurons increases dramatically during starvation and that this increase is
abolished in the SLC5A11 mutation. Artificial activation of SLC5A11-expresssing neurons is
sufficient to promote feeding and hunger-driven behaviors; silencing these neurons has the
opposite effect. Notably, SLC5A11 transcript levels in the brain rose significantly when flies were
starved, and dropped shortly after starved flies were refed. Furthermore, expression of SLC5A11
is sufficient for promoting hunger-driven behaviors and enhancing the excitability of SLC5A11-
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expressing neurons. SLC5A11 inhibits the function of Drosophila KCNQ potassium channel in a
heterologous expression system. Accordingly, a knock-down of dKCNQ expression in SLC5A11-
expressing neurons produces hunger-driven behaviors even in fed flies, mimicking the
overexpression of SLC5A11. We propose that starvation increases SLC5A11 expression, which
enhances the excitability of SLC5A11-expressing neurons by suppressing dKCNQ channels,
thereby conferring the hunger state.

Fed

The activity of SLC5A11 (or cupcake)-expressing
ellipsoid body R4 neurons is stimulated by starvation.

Graphical Abstract
Starved

INTRODUCTION

The properly regulated intake of nutrients is the key to survival in the animal kingdom. The
regulation of food intake in animals is mediated by neural processes through which
homeostatic control influences both physiology and behavior [1, 2]. These processes include
complex mechanisms that monitor energy reservoirs in the body and generate a sensation of
hunger when these reservoirs diminish. Hunger, in turn, promotes the stimulation of food
intake [3, 4] and selection of nutritious foods [5]. It also produces enhanced sensory
sensitivities and elevated locomotion in insects [6, 7] and mammals [8, 9]. Despite the fact
that this process is basic to existence among all types of animals, the mechanism(s) by
which hunger triggers feeding and hunger-driven behaviors is not well understood in any
animal system.

Flies, like mammals, constantly adapt their energy needs to nutritional status through
metabolic regulation [10]. Flies also select food based on its nutritional value, in addition to
taste input [5, 11, 12]. The fruit fly Drosophlia melanogasteris a particularly useful model
for studying the neural correlates of hunger. Its genetically amenable system allows the
unbiased screening of genes and cells in the adult brain and the dissection of neural
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mechanisms underlying feeding behaviors [13]. This model system has already proven
useful in helping us advance our understanding of how peripheral sensory neurons mediate
the detection of food sources and generate behavioral responses to food [14, 15]. It may also
be useful for identifying the elusive components of the central nervous system that monitor
the depleting energy levels in the body and trigger feeding behaviors when they diminish.

In this study, we found that the activity of central SLC5A11-expressing ellipsoid body R4
neurons (SLC5A11 neurons) and the expression of SLC5A11 transcripts in Drosophila
increase significantly following periods of food deprivation. We also found that SLC5A11 is
necessary and sufficient for elevating the activity of SLC5A11 neurons, and for promoting
food intake and hunger-driven behaviors. We also found that SLC5A11 suppresses
potassium currents generated by dKCNQ channel [16] activity when co-expressed in
Xenopus oocytes. Consistent with this finding, we observed that the knock-down of dKCNQ
expression in SLC5A11 neurons produces hunger-driven behaviors, even in fed flies. These
results support our hypothesis that increased levels of SLC5A11 during starvation increase
the activity of SLC5A11 neurons by suppressing dKCNQ activity, thereby promoting
feeding behavior.

RESULTS
The activity of SLC5A11 neurons is stimulated by food deprivation

We previously determined that SLC5A11 neurons in the Drosophila brain are required for
these flies to select a nutritive sugar over a sweeter nonnutritive sweetener after periods of
starvation in a two-choice assay (D-glucose versus L-glucose) from a screen [17]. SLC5A11
(or cupcake) acts on approximately 12 pairs of R4 neurons to trigger the selection of
nutritive sugars, but the mechanism underlying this process is not understood. We proposed
two mechanisms by which SLC5A11 neurons may mediate the selection of nutritive sugars:
(1) by detecting the nutritional value of sugar through direct activation; or (2) monitoring the
internal energy reserves of the fly with a direct nutrient sensor located elsewhere; starved
flies lacking functional SLC5A11 neurons cannot sense the deprived metabolic state and,
thus, would not select the nutritive D-glucose. We initially proposed that the first mechanism
— direct neuronal activation — occurs during the postprandial rise in hemolymph sugar levels.
Through calcium imaging using two-photon microscopy and a more sensitive
electrophysiology approach, we tested whether SLC5A11 neurons respond to solutions
containing nutritive sugars. However, we failed to observe any responses, either excitatory or
inhibitory to glucose or any other sugars (data not shown).

