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Leptin regulates the reward value of nutrient

Ana I Domingos!, Jake Vaynshteyn!, Henning U Voss?, Xueying Ren?, Viviana Gradinaru®, Feng Zang?,

Karl Deisseroth*~7, Ivan E de Araujo® & Jeffrey Friedman

1,8

We developed an assay for quantifying the reward value of nutrient and used it to analyze the effects of metabolic state and
leptin. In this assay, mice chose between two sippers, one of which dispensed water and was coupled to optogenetic activation

of dopaminergic (DA) neurons and the other of which dispensed natural or artificial sweeteners. This assay measured the reward
value of sweeteners relative to lick-induced optogenetic activation of DA neurons. Mice preferred optogenetic stimulation of DA
neurons to sucralose, but not to sucrose. However, the mice preferred sucralose plus optogenetic stimulation versus sucrose.

We found that food restriction increased the value of sucrose relative to sucralose plus optogenetic stimulation, and that leptin
decreased it. Our data suggest that leptin suppresses the ability of sucrose to drive taste-independent DA neuronal activation and
provide new insights into the mechanism of leptin’s effects on food intake.

Dieting is widely prescribed as a therapy for obese individuals, but
long-term compliance is low, partly as a result of the high reward value
of palatable nutrients such as sugars'~. In humans, the reward value
of food is usually assessed using a subjective rating scale for ‘liking’.
Assays of liking in animals are limited by the fact that they cannot ver-
bally report their ratings. Instead, measures of liking in rodents have
been made by subjective monitoring of orofacial expressions, analo-
gous to studies of human infants®. As an alternative to this method,
we implemented a choice assay that measures preference for a nutrient
versus a reference stimulus in which ingestion of water (or solutions
of sweeteners) induces optogenetic stimulation of DA neurons. In this
assay, changes in preference relative to this reference stimulus reflect
changes in the reward value of the ingested agent’~1?. We used this
assay to analyze the effects of changes in metabolic state on the reward
value of sucrose in animals that were fasted or received leptin.
Leptin is an adipose tissue hormone that functions as an afferent
signal in a negative feedback loop that maintains homeostatic
control of adipose tissue mass and reduces food intake!!. Leptin-
deficient individuals report higher liking ratings for food, and leptin
replacement therapy normalized liking ratings even before weight
loss was achieved!?. However, the net effect of leptin on DA signal-
ing is unclear. Leptin receptors are expressed in DA and GABAergic
neurons in the ventral tegmental area (VTA)'>»!4, and supra-
physiological doses of leptin in anesthetized rats were reported to
reduce extracellular firing in the VTA, including identified DA
neurons (1,660 g ml~1)!4. Although this study concluded that leptin
acts pharmacologically to suppress the activity of these pathways,
another study reported that leptin increased tyrosine hydroxylase
levels and enhanced sensitization to amphetamine, suggesting an
excitatory role of leptin on reward pathways'3. We used our assay
for quantifying the value of nutrient to study the contributions of
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taste and post-ingestive effects to nutrient preference under different
metabolic conditions, including leptin treatment.

RESULTS

To couple DA activation to ingestive behavior, we directed the expres-
sion channelrhodopsin-2 (ChR2) to DA neurons of the midbrain!®.
We injected a Cre-inducible adeno-associated virus carrying the
gene encoding ChR2 fused to mCherry (AAV-DIO-ChR2-mCherry).
The nonrecombined construct is in the antisense orientation and
is not expressed. Cre-mediated recombination activates ChR2-
mCherry expression!®. AAV-DIO-ChR2-mCherry virus was injected
stereotactically into the VTA of Dat-cre mice'®. The specificity of
ChR2-expression in DA neurons was confirmed using immuno-
histochemistry, which revealed colocalization of mCherry and tyro-
sine hydroxylase. Transduction efficiency averaged ~70% of tyrosine
hydroxylase-positive neurons expressing channelrhodopsin-2
(Fig. 1a). We next implanted an optical fiber into the VTA region of
Dat-cre; AAV-DIO-ChR2-mCherry mice (Fig. 1b and Supplementary
Fig. 1). To verify optogenetic activation of neurons in this region, we
measured opto-functional magnetic resonance imaging (ofMRI)!7
signals with a 7 T MRI scanner (see Online Methods). of MRI activa-
tion maps of ChR2-expressing mice revealed an optogenetic blood
oxygen level-dependent (BOLD) effect, mainly surrounding the tip
of the fiber, in the VTA (correlation coefficient R > 0.35, P < 10716),
but not in control mice that did not express ChR2 (Fig. 1c). The
BOLD signal was steady across sequential stimulus interval onsets
(average across 14 repetitions, n = 3) and across mice (across 28
repetitions, n = 3; Fig. 1d) in all of the active voxels in the main
cluster surrounding the tip of the fiber. Secondary activation in other
areas was also observed elsewhere when using a lower significance
threshold (R > 0.1, P < 2 x 107> (data not shown)). Finally, optogenetic
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Figure 1 Optogenetic activation of DA neurons. a
(a) AAV-DIO-ChR2-mCherry injection into
Dat-cre mice led to ChR2-mCherry expression

in VTA neurons colocalizing with tyrosine
hydroxylase (TH), a marker for DA neurons.
Scale bars represent 1 um. (b) Optical fibers
implanted above the VTA for photoactivation

of DA neurons. (c) ofMRI activation in ChR2-
expressing (top) and control (bottom) mice,
near the fiber tip. Red to yellow colors indicate
correlation coefficients. Scale bars represent