The second mechanism was proposed based on the hypothesis that SLC5A11 neuronal
activity changes when the energy reservoir in the fly is depleted. To test this hypothesis, we
conducted whole-cell patch-clamp recordings of SLC5A11 neurons in the brains of wild-
type (WT) flies carrying Ps; c5477-GAL4 and UAS-GFP that were fed or had been starved
for 22 hours. Spontaneous activity in the SLC5A11 neurons was significantly altered
following periods of starvation (Figure 1A), with the firing frequency and burst probability
increased considerably (Figures S1A and S2A). We also monitored the rate at which action
potentials fire in fed versus starved flies in response to step-current injections into their
SLC5A11 neurons. We observed that the firing frequency and burst events increased with
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the magnitude of the current injection and that these rates were high in starved animals
compared with fed animals (Figures SIBS1D). Consistent with these findings, the brains of
starved flies carrying Ps; c5477-GAL4 and UAS-CalexA/GFP system [18] showed GFP
expression in SLC5A11-expressing ellipsoid body R4 neurons whereas the brains of fed
flies displayed no detectable GFP expression in SLC5A11 neurons (Figures 1B and S3).

To determine the contribution of SLC5A11 to neuronal excitability, we measured the activity
of SLC5A11 neurons in SLC5A11 mutant versus WT control flies. We targeted these cells
for recording using Ps; c5477-GAL4 and UAS-tdTomato in a different genetic background
from the previous experiment. Analogous to the traces shown in Figure 1A, the excitability
of SLC5A11 neurons in WT flies carrying UAS-tdTomato was significantly enhanced
during starvation (Figure 1C). This starvation-induced enhancement of neuronal activity,
however, was essentially abolished in SLC5A11 mutants (Figure 1C), with no significant
difference found between fed and starved flies (Figures 1D and S2B). The similarity in
neuronal activity in fed and starved mutant flies paralleled their similarity in food preference
in the two-choice assay (Figure 1E).

SLCA11 neurons are essential for hunger-driven behaviors

Having shown that SLC5A11 neuronal excitability is enhanced during starvation, we sought
to determine whether manipulating SLC5A11 neuronal activity alters feeding behaviors. We
artificially activated SLC5A11 neurons by expressing a voltage-gated bacterial sodium
channel, NaChBac [19], in these neurons. As a result, neuronal activity increased
dramatically, as indicated by the change in instantaneous frequency and burst probability
(Figures 2A, 2B, and S2C). Flies with activated SLC5A11 neurons were evaluated using a
number of feeding-related assays. In the two-choice assay, these flies demonstrated a strong
preference for nutritive D-glucose even when they were fed, whereas the control flies
showed little or no preference for D-glucose (Figure 2C). We confirmed this finding by
acutely activating SLC5A11 neurons using UAS-dTrpA1[20] at 32°C and observing the
flies” behavior in the two-choice assay (Figure 2D). By contrast, inactivating SLC5A11
neurons by expressing UAS-Shibire!s [21] in these neurons at a restrictive temperature
(32°C) nearly abolished the starvation-induced preference for D-glucose (Figure 2E). These
results suggest that the activity of SLC5A11 neurons is necessary and sufficient for
mediating the selection of nutritive sugar. They would also argue against the possibility that
SLC5A11 neurons function as a nutrient sensor that directly monitors glucose levels in the
hemolymph. The activation of such a sensor would render flies to perceive both D- and L-
glucose to be equally nutritious and display no preference for either sugar. Flies with
activated SLC5A11 neurons still chose nutritive D-glucose, however, thereby providing
additional evidence that SLC5A11 neurons are involved in encoding hunger rather than
sensing nutrients directly.

We next examined whether manipulating the activity of SLC5A11 neurons causes flies to
alter their food intake. Indeed, artificial stimulation of SLC5A11 neurons resulted in both
fed and starved flies consuming twice as much food as control flies (Figures 2F and 2G).
Conversely, inactivating SLC5A11 neurons by expressing UAS-Kir2.1 [22] in these cells
significantly decreased food intake in starved flies (Figure 2H). These observations suggest
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that the impaired food selection during the two-choice assay was due to a change in hunger
state associated with the manipulations of SLC5A11 neuronal activity.

To examine whether the change in hunger state extends to olfactory behavior, we explored
the possibility that SLC5A11 neuronal activity helps mediate hunger-driven olfactory
attraction to food odor. It has been shown that flies are attracted to food odor when they are
starved in a four-field arena [23]. In a binary choice assay using a T-maze, flies also
preferred the side containing apple cider vinegar (ACV) when they were starved but avoided
the same odor when they were fed (Figures 21 and 2J). Accordingly, this assay also measures
their state of hunger or satiety. Intriguingly, flies with inactivated SLC5A11 neurons
displayed an avoidance response to a tube containing ACV, even after being starved for
prolonged periods of time (Figure 2I), i.e., these flies behaved as if they were fed.
Furthermore, inactivating these neurons using R4-specific Prsgr0-GAL4 driver resulted in
a similar avoidance response. Flies carrying the SLC5A11 mutation were also repelled by
ACV even when they were starved (Figure S4A). These results are consistent with the
hypothesis that inactivation of SLC5A11 neurons reduces the sensitivity to the deprived state
and thus, causes flies to reduce their food intake and their preference for a nutritive sugar.

By contrast, flies with activated SLC5A11 neurons were attracted to a tube containing ACV
in a T-maze even when they were fed (Figure 2J), i.e., they behaved as if they had been
starved. These flies also demonstrated a dramatic increase in the rate of their proboscis
extension response (PER), even in the absence of food (Figure S4B). The natural feeding
pattern in the fly is characterized by the repeated extension and retraction of the proboscis,
which is evoked by contact with food. Starved flies often exhibit an increase in PER
responses without appetitive stimuli. These results, together with the consumption of larger
amounts of food and selection of nutritive sugars over nonnutritive sugars by flies with
activated SLC5A11 neurons, support the claim that activation of SLC5A11 neurons
enhances the motivational state of hunger.

Up-regulation of SLC5A11 transcripts during starvation

Having demonstrated that SLC5A11 neuronal activity is essential for producing hunger-
driven behaviors, we next sought to understand how SLC5A11 regulates the excitability of
these neurons. The excitability of SLC5A11 neurons is diminished by the SL.C5A11
mutations and is enhanced by the overexpression of SLC5A11 (Figures 1C, 1D, 5B, 5C, and
S2C). To investigate a possibility that the expression of SLC5A11 is modulated by the
hunger state, we used quantitative reverse transcription polymerase chain reaction (qQRT-
PCR) to examine its transcript levels /n vivo. We found that the expression of SLC5A11
transcripts was upregulated in the brain of flies that had been starved, but this increase
dropped significantly after the starved flies were fed again for 30-60 minutes (Figures 3A
and 3B). It is worth noting that SL C5A11 transcripts began to decrease only after the starved
animals were fed for 10 minutes, illustrating the rapid regulation by changes in the internal
energy state (Figure 3B).

To determine whether the induction of SLC5A11 transcripts occurs specifically in
SLC5A11-expressing R4 cells, we expressed the photoconvertible fluorescent protein,
Kaede [24], in SLC5A11 neurons, where its normal green fluorescence is photoconverted to
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red, then monitored the appearance of Kaede's native green fluorescence under the control of
the SLC5A11 promoter in fed versus starved flies. Consistent with the gRT-PCR results, the
expression of green Kaede by the SL.C5A11 promoter, but not by the control c42 promoter,
was enhanced in SLC5A11 neurons when the flies were kept in a vial without food
compared with flies that were allowed to feed ad libitum (Figures 3C and 3D). This
observation indicates that the SL.C5A11 promoter stimulates the expression of SLC5A11
transcripts when the internal energy reservoir of the fly is depleted.