1 mm. (d) The ofMRI signal was steady across
sequential stimulus onsets (top, average across
14 repetitions) and across mice (bottom, n = 3),
in all of the active voxels in the main cluster TH
located near the end tip of the fiber. Error
bars show error of the mean, in percentage of
baseline signal activity (see Online Methods).
Scale bars represent 1 mm.
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DA neuron activation was also confirmed

using immunohistochemistry; increased

nuclear c-Fos was evident in optogeneti-

cally stimulated neurons in Dat-cre; Rosa26-YFP mice injected with
AAV-DIO-ChR2-mCherry (Dat-cre; Rosa26-YFP; AAV-DIO-ChR2-
mCherry; Supplementary Fig. 2).

Implanted mice were then placed into a chamber in which each lick
was recorded from a port dispensing liquid (sipper) and coupled to
the laser such that five licks triggered a 1-s-long laser pulse to activate
ChR2 through the optical fiber (Fig. 2). This protocol was designed
to mimic the tonic increases in dopamine observed during sustained
sucrose intake!®. When licks were coupled to light emission, mice
showed a marked increase in licking behavior. On average, ChR2-
expressing mice (n = 2) with the laser on licked the sipper 904.2 times
in 1 h versus 225.2 times in control mice (n =2) (ANOVA, P < 0.041;
Fig. 2b). There was a marked difference in the responses of ChR2-
expressing and control mice (Fig. 2a). An example ChR2-expressing
mouse licked the water sipper 1,815 times in 2 h, which is a 17-fold
increase compared with a representative control mouse (Fig. 2a). This
effect of the laser was not observed in control mice or in ChR2-express-
ing mice assayed with the laser off (P > 0.15, ANOVA Tukey-Kramer
post hoc comparison; Fig. 2b). The effect of the laser was also lost on
blockade of DA transmission (Supplementary Fig. 3).

The behavioral assay was next modified such that, over a 10-min
interval, mice had a choice of two sippers, one of which coupled
licks of water to laser activation and the other of which contained
natural or artificial sweeteners (Fig. 3). This assay provides a means
for comparing the value of ingested liquids relative to that conferred
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by optogenetic activation of DA neurons that serve as the reference
stimulus. We first coupled water to activation of DA neurons at one
sipper and provided competing sucrose at different concentrations in
the other sipper (Fig. 3). The sucrose concentrations that were chosen
were in the dynamic range for its behavioral effects and were also
capable of increasing blood glucose concentration under the experi-
mental conditions that we used (Supplementary Figs. 4-6).

At 0 mM sucrose, ChR2-expressing mice prefer water and laser,
scoring 28.4 +4.3% preference for the non-laser sipper (water), which
was significantly different from that of control mice (n = 4) (47.1 £
6.8%, P < 0.013, two sample ¢ test). This bias toward the laser side
decreased as sucrose was added to the opposite sipper. For 100 mM
sucrose, ChR2-expressing mice (n = 5) showed a 44.4 = 10% pre-
ference for water and laser, which was significantly different from
baseline (P < 0.05, t test). At higher concentrations, 110 mM, 120 mM,
130 mM and 140 mM, ChR2-expressing mice further shifted
preference toward the sucrose (P < 0.008, P < 0.004, P < 0.0012 and
P < 0.00035, respectively). Both ChR2-expressing and control mice
showed a significant preference for the sucrose sipper despite the fact
that the other sipper was coupled to laser activation of DA neurons
(P<0.05, bootstrap-based ¢ test for all concentrations, except 100 mM).
These results indicate that the value of sucrose was higher than
that of optogenetic DA stimulation (Fig. 3). In contrast, the same
ChR2-expressing mice still showed preference for water and laser
when sucralose was provided as an alternative at the second sipper
(0.125 mM sucralose: ChR2-expressing, 22.9 * 5.2%; control, 57 £
9.1%; P < 0.002; 0.25 mM sucralose: ChR2-expressing, 37.4 + 9%;