SLC5A11 unlikely functions as a sodium/glucose co-transporter

SLC5A11 (or sodium/solute co-transporter-like) encodes a transmembrane protein that is
homologous to the sodium/glucose co-transporter [17]. To reconstitute the proposed function
of SLC5A11 in a heterologous system, we expressed SLC5A11 in Xenopus oocytes, and
then measured glucose-dependent co-transport currents using the two-electrode voltage-
clamp technique. As a control, we measured the co-transport currents in oocytes expressing
human sodium/glucose co-transporter 1 (hSGLT1), which were rapidly abolished by the
presence of phlorizin, a SGLT inhibitor (Figures 4A and 4B). However, oocytes injected
with SLC5A11 cRNA did not develop any recognizable glucose-dependent co-transport
currents. Nor did we observe co-transport current when other sugars were applied (Figure
4C). The abundant amount of SLC5A11 protein has been translated and localized properly
in the plasma membrane of the oocytes (Figure 4D), ruling out the possibility that the
SLC5A11 protein had been misfolded or mislocalized. While carrying out sequence
alignment, we unexpectedly found that the putative sugar-binding site of SGLTs found in
other species is completely absent from the fly SLC5A11 (Figure 4E). This revelation is
consistent with our inability to reconstitute sugar-dependent co-transport currents.

A notable feature of SLC5A11-expressing oocytes is a large leak current (Figures 4A, 4B
and S5A), which requires its conserved sodium-binding site (Figure S5B) and cations
including sodium ions (Figures S5C and S5D). This prominent characteristic is not
important for SLC5A11 neurons to promote hunger-driven behaviors, however. Expression
of a SLC5A11 cDNA transgene containing sodium-binding site mutations, UAS-
SLC5A11194A.S380A jn S| C5A11 neurons completely rescued the behavioral defects of
SLC5A11* mutant (Figure 5A). Its dispensability was supported further when we observed
that the expression of the mutant UAS-SLC5A11!94A:S380A i 5| C5A11 neurons has
dominant effects similar to those of the WT UAS-SLC5A11, which causes the flies to
exhibit a strong preference for nutritive D-glucose even when they were fed (Figure 5A).
Consistent with these results, whole-cell recordings showed that overexpression of either
UAS-SLC5A11 or UAS-SLC5A11194A.S380A sjgnificantly potentiated membrane
excitability (Figure 5B, 5C, and S2C), validating that the sodium-binding site is not essential
for mediating the neuronal excitability.

SLC5A11 inhibits K* channel activity

To understand how an increase in SLC5A11 expression enhances the excitability of

SLC5A11 neurons, we investigated the possibility that SLC5A11 modulates K* currents
generated by the Drosophila KCNQ (dKCNQ) channel [16]. It was recently shown that a
sodium/solute co-transporter, the human sodium/myoinositol co-transporter 1 (hNSMIT1)
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interact with the human KCNQ1 (hKCNQ1) channel to modify its activity [25]. We found
that expression of dKCNQ in Xenopus oocytes results in the generation of large outward K*
currents (Figure 6A-6C). This effect is significantly inhibited by the coexpression of
SLC5A11, whereas hSGLT1 has little or no effect on the dKCNQ currents (Figure 6A-6C).
The effect of SLC5A11 coexpression on the dKCNQ currents was dependent on the amount
of cRNAs that was injected, which further corroborates the specificity of its effect (Figure
6C). This effect cannot be accounted for by any change in the voltage dependence of
activation and activation time constant (Figure S6). Based on this finding, we explored a
possibility that SLC5A11 and dKCNQ physically interact with each other. After expressing
SLC5A11-GFP and dKCNQ-Flag in HEK293 cells, reciprocal co-immunoprecipitation
using anti-GFP or anti-Flag antibody reveals that SLC5A11 does co-assemble with dKCNQ
(Figure 6D).

dKCNQ is required in SLC5A11 neurons to mediate hunger

These unanticipated findings raised a question of whether dKCNQ regulates feeding
behavior by controlling the excitability of SLC5A11 neurons. Indeed, dKCNQ mutants [26]
strongly preferred nutritive D-glucose to nonnutritive L-glucose even when they were fed
(Figure 6E). To determine whether this defect is a result of impaired activity of SLC5A11
neurons, we knocked down the endogenous dKCNQ transcript by expressing dKCNQ RNAI
in SLC5A11 neurons using Ps; c5477-GAL4 or R4-specific Ppzgrp-GALA4 driver. Similar to
the dKCNQ mutant phenotype, flies expressing the dKCNQ RNAI in SLC5A11 neurons
exhibited a robust preference for the nutritive sugar even when fed. This suggests that
dKCNQ: s required in these neurons to regulate appropriate food selection (Figure 6F).

DISCUSSION

In this work, we have presented three key findings: (1) the activity of SLC5A11 R4 neurons
and the expression of SLC5A11 transcripts are stimulated by starvation; 2) the activity of
SLC5A11 neurons and the function of SLC5A11 are necessary and sufficient for promoting
food intake and hunger-driven behaviors; 3) the starvation-induced expression of SLC5A11
enhances the excitability of SLC5A11 neurons by inhibiting dKCNQ potassium channel
activity in these neurons. Together, we propose that SLC5A11 neurons encode a
motivational state of hunger and respond to it by promoting feeding behaviors.

We identified an SLC5A11 mutant through a genetic screen for flies that failed to respond to
a nutritive sugar during starvation [17]. Because of its homology to sodium/glucose co-
transporters, we initially hypothesized that SLC5A11 is a sensor that detects the nutritional
value of sugar. Our current experiments suggest, however, that SLC5A11 is a prescriptive
sensor of hunger rather than sugar, monitoring the internal energy levels in the fly and
transmitting information about the hunger state to induce feeding and other hunger-driven
behaviors. First, the spontaneous activity of SLC5A11 neurons was not changed by the
application of sugar solutions, but was significantly altered with an increase in firing
frequency and bursting probability following periods of starvation. Second, the artificial
activation of SLC5A11 neurons resulted in a preference for the nutritive D-glucose over the
nonnutritive, yet sweeter L-glucose even in fed flies. If SLC5A11 neurons function as a

Curr Biol. Author manuscript; available in PMC 2017 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 8

nutrient sensor, flies with activated SLC5A11 neurons would not exhibit a preference for
either D- or L-glucose, because both enantiomers would be perceived as nutritious. Our
laboratory recently identified a bona fide nutrient sensor in the Drosophila brain that consists
of DH44-expressing neurons, which are activated specifically by nutritive sugars [27]. Flies
with activated DH44 neurons did not display a preference for either D- or L-glucose because
activation of the nutrient sensor was sufficient to communicate the “reward” of the nutrient
[27]. Furthermore, both activation and inactivation of SLC5A11 neurons had substantial
effects on the amount of food intake, hunger-driven olfactory attraction to food odor and
PER response. These effects were probably a result of SLC5A11 neurons mediating the state
of hunger rather than detecting the nutritional value of the sugar. In fact, the manipulation of
DH44 neurons had little or no effect on the amount of food intake.

Drosophila SLC5A11 is structurally similar to mammalian sodium/glucose co-transporters,
with approximately 25% of its amino acid sequence identical to that of the human SGLTs
[17]. While human SGLT1 transports glucose into cells along a sodium gradient, SGLT3
acts as a glucose-activated channel that induces changes in the membrane potential [28]. In
our experiments, Drosophila SLC5A11 did not function as a sodium/glucose co-transporter,
i.e., it did not generate glucose-dependent co-transport currents and was not found to contain
a canonical sugar-binding site. Interestingly, it did not appear to function as a channel in
SLC5A11 R4 neurons, either. Mutations in its sodium-binding site that completely abolished
cationic currents were able to potentiate membrane excitability and rescue the behavioral
defects seen in SLC5A11 mutant. These observations further support our claim that the
starvation-induced expression of SLC5A11 indirectly modulates the excitability of
SLC5A11 neurons by targeting an intermediary key factor, a potassium channel. Our
findings that SLC5A11 interacts physically with dKNCQ and that a knock-down of dKCNQ
in SLC5A11 neurons results in hunger-driven behaviors even in the SLC5A11 mutant
background suggest that SLC5A11 presumably functions upstream of dKCNQ.

lon channels on the plasma membrane often show unexpected properties /7 vivo as their
interactions with various signaling or scaffolding proteins influence the function and
localization of ion channels, thereby modulating the signaling potential [29-31]. This was
demonstrated in a recent study in which KCNQL1 is coimmunoprecipitated with SMIT1 in
the epithelium of the choroid plexus and that KCNQ1 activity is modulated by SMIT1 in a
heterologous expression system [25]. Similarly, we found that SLC5A11 interacts physically
with dKCNQ and inhibits its potassium channel activity when they are co-expressed in
Xenopus oocytes. A knock-down of dKCNQ in SLC5A11 neurons phenocopied the
overexpression of SLC5A11 in the two-choice assay. This suggests that SLC5A11 acts
selectively as a spatially restricted regulator of the potassium channel in neurons that are
encoded to detect hunger. Despite the substantial expression of SGLTs in the mammalian
brains, including the hypothalamus [32], their physiological significance in feeding and
other behaviors is not known. Our finding may shed light on understanding their role in the
mammalian brain.