Figure 2 The optogenetic licking assay drives voluntary ingestion in
nondeprived mice. (a) Drinking behavior was monitored using a contact
lickometer, which is connected to a laser switch. The switch was activated
for 1 s after every five licks. Single-animal data obtained during a 2-h
session are shown. Top, a lick raster plot for a ChR2-expressing mouse
(ChR2*, 1,815 licks, top raster) and a control mouse (ChR~, 101 licks,
bottom raster). Bottom, cumulative lick count throughout a 2-h session for
both mice. (b) In 1 h, nondeprived ChR2-expressing mice with the laser
on (n=22) licked the spout 904.2 + 265 times versus 225.2 + 58 times
for control mice (ANOVA, P < 0.041; pairs of letters indicate significant
pairs using Tukey-Kramer post hoc comparison). The effect was not
observed in control mice (n = 14, 2 mice) assayed with the laser on or in
control mice assayed with the laser off (n=20) (P> 0.15, ANOVA
Tukey-Kramer post hoc comparison).
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control, 70 +7.9%; P < 0.0056; 0.5 mM sucralose: ChR2-expressing,
40.2 £9.4%; control, 72.2 + 8.2%; P < 0.0095; 1 mM sucralose: ChR2-
expressing, 47 + 10.8%; control, 85.3 = 4.4%; P < 0.0032, two sample
t test; Fig. 3). Although we noted a tendency of animals to take fewer
total licks at the end versus the start of the dark cycle, this preference
was maintained in all of the experiments, irrespective of the total
number of licks that were produced (Supplementary Figs. 7 and 8).
These results establish that the concentrations of sucralose that we
tested have a lower value than that of optogenetic stimulation of DA
neurons, which in turn has lower value than sucrose.

The assay was next configured such that mice were given a
choice between sucralose and laser at one sipper versus sucrose at
the other (Fig. 4). To avoid saturation of taste receptors by high
doses of sweeteners, we selected sucrose and sucralose concentra-
tions in the dynamic range of the dose response curves (Fig. 3 and
Supplementary Fig. 4). ChR2-expressing mice (n = 5) showed a sig-
nificant preference for sucralose and laser as compared with sucrose.
We observed that control mice (n = 4) preferred 110 mM sucrose
and 140 mM sucrose to 0.5 mM sucralose and laser (72 + 12% and
90 + 3% preference ratios, respectively), whereas ChR2-expressing
mice showed a highly significant preference for sucralose and laser
(13£5% and 16 + 7% sucrose preference, respectively; P < 0.0000007;
Fig. 4 and Supplementary Fig. 9). Note that sucralose alone, even
at much higher concentrations, was never preferred to sucrose
(Supplementary Fig. 4), indicating that optogenetic stimulus was

Figure 4 Optogenetic activation of a
DA neurons reverses the preference of

sucrose over sucralose and elicits .
activation of DA neurons. (a) Control ™~
(n=4) and ChR2-expressing (n = 5)

mice were given a choice between either
sucrose or sucralose and laser (bottom).
Control mice preferred 110 mM and

140 mM sucrose to 0.5 mM sucralose

and laser (sucrose, 72 £ 12%, n = 6;
sucralose, 90 + 3%, n = b5; black bars),

but ChR2-expressing mice preferred the
reverse, with sucrose preference ratios

of 13+ 12% for 110 mM and 16 £+ 7% for
140 mM (n =9, blue bars). (b) Colocalization
of nuclear c-Fos (nu-c-Fos) and YFP in Dat-cre;
Rosa26-YFP mice revealed that sucralose and
laser (34.2 + 3 DA neurons per 512 pixel?)
activated more DA neurons than sucrose

(14 + 2 DA neurons per 512 pixel?) (n = 5).
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Figure 3 Sucrose has higher value than sucralose. ChR2-expressing (n = 5)
and control (n = 4) mice were given a choice between either water and laser
or sucrose (or sucralose) for 10 min. At baseline (O mM), ChR2-expressing
mice (n=21) showed a high preference for water and laser activation

(70 + 3%), as compared with control animals (50 + 2%, n=23). *P< 0.05.
Left, sucrose was preferred at all concentrations to water and laser. ChR2-
expressing and control mice had similar preference scores (all P> 0.13).
Preference scores among ChR2-expressing mice were significantly different
from baseline (P < 0.05 for 100 mM and P < 0.008 for 110-140 mM).
Right, ChR2-expressing mice were given a choice between either sucralose
or water and laser. Coupling laser to water significantly shifted an animal’s
preference away from sucralose, which was not observed in control animals
(P<0.002 for 0.125 mM, P < 0.0056 for 0.25 mM, P < 0.0095 for

0.5 mM, P< 0.0032 for 1 mM). Error bars represent s.e.m.

required to shift an animal’s preference from sucrose to sucralose.
Previous studies have suggested that the preference for sucrose
versus sucralose is a result of its post-ingestive effect to increase
dopamine release in forebrain!®. This is consistent with our finding
that laser activation of DA neurons can change an animal’s prefer-
ence from sucrose to sucralose. We next tested whether this change
in preference was correlated with a change in DA neuronal activity
by measuring the levels of nuclear c-Fos. Dat-cre;Rosa26-YFP mice
injected with AAV-DIO-ChR2-mCherry (Rosa26-YFP; AAV-DIO-
ChR2-mCherry) were given either sucrose (140 mM) or sucralose
(0.5 mM) plus optogenetic stimulation for 10 min, and nuclear
c-Fos/YFP immunohistochemistry was performed (see Online
Methods). Sucralose and laser resulted in a significantly greater
number of neurons with colocalization of Nu-c-Fos and YFP than
did sucrose, sucralose alone, or water and laser (sucralose and laser,
sucrose, sucralose, and water and laser activated, respectively, 34.2
+3,14+2,14.8+2 and 11.8 £ 1 DA neurons per 512 pixelz, n=>5,
P <0.0005; Fig. 4b).