The function of SLC5A11 neurons in the fly resembles that of NPY/AgRP neurons in the
mammalian hypothalamus. Similar to SLC5A11 neurons, the hypothalamic NPY/AgRP
neurons are essential for promoting feeding behavior that can restore the animal's energy
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balance and nutrient storage levels, by transducing metabolic signals into electrical activity
in mice [33, 34]. Similar to SLC5A11 neurons, the activity of NPY/AgRP neurons increases
following periods of food deprivation [35-37]. It has been demonstrated that the intrinsic
membrane properties are the key to starvation-induced changes in firing frequency occurred
in these neurons [35]. While these studies showed synaptic inputs are not necessary, others
reported that the internal energy state causes changes in excitatory glutamatergic
transmission onto NPY/AgRP neurons through a presynaptic or postsynaptic mechanism
[36, 37]. Our studies in Drosophila show that starvation-induced changes in intrinsic
excitability are highly responsible for modulating the firing frequency and bursting
probability in the hunger-encoding SLC5A11 neurons. The non-inactivating KCNQ-
dependent M-current functions as a “brake” on repetitive neuronal activity and, thus, is
important for regulating the excitability of various neurons [38]. Recently, the M-current in
NPY/AgRP neurons was shown to decrease during starvation; this is consistent with the
decreased expression of KCNQ [39]. Whether KCNQ activity in NPY/AgRP neurons is
required for feeding behavior to be triggered remains to be seen.

In summary, our findings suggest that SLC5A11 neurons comprise an essential component
of the neural representation of the response to hunger and act through the coordinated
activities of SLC5A11 and dKCNQ. Their activity leads to a series of behavioral changes
that allow animals to obtain sufficient nutrients and calories to meet their needs for growth,
tissue maintenance, and homeostasis.

Experimental Procedures

Electrophysiological recordings of the Drosophila brains

Ex vivowhole-cell patch clamp recordings were performed on dissected adult fly brains as
reported previously[42]. Each brain was allowed to rest in continuously flowing saline (in
mM: 103 NaCl, 3 KCI, 5 TES, 8 Trehalose, 10 Glucose, 26 NaHCOg3, 1 NaH,PO,4, 4 MCl,,
1.5 CaCly, bubbled with 95% O,/ 5% CO- to a pH of 7.3) for at least 10 minutes before
recording and the superfusion was continued throughout the recording period. One neuron
per brain was recorded. The internal solution for patch-clamp pipettes were contained the
following (in mM): 140 K-gluconate, 10 HEPES, 1 EGTA, 4 MgATP, 0.5 Na3GTP, pH7.3.
Recordings were made using a MultiClamp 700B amplifier, a Digidata 1440A, and pClamp
10 software (Molecular Devices). Recorded voltages were low-pass filtered at 5 kHz and
digitized at 10 kHz. After whole cell break-in, followed by stabilizing membrane properties
for 5 minutes, spontaneous neuronal activity was measured for 5 minutes in current clamp
configuration and action potential frequencies (event frequency, feyent, and instantaneous
frequency, finst) and burst probability were analyzed. Event frequency was calculated by
counting the number of action potentials divided by a given period of recording time (in
second). Instantaneous frequency is the average inverse of the time interval between two
successive action potentials. To obtain the burst probability, the bursting neurons were
arbitrarily defined as the neurons demonstrating at least 5 burst events during a recording
period (5 minutes). From control flies carrying Ps; c5477-GAL4 and UAS-tdTomato (Fig.
1d), the mean numbers of burst events in fed condition and starved condition were 1.7 and
18.4 respectively.
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Two-choice assay

The two-choice preference assay was performed as previously reported [5]. For details, see
the Supplemental Experimental Procedures.

T-maze preference assay

T-maze assay was performed as described previously [40, 41] and outlined in the
Supplemental Experimental Procedures.

Measurement of food intake

Food intake was estimated using food labeling with a colorimetric dye. For details, see the
Supplemental Experimental Procedures.