We next assayed whether changes in metabolic state, including
leptin levels, can modulate an animal’s preference for sucrose versus
sucralose and laser (Fig. 5 and Supplementary Fig. 10). ChR2-
expressing mice (n = 6) were food deprived for 24 h and treated
with either vehicle or leptin (2 mg per kg of body weight)!>. In con-
trast with fed mice, vehicle-treated fasted mice preferred sucrose
(85 £ 4% and 93 % 3% preference for 110 mM and 140 mM sucrose,
P < 0.0001), indicating that fasting is associated with an increase in
the value of sucrose compared with sucralose and laser. In contrast,
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Scale bars represent 20 um. (c) Sucralose and laser activated more DA neurons than either sucralose (14.8 + 2 DA neurons per 512 pixel2) or water
and laser (11.8 + 1 DA neurons per 512 pixel?) (n = 5). ****P < 0.0005. Error bars represent s.e.m.
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the fasted mice that were treated with leptin showed 22 + 7% prefer-
ence for 110 mM sucrose (P < 0.0001) and 31 + 11% preference for 140
mM sucrose (P < 0.0003), indicating that leptin reversed the prefer-
ence of fasted mice for sucrose. Indeed, the preference for 0.5 mM
sucralose and laser versus sucrose was indistinguishable between the
free fed group and the fasted group that was treated with leptin, indi-
cating that the effect of fasting to increase sucrose preference in this
assay is likely mediated by the fall in plasma leptin that accompanies
afast (110 mM, P > 0.35; 140 mM, P > 0.22).

We next tested the effect of leptin in fasted ChR-expressing animals
given a choice between laser alone versus sucrose. The preference
for laser and sucrose was still evident in leptin-treated fasted mice,
even when sucralose was replaced with water (Fig. 5). Vehicle-treated
fasted mice preferred 110 mM and 140 mM sucrose to water and
laser (85 % 6% and 83 * 3%, respectively; Fig. 5 and Supplementary
Fig. 10). Leptin-treated animals showed a reduced preference for
sucrose versus water and laser (110 mM, 51 £7%, P < 0.0035; 140 mM,
60 £ 8%, P < 0.018 compared with the fasted controls). These prefer-
ence ratios for sucrose are equivalent (P > 0.5) to those of sucralose in
mice fed ab libitum (see Fig. 3), which is consistent with the possibility
that leptin reduces the rewarding post-ingestive effect of sucrose.

The changes in preference that resulted from fasting or leptin
treatment were correlated with change in the activity of DA
neurons as assayed by staining for c-Fos. Dat-cre; Rosa26-YFP;
AAV-DIO-ChR2-mCherry mice were given 140 mM sucrose or
0.5 mM sucralose and laser for 10 min, and sections were stained for
nuclear c-Fos and YFP (see Online Methods and Supplementary
Fig. 11). Quantification of nuclear c-Fos and YFP colocalization
revealed that sucrose activated significantly more DA neurons
in fasted mice than in mice fed ad libitum (sucrose, 49.4 + 4 DA
neurons per 512 pixelz; sucralose and laser activated, 34.8 + 4 DA
neurons per 512 pixel% n =5, P < 0.0153; Supplementary Fig. 11).
Conversely, in leptin-treated mice that were fasted, sucrose resulted
in a significantly lower number of DA neurons that expressed c-Fos
compared with similar analyses of mice given sucralose and laser
(sucrose, 11.8 = 2 DA neurons per 512 pixelzg sucralose and laser
activated, 32 = 2 DA neurons per 512 pixelz; n=>5P<0.00011;

Figure 6 Leptin corrects the fasting-induced increase in the value of
sucrose via the CNS. (a,b) Acute intracerebroventricular injection of

100 ng of leptin leads to Stat3 phosphorylation in the VTA (a) and
hypothalamus (b). Fluorospheres (green) labeled the third ventricle. Scale
bars represent 100 um. (c) We assayed mice (n = 6) for their preference
for sucrose 1 h after leptin (light gray bars, right) or vehicle injection (dark
gray bars, right). Vehicle-treated fasted mice preferred sucrose (110 mM,
77 + 6%; 140 mM, 85 + 9%), but leptin-treated fasted mice do not (110
mM, 22 £ 6%; 140 mM, 31 £ 8%). ****P < 0.0001, ***P < 0.0035.
Error bars represent s.e.m.
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Figure 5 Fasting increases the value of sucrose, and leptin reverses this
effect. ChR2-expressing mice (n = 6) were fasted for 24 h and treated with
leptin (gray bars) or vehicle (black bars). Left, fasted animals, injected with
vehicle, preferred 110 mM and 140 mM sucrose to sucralose and laser,
with sucrose preferences of 85 + 4% and 93 + 3%, respectively. Fasted
mice injected with leptin (2 mg per kg) displayed 22 + 7% preference

for 110 mM sucrose and 31 + 11% preference for 140 mM sucrose.
Preference for 0.5 mM sucralose and laser in the ab libitum and leptin-
treated groups were not significantly different (P> 0.35 for 110 mM and
P> 0.22 for 140 mM) (blue bars, as in Fig. 4). Right, vehicle-treated
fasted mice preferred 110 mM and 140 mM sucrose to water and laser
(85 £ 6% and 83 = 3%, respectively). Leptin-treated fasted mice had
reduced preference for sucrose (110 mM, 51 £ 7%; 140 mM, 60 £ 8%).
***P < (0.0035, *P < 0.018. Error bars represent s.e.m.

Supplementary Fig. 11). We also found that the effect of optoge-
netic activation of DA neurons by licking was similar in all of the
different groups (Supplementary Fig. 11). These findings suggest
that changes in the activity of DA neurons are responsible for the
effects of leptin and fasting on nutrient preference.

However, as leptin receptor expression has been reported on taste
buds, we directly tested whether these behavioral effects of leptin were
centrally mediated!® (Fig. 6). A cannula was implanted in the lateral
ventricle, ipsilateral to the optic fiber (Supplementary Fig. 1). Leptin
was acutely injected intracerebroventricularly at doses (100 ng in
2 ul of vehicle/FlouroSpheres) that were previously shown to substan-
tially reduce daily food intake in rodents!“. In mice, this dose of leptin
decreased food intake by 48% (P < 0.02). We confirmed leptin’s action
in the hypothalamus and VTA by immunostaining for phosphorylated
Stat3, a marker of leptin bioactivity (Fig. 6a,b). Mice (n = 6) were food
deprived for 24 h and assayed 1 h after injection of leptin or vehicle.
Leptin and vehicle groups (n = 3 each) were reversed 2 d later and
the results were pooled. The results replicated those for peripheral
injections (Fig. 5). Vehicle-treated fasted mice preferred 110 mM and
140 mM sucrose (77 £ 6% and 85 * 9%, respectively), whereas leptin-
treated fasted mice showed a preference for 0.5 mM sucralose and
laser, similar to ad libitum fed mice. When given a choice between
0.5 mM sucralose and laser versus sucrose, the leptin-treated mice
showed a 22 + 6% preference for 110 mM sucrose (P < 0.0001) and
31 + 8% preference for 140 mM sucrose (P < 0.0012) (Fig. 6¢ and
Supplementary Fig. 12).

Finally we tested whether leptin modulated the post-ingestive effect
of sucrose to activate DA neurons by delivering sucrose directly into
the stomach!®20 (Fig. 7). Fasted Dat-cre; Rosa26-YFP mice treated
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Figure 7 Leptin supresses post-ingestive sucrose-induced DA neuron activation.
Fasted Dat-cre; Rosa26-YFP mice were gavaged with 0.5 ml of 30% sucrose 1 h
after an intraperitoneal injection of leptin or vehicle, and analyzed after 20 min.
Colocalization of nuclear c-Fos and YFP revealed that leptin reduced DA neuron
activation in response to sucrose. Scale bars represent 20 um.

with either leptin (2 mg per kg, intraperitoneal) or vehicle were given
0.5 ml of 30% sucrose by gavage to specifically elicit the post-ingestive
effect of sucrose independently of the activation of oral taste receptors.
Immunohistochemistry for nuclear c-Fos and YFP (Fig. 7) revealed
that leptin reduced the level of DA neuron activation by intragastric
sucrose (leptin, 10.4 + 2 DA neurons per 512 pixel?; vehicle, 48.6 + 4
DA neurons per 512 pixelz; n=>5, P<0.00005; Fig. 7). In these studies,
blood glucose levels were increased by gavage, but the plasma glucose
levels were similar in the vehicle- and leptin-treated groups (214 + 16
and 185£21 mgdl~!, P> 0.14) and in animals gavaged with the same
volume of water (Supplementary Fig. 13).

DISCUSSION
We developed a murine choice assay that quantifies the value of nutri-
ents and used it to show that leptin regulates the reward (hedonic)
value of sucrose (Supplementary Fig. 14). This assay is complemen-
tary to other assays of the value of nutrient in animals®2122, We also
found that leptin reduced the post-ingestive effect of sucrose and
report, to the best of our knowledge, the first of MRI of DA neurons.
Theories of the valuation of food dissociate ‘wanting’” and liking into
separate, although interconnected, dimensions of reward?®. Although
liking is measured by using a subjective rating scale in humans, no
such self-reporting methods can be applied to animal studies. In fact,
currently available assays of liking in animals use indirect measures such
as orofacial expressionsé. Wanting, on the other hand, is quantified by
progressive ratio schedules of reinforcement, a method that is widely used
in both human and animal studies??. In the progressive ratio task, the
subject triggers an increasing number of operant responses for reward.
The number of responses triggered to obtain reward is an index of the
willingness to work for food?*24. According to these theories, dopamine
is involved in attributing incentive salience to reward-related stimuli,
being primarily involved in wanting rather than liking?>2>. However,
the observation that neuroleptics cause anhedonia has suggested that
dopamine may also be involved in liking?>2. Thus, the precise mecha-
nism of dopamine action on reward is unclear, despite the fact that it is
known to be important in many different behaviors. To address this issue
and further study the effect of metabolic state on reward, we created an
experimental system in which we can control dopamine activation as an
independent variable using optogenetics, thereby allowing us to quanti-
tate its effects on behavior. Our data indicate that dopamine can alter
an animal’s preference for nutritive versus non-nutritive sweeteners and
that this effect can be modulated by changes in metabolic state, such as
fasting and leptin treatment.