Other Methods

See the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Starvation enhances the excitability of SLC5A11 neurons, which requires SLC5A11
gene

(A) Representative traces of spontaneous activity recorded from the soma of SLC5A11
neurons in isolated brain preparations obtained from either 5-hr (fed, blue upper trace) or 22-
hr (starved, red lower trace) food deprived adult fly. (Right) Enlarged firing patterns: regular
spiking (top) or bursting (bottem). See also Figures S1 and S2. (B) Representative brain
images of 5-hr (fed) or 22-hr (starved) deprived flies carrying Ps; c547-GAL4, UAS-
mLexA-VP16-NFAT and LexAop-CD8-GFP-2A-CD8-GFP stained with the antibody to
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GFP in green and the neuropil marker nc82 in magenta, and the quantification of the
intensity of GFP fluorescence in SLC5A11 neurons — the dotted boxes. Scale bar, 50 pm.
See also Figure S3. (C) Representative traces of spontaneous activity and (D) quantification
of firing frequency and bursting probability of SLC5A11 neurons in control and SLC5A111
mutant flies. See also Figure S2. (E) Behavior responses of 5-hr (fed) or 22-hr (starved)
deprived control and SLC5A11% mutant flies in the two-choice assay. Flies were given a
choice between 50mM D-glucose and 300mM L-glucose (n = 8-11) in this and subsequent
behavior experiments unless indicated otherwise. fyent, €vent frequency; £pg:, instantaneous
frequency. The numbers of bursting neurons out of the total number of recorded neurons are
indicated above the bars. **P < 0.01, ***P < 0.001 vs. fed in the same genotype; error bars
indicate SEM.
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Figure 2. The activity of SLC5A11 neurons is necessary and sufficient for hunger-driven
behaviors

(A) Representative traces of spontaneous activity and (B) quantification of firing frequency
and bursting probability recorded from SLC5A11 neurons in the brains of fed flies carrying
Ps; c5411-GALA4 alone (control) and fed flies carrying Ps; c547,-GAL4 and UAS-NaChBac
(n =12-13; ***P < 0.001). See also Figure S2. (C-E) Behavior responses of 5-hr (fed) or
22-hr (starved) food deprived flies carrying Ps; c5477-GAL4 and either UAS-NaChBac (n =
8-12; ***P < 0.001 vs. fed in the same genotype) (C), UAS-dTrpAl (n = 6-8; ***P < 0.001
vs. 22 °C in the same genotype) (D), or UAS-Shi® (n = 6-9; ***P < 0.001 vs. 22 °C in the
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same genotype) (E) in the two-choice assay. (F-H) Relative amounts of food consumed by
5-hr (fed) or 22-hr (starved) deprived flies bearing Ps; c5477-GAL4, and either UAS-
NaChBac (F,G) or UAS-Kir2.1 (H) (n = 9-17; ***P < 0.001 vs. control). (1,J) Olfactory
responses of 5-hr (fed) or 22-hr (starved) deprived flies bearing Ps; c5477-GAL4 or Pragrosr
GAL4 with either UAS-Kir2.1 (1) or UAS-NaChBac (J) to 1% ACV versus water in a T-
maze preference assay (n = 7-15; ***P < 0.001 vs. fed in the same genotype). Flies
harboring either Pg; c547,-GAL4 or UAS-responder alone were used as controls. Error bars
indicate SEM. See also Figure S4.

Curr Biol. Author manuscript; available in PMC 2017 August 08.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Park et al. Page 17
m fed
A = starved B C PSLC5A11>Kaede c42>Kaede D
— refed S 1.0
’ n § o .. . o
c 0 gl
o g R
@ o o ]
n X 1@ O <
@ o 05 >
oY — B , 100+
1 << e fed e X )
- L} © ‘o v
- ] o starved>>refed i —
= & 0.0 0.
) ' . .
& 0 5 10 15 20 5
0/ R9¢

refed (hr)

Fig. 3. Starvation increases the expression of SLC5A11 transcript
(A) Quantitative real-time PCR assay for SLC5A11 transcripts using the SYBR green

method from the brains of flies that were food deprived for 5 hours (fed) and for 22 hours
(starved), and had been deprived for 22 hours, but were refed for 24 hours (refed). The
transcript levels in starved and refed flies are normalized to those in fed flies. GAPDH is
used as a reference (n = 9, three independent biological replicates; ***P < 0.001 vs. fed). (B)
SLC5A11 transcript levels of fed flies (fed), and 22-hr starved flies that were refed for 0, 10,
30, 60, 180, 300, 600 and 1,200 minutes (starved>>refed). The transcript levels of the
starved>>refed flies are normalized to those in starved flies. The rate constant is predicted
by a single exponential decay function. (C) Starvation-induced transcriptional activity of the
SLC5A11 promoter in SLC5A11 neurons is visualized by monitoring de novo synthesis of
green fluorescence in flies carrying Ps; c5477-GAL4 and UAS-Kaede. After preexisting
green fluorescence was photoconverted to red fluorescence, the flies were reared in either
fed or starved conditions prior to fluorescence imaging. Scale bar, 20um. (D) Relative
amount of newly synthesized green KAEDE in SLC5A11 neurons in starved condition. The
values were calculated by normalizing de novo KAEDE to preexisting red KAEDE (AF)
followed by normalizing the measurements from starved condition to those from fed
condition (%AF; n = 26-42; ***P < 0.001). Note that the control c42-Gal4 labeled neurons
comprise a subset of R2 and R4 neurons. Error bars indicate SEM.
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Fig. 4. SLC5A11 does not produce sugar-dependent co-transport currents
(A) Representative current traces in response to -100 mV test pulse from a holding potential