Previous studies have shown that leptin can modulate reward,
and our results are consistent with these reports. In one such study,
leptin’s effects on reward were assayed using progressive ratio sched-
ules associated with electrical intracranial self-stimulation (ICSS) of
the lateral hypothalamus, rather than the midbrain, which was the
focus of our study?’. However, as ICSS lacks cellular resolution, the cell
type on which leptin exerted its effect remains unknown. In addition,
leptin’s effects on ICSS were still evident in obese rats lacking func-
tional leptin receptors?®. Another study reported that leptin reduces
the reward value of sucrose as measured by progressive ratio schedules
and conditioned place preference tasks associated with food, both
of which assay wanting food?!?°. Although this study revealed that
leptin could alter an animal’s motivation to work for food, the study
was not designed to assay the value of nutrient independently of moti-
vational state, as our study did. It has been suggested that assays of
licking microstructure can reveal changes in reward. However, this is
not always the case, as neuroleptic drugs, such as PCP, cause anhedo-
nia in humans, but do not change lick microstructure during sucrose
intake in animals, at doses that do not cause motor impairment”. The
design of our choice assay is based on the neuroeconomic principle
that, if animals choose between two options that require the same
of work, the option chosen provides a measure of the value of that
option®31:32, Such symmetric choice tasks are invariant to drifts in
task engagement, such as circadian influence (Supplementary Fig. 8),
as well as pharmacological and surgical interventions that reduce
motor output or alter overall motivational state. It therefore provides
a robust measure of the reward value of ingested nutrients.

We used this optogenetic preference assay to measure the reward
value of sucrose in mice under different metabolic conditions. We found
that food deprivation, which lowers serum leptin levels, increased the
value of sucrose, a finding that is consistent with studies of human pref-
erences after weight loss with or without leptin treatment!*12, Taken
together with these human studies, our data suggest that leptin reduces
the activation of DA neurons by sucrose in the midbrain. Two previ-
ous studies of leptin in animals reported conflicting data with respect
to leptin’s effects on DA signaling in the midbrain. One group showed
that leptin reduced the firing rate of DA neurons, suggesting that
leptin reduced DA transmission, whereas an independent study reported
that leptin increased amphetamine sensitization, consistent with leptin
augmenting DA transmission!>!4. Although both studies found that
a subpopulation of DA neurons express the leptin receptor, neither
showed a functional effect of leptin on the reward value of nutrient. Our
data provide functional evidence that leptin modulates the (hedonic)
reward value of sucrose and that this modulation is correlated with a
leptin’s ability to reduce the post-ingestive effect of sucrose on the activ-
ity of DA neurons. Our experiments employing ventricle brain infusions
ofleptin also confirmed that this effect is centrally mediated rather than
by peripheral taste organs, where leptin receptor expression has also
been reported!®. However, although our data showing changes in c-Fos
immunoreactivity in DA neurons after leptin treatment strongly suggest
that leptin decreases the post-ingestive effects of sucrose, leptin’s effects
are unlikely to be limited to DA modulation, and may include effects of
this hormone on orofacial sensation and other neural pathways.

The biological mechanisms underlying an animal’s preference
for natural sugars versus artificial sweeteners such as sucralose
(at comparable concentrations regimes; Supplementary Fig. 4a—c)33-40
are poorly understood. This preference does not appear to be a
result of differential activation of taste receptors®!, as both sugars
and artificial sweeteners can be adjusted in concentration to activate
T1R2/T1R3 receptors with equivalent potency*? to recreate equivalent
sweetness ratings®>>~40 (Supplementary Fig. 4a-c). Even if, as has been
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suggested, artificial sweeteners also interact at low affinity with bitter
receptors, taste-blind animals still prefer sucrose to sucralose!®41:4344,
suggesting that animals can sense sucrose independently of taste. This
preference for sucrose is a result of what is referred to as its post-
ingestive effect, by which the caloric value, possibly ATP content, of
nutrient is sensed. Sucrose intake quickly led to an increase in blood
glucose (Supplementary Fig. 6¢), which is correlated with dopamine
release!8. The rapid post-ingestive effect of sucrose is of clinical impor-
tance in humans, where 1 cup of 143 mM sucrose solution (1 spoon in
1 cup) is routinely used as an emergency treatment for hypoglycemia
(http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0001423/). This
dose of sucrose is capable of suppressing the signs and symptoms of
hypoglycemia, whereas sucralose does not. An equivalent amount of
sucrose was ingested in our studies, which, according to some simple
calculations and assumptions based on comparative sizes, equals
approximately 60 licks of a 143 mM solution (this is less than the
average amount of sucrose animals ingested during the testing period,
see Supplementary Fig. 6a for the relevant calculations).

Although animals and humans are capable of adjusting glucose intake
according to physiological state, the precise anatomic sites at which this
sensing takes place remain unknown. The linking of hypoglycemia to a
specific behavior can be learned, as evidenced by the fact that diabetic
individuals often consume juice with sucrose when they note symp-
toms of hypoglycemia. However, the behavioral effects of decreased
glucose concentration do not necessarily require prior experience
linking low blood glucose to specific behaviors, suggesting that the
behavioral response to glucoprivation is innate. For example, a single
injection of 2-deoxyglucose, a non-metabolizable glucose competitor,
is sufficient to induce robust increases in food intake in several strains
of mice (independent of previous experience associating food pellets
with glucoprivation®®). A single injection of 2-deoxyglucose is also suf-
ficient to induce substantial increases in licks for glucose in sweet-blind
mice that have never received this drug, indicating that the effect is not
dependant on taste. Instead, data suggest that nutrient-sensing mecha-
nisms can be linked to behavioral responses in animals that cannot
taste and had never previously received 2-deoxyglucose. These find-
ings suggest that the lack of preference for artificial sweeteners derives
from a lack of a post-ingestive effect with concomitant DA activation,
which natural sugars provide. This predicts that the combination of
‘pure’ taste (sucralose) plus dopamine release should mimic the effects
of sucrose, which activates both pathways. We tested this hypothesis
by combining optogenetic activation of DA neurons with the sweet
taste of sucralose and found that optogenetic activation of DA neurons
synergizes with the taste of sucralose, creating a stimulus with higher
value than sucrose.

In summary, our optogenetic assay provides a new platform for dis-
secting the neural circuitry representing the reward value of ingested
nutrients and the mechanisms by which changes in metabolic state can
alter the value of food. This assay is generally applicable and can be used
to establish the reward value of other nutrients and the effects of other
hormones*® or drugs. Using this assay, we found that fasting increased
and leptin reduced the reward value of sucrose via a reduction in DA
signaling, establishing a role for this hormone in the regulation of food
reward. These findings add important new information about the mecha-
nism of leptin action and its effect on the reward value of nutrient.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Animals and virus. Dat-cre mice were donated by N.-G. Larsson (Karolinska
Institutet)'®. The mice shown in Figure 2 were of 129/C57BL6 mixed back-
ground, and C57BL/7 otherwise. Mice were single housed and maintained
under an inverted 12 h light-dark cycle. Experimental protocols were approved
both by the John B. Pierce Laboratory and Rockefeller University Institutional
Animal Care and Use Committees and met the guidelines of the US National
Institutes of Health guide for the Care and Use of Laboratory Animals. AAV-
DIO-ChR2mCherry vectors have been described elsewhere!.

Surgeries. Surgical procedures were as described previously!¢, with modifica-
tions. We delivered ~0.5 pl of AAV virus through a pulled-glass pipette and a
pressure micro-injector (Toohey). The fiber optic (Thorlabs) was chronically
implanted and secured with dental cement (Lang). Control mice were treated
the same way as Chr2-expressing mice, but were injected with phosphate-
buffered saline (PBS). For the dual implants, procedures were as above, but
before implanting the fiber, a canula (PlasticsOne) was secured in the right
lateral ventricle.

Immunohistochemistry. Dat-cre mice transduced with AAV-DIO-ChR2-
mCherry virus were perfused transcardially with PBS followed by 10% formalin
(wt/vol, Sigma). The brains were post-fixed by 10% formalin overnight at 4 °C;
50-wm brain slices were collected with a vibratome and blocked with 2% normal
goat serum (vol/vol) and 0.1% Triton X-100 (vol/vol). DA cell bodies and fibers
were marked with rabbit antibody to tyrosine hydroxylase (1:1,000, Pel-Freez
#P40101)!°. For c-Fos immunohistochemistry in Dat-cre; Rosa26-YFP; AAV-
DIO-ChR2-mCherry mice, perfusion and slicing was carried out as described
above; a subset of slices was incubated in 1% H,0,/1% NaOH (vol/vol) for 10 min
to quench mCherry fluorescence. Blocking was carried out as described above,
and labeling was done with rabbit antibody to c-Fos and chicken antibody to GFP
(1:1,000, Santa Cruz L1809 and Abcam 13970-100). For Stat3 immunoreactivity,
animals were injected intracerebroventricularly with 100 ng of murine leptin
(Amgen, 2008067H7) and killed 1 h later. Sections were treated with 1% H,0,/1%
NaOH for 10 min, 0.3% glycine (wt/vol) in PBS for 10 min, and 0.03% SDS
(vol/vol) in PBS for 10 min. Sections were blocked (PBS containing 0.1% Triton
X-100, 2% goat serum, 3% bovine serum albumin (vol/vol)) for 1 h, and stained
for 48 h at 4 °C with Phospho-Stat3 (Tyr705) antibody (#9131, Cell Signaling,
1:1,000). Sections were then washed and incubated with secondary antibody for
2 h (Alexa 594-conjugated goat antibody to rabbit, Invitrogen).