of =50 mV in oocytes injected with H,O, ASGLT1, or SLC5A11 cRNA. Only hSGLT1
expressing oocytes show glucose-dependent co-transport currents, which are blocked by the
application of phlorizin, an antagonist of SGLT1. Corresponding time courses of peak
current amplitude (right). (B) Quantification of current amplitudes recorded from oocytes
injected with H,O, ASGLT1, or SLC5A11 cRNA (n = 9-11; ***P < 0.001 vs. baseline). (C)
Sugar- or monocarboxylate-dependent co-transport current and voltage relationship
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measured in oocytes expressing SLC5A11 or hSGLTI1, exposed to different stimuli (n =
3-4). (D) Confocal images of oocytes injected with H,O or EGFP-tagged SLC5A11 (upper).
Current traces recorded from the corresponding oocytes (lower). Scale bar, 200um. (E)
Sequence alignment of the putative sugar-binding site of sodium/glucose co-transporter
homologs in different species. See also Figure S5.
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Fig. 5. The leak current is not required for hunger-driven food choice behavior and the
excitability of SLC5A11 neurons

(A) Behavior responses of 5-hr (fed) or 22-hr (starved) deprived flies carrying Ps; c5417-
GAL4 and either UAS-SLC5A11 or UAS-SLC5A11!94A:S380A i the two-choice assay (n =
6-10; ***P < 0.001 vs. fed in the same genotype). (B) Representative traces of spontaneous
activity and (C) quantification of firing frequency and bursting probability in SLC5A11
neurons of fed flies carrying Ps; c5477-GAL4 and either UAS-SLC5A11 or UAS-
SLC5A11194A.S380A ‘and flies carrying Ps; c547:-GAL4 only (control). (n = 12-13; *P <
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0.05, ***P < 0.001 vs. control). Note that the bars from control group were reproduced for
the purposed of comparison (see Figure 2B). fyent, €vent frequency; #qt, instantaneous
frequency. The numbers of bursting neurons out of the total number of recorded neurons are
indicated above the bars. Error bars indicate SEM. See also Figure S2.
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Fig. 6. Decreased dKCNQ channel activity mediated by SLC5A11 triggers hunger-driven food
choice behavior

(A) Representative current traces and (B) current-voltage relationships in oocytes expressing
dKCNQ only, dKCNQ + SLC5A11, and dKCNQ + hSGLT1. (C) Average values for the
dKCNQ current amplitude measured at 40mV with oocytes injected with different amounts
of the corresponding cRNA (n = 17-20; ***P < 0.001 vs. dKCNQ only). See also Figure S6.
(D) Coimmnoprecipitation from HEK293 cells expressing both dKCNQ-Flag and
SLC5A11-GFP by using anti-Flag (upper) or anti-GFP (lower) antibodies, followed by the
Western analysis. The result is a representative of three independent experiments (n = 3). (E)
Behavior responses of dKCNQ mutant and control WT flies (n = 6-7; ***P < 0.001 vs. fed
in the same genotype) and (F) behavior responses of flies in which dKCNQ was knocked
down in SLC5A11 neurons by the expression of dKCNQ RNAI using Ps; c547-GAL4 or
PrsgrorGAL4 (n = 7-9; ***P < 0.001 vs. fed in the same genotype) in the two-choice
assay. These flies were starved for 5 hours (fed) or 22 hours (starved) and were given a
choice between 50mM D-glucose and 220mM (E) or 270mM (F) L-glucose. Flies bearing
either Ps; c541-GAL4, PrsgrprGAL4, or UAS-responder alone were used as controls.
Error bars indicate SEM.
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