ofMRI. Imaging was performed on a 7.0 T 70/30 Bruker small animal MRI system
with 450 mT/m gradient amplitude and a 4,500 T m~! s7! slew rate. Anesthesia
was approximately 1.4 +0.3% isoflurane/O,, maintained to 60 breaths per minute,
measured with a pneumatic sensor below the animal. Body temperature was moni-
tored by a rectal sensor and maintained at 37.0 + 1.5 °C with a water bed. The head
was immobilized with a bite ring and ear bars. A circular surface coil 10 mm in
diameter was centered on the optic fiber. A linear coil with 7-cm diameter was
used for excitation. Six coronal anatomical images were acquired from caudal to
rostral, with the second slice being centered on the fiber tip. Six BOLD sensitive
EPI image slices were aligned with the anatomical slices and acquired with echo
time = 16 ms, repetition time = 250 ms, number of shots = 4 (yielding an effec-
tive repetition time = 1 s per data point), navigator echo to reduce ghosting, four
discarded scans at the beginning to allow for magnetization equilibrium, field of
view = 1.75 cm, matrix size 80 x 64, acquisition matrix size 80 x 44, spatial image
resolution = 0.22 x 0.27 x 0.8 mm, with a gap between slices of 0.2 mm, and

interleaved acquisition mode at a bandwidth of 250 kHz. For each animal, 1,800
EPI volumes, equaling 30 min of scan time, were acquired. The VTA was light
(473-nm laser)!® stimulated at 1 Hz, starting at 120 s of scan time for 20 s, and
off for 40 s. This cycle was repeated 28 times. Data was analyzed with AFNI (Cox
1996) and MATLAB (Mathworks). EPI series were motion corrected and each
voxel correlated with the block function indicating the stimulus. The correlation
maps were overlaid onto the anatomical images, only taking into account positive
correlations. Average activation time series for ChR2-expressing mice (Fig. 2d)
were obtained by averaging the data from three animals over the cluster of positive
BOLD signal located at the tip of the fiber and defined by voxels with a correlation
coefficient of R > 0.1 (P <2 x 107).

Behavior and data analysis. MedAssociates chambers were equipped with
two contact lickometers! and a laser source (solid state crystal laser, 473-nm
wavelength)!4!® controlled by MedPC via a transistor-transistor logic impulse.
Animals were water deprived for 23 h, and were given water inside the chamber
for 1 h, for four consecutive days. On day 1, mice were given water though the left
sipper (only one sipper was given), with the laser source being triggered on licking
(as shown in Fig. 2). To balance for any chamber biases, we conditioned half of
the animals to the left sipper, whereas the other half was conditioned to the right
sipper. On day 2, mice were only given the other sipper (control sipper, without
laser activation). Day 3 and 4 were, respectively, repetitions of day 1 and 2. On the
fifth day, animals were not deprived and were given laser sipper and control sipper
simultaneously for 10 min. Once a clear bias toward laser sipper was established
(above 55%), animals were subject to experiments as in Figures 4-7. For each
mouse, flavor presentation was randomized to avoid expectation; preference tests
lasted 10 min, unless otherwise noted. Chr2-expressing and control mice were
run in parallel. Two-bottle preference was calculated as the ratio

preference for sipper1

number of licks onsipper1

" number of licks on sipper1 + number of licks onsipper 2

and expressed as percentage values, with 50% representing the indifference ratio.
Behavioral data was analyzed with Matlab (v7, Mathworks) and Excel (Microsoft)
and expressed as mean * s.e.m. Significance tests comparing control and ChR2-
expressing groups were t tests and, when appropriate (Fig. 3), two-way ANOVAs
followed by pairwise post hoc Tukey-Kramer corrections for multiple comparisons.
Preference scores for sucrose versus water (dataset A) and sucralose versus water
(dataset B) were compared to a preference score of indifference (that is, water versus
water, dataset C) using nonparametric resampling methods (bootstrap based ¢ test)
to calculate P values. Briefly, for each concentration of sucrose, we computed
the mean (1) difference w(A) — n(C) of the two measured datasets (A and C)
of size n, and n. We pooled the measured datasets A and C (AUC) into one
distribution of size n, + n.. We randomly collected two datasets A’ and C of
the same size, 11, and n, from AUC. Then, we computed the difference between
the mean of A’ and the mean of C} (&) — u(C’), and stored the value. We repeated
this 10,000 times (bootstrap) to construct a distribution of differences and
compute the mean of this distribution. We computed the probability (p) that the
observed difference in the data is different from the mean of the distribution of
differences. This is equivalent to a ¢ test. If p was smaller than 0.05, then the differ-
ence between A and C was significant. Same procedure applies for B and C.

Glycemic measurements. Blood glucose was measured with Ascencia Elite XL
(Bayer, 3918A) and blood samples withdrawn from the tail.
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