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Key points

• Much remains to be determined regarding the physiological signals and brain systems that
mediate the attribution of greater reward to sugars compared to artificial sweeteners.

• We show that disruption of glucose utilization in mice produces an enduring inhibitory effect
on artificial sweetener intake.

• Consistently, hungry mice shifted their preferences away from artificial sweeteners and in favour
of glucose after experiencing glucose in a hungry state.

• Disrupting glucose oxidation suppressed dorsal striatum dopamine efflux during sugar intake.
• Glucose oxidation controls intake levels of sweet tastants by modulating extracellular dopamine

levels in dorsal striatum.

Abstract It is well established that animals including humans attribute greater reinforcing value to
glucose-containing sugars compared to their non-caloric counterparts, generally termed ‘artificial
sweeteners’. However, much remains to be determined regarding the physiological signals and
brain systems mediating the attribution of greater reinforcing value to sweet solutions that
contain glucose. Here we show that disruption of glucose utilization in mice produces an end-
uring inhibitory effect on artificial sweetener intake, an effect that did not depend on sweetness
perception or aversion. Indeed, such an effect was not observed in mice presented with a less
palatable, yet caloric, glucose solution. Consistently, hungry mice shifted their preferences away
from artificial sweeteners and in favour of glucose after experiencing glucose in a hungry state.
Glucose intake was found to produce significantly greater levels of dopamine efflux compared
to artificial sweetener in dorsal striatum, whereas disrupting glucose oxidation suppressed dorsal
striatum dopamine efflux. Conversely, inhibiting striatal dopamine receptor signalling during
glucose intake in sweet-naı̈ve animals resulted in reduced, artificial sweetener-like intake of
glucose during subsequent gluco-deprivation. Our results demonstrate that glucose oxidation
controls intake levels of sweet tastants by modulating extracellular dopamine levels in dorsal
striatum, and suggest that glucose utilization is one critical physiological signal involved in the
control of goal-directed sweetener intake.
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Introduction

Sweet soft drinks are a major source of excessive ingestion
of sugar-derived calories (Bray et al. 2004). Intriguingly,
the introduction of artificially sweetened drinks into
the market was not sufficient to curb overall sugar
intake (Saris 2003). In fact, accumulating evidence reveals
that the glucose moiety of sweet carbohydrates has
the ability to activate taste-independent physiological
pathways to stimulate sugar intake. Thus, gut infusions
of glucose-containing sugars performed in response
to oral ingestion of a distinct flavour result in end-
uring preferences for that particular flavour, as shown
by ‘flavour-nutrient conditioning’ paradigms in rodents
(Sclafani, 2001; Mobini et al. 2007). Flavour preference
learning has also been shown to be relevant for human
behaviour, as post-ingestive effects also modulate flavour
preference in healthy adults (Mobini et al. 2007; Yeomans
et al. 2009). Consistently, sweet-insensitive mutant mice
lacking the taste ion channel TRPM5 are capable of
acquiring preferences for sipper positions associated with
sugar intake (de Araujo et al. 2008), resulting in ingested
levels comparable to those observed in sweet-sensitive
wild-type mice (Ren et al. 2010). However, and despite
the relevance of the topic to our understanding of human
eating habits, a full characterization of the physiological
pathways that bring about increased sweet-independent
sugar preferences is currently lacking.

Also incompletely understood are the brain systems
that mediate such flavour-independent stimulation of
sugar intake. While the central catecholamine trans-
mitter dopamine seemingly plays a critical role in
mediating these responses (de Araujo et al. 2008, 2010;
Sclafani et al. 2011), it remains unclear which of the
dopaminergic targets constitute the critical regulator of
sweet-independent sugar intake. At this point we stress
the central role played by the dorsal aspect of the
striatum in food reinforcement. First, genetic ablation
of dopamine synthesis induces marked hypophagia, an
effect reversed by restoring dopamine signalling in dorso-
medial striatum (Szczypka et al. 1999; Sotak et al. 2005).
Furthermore, several studies show that the integrity of
mediodorsal striatal circuits is critical for the formation
of action–outcome (e.g. lever press–food) associations
during instrumental tasks (Taylor & Robbins, 1986; Yin
et al. 2005, 2008; Balleine et al. 2009). Specifically, it
is assumed that dopamine signalling in dorsal striatal
circuits acts as one critical determinant of whether animals
will display devaluation-sensitive (‘goal-directed’) or
devaluation-insensitive (‘habitual’) ingestive behaviours
(Yin et al. 2008).

To gain further insight on the role of cellular utilization
of glucose moieties in sweet-independent attribution of
value to sugars, we tested the hypothesis that glucose
oxidation rates regulate both behavioural output and

mediodorsal striatum dopamine efflux during active sweet
intake. To test our hypothesis, we obtained concomitant
behavioural and neurochemical measurements during
the active ingestion of sugars and non-caloric artificial
sweeteners, such that glucose oxidation rates were
pharmacologically controlled during either of these
behavioural contexts. We predicted that disrupting glucose
oxidation would produce persistent decreases in intake
that are specific to artificial sweeteners, while glucose
ingestion would remain immune to such manipulations.

Methods

Subjects

In total, 138 wild-type adult male mice on a C57BL6/J
background were used. At the time of experiments animals
were 8–16 weeks old. All experiments were conducted
in accordance with the J.B. Pierce Laboratory and Yale
University regulations on usage of animals in research.

Surgical procedures for implantation of gastric
catheters and microdialysis guiding cannulae

Once animals had been anaesthetized with an I.P.
injection of a ketamine/xylazine (100/15 mg kg−1), a mid-
line incision was made into the abdomen. The stomach
was exteriorized through the midline incision and a purse
string suture was placed in its non-glandular region,
into which the tip of MicroRenathane tubing (Braintree
Scientific Inc., Braintree, MA, USA) was inserted. The
purse string was tightened around the tubing, which was
then tunnelled subcutaneously to the dorsum via a small
hole made into the abdominal muscle; a small incision to
the dorsum between the shoulder plates was then made to
allow for catheter exteriorization. Incisions were sutured
and thoroughly disinfected and the exterior end of the
catheter was plugged. For animals used in the micro-
dialysis experiments targeting the dorsal striatal region, the
animal was placed on a stereotaxic apparatus (David Kopf,
Tujunga, CA, USA) under constant flow of ∼1% isoflurane
anaesthesia (1.5 l min−1) and a circular craniotomy was
drilled at AP = 1.3 mm and ML = ±1.3 mm implantation
of a guide cannulae (DV = −0.5 mm from brain surface)
for posterior insertion of a microdialysis probe (final probe
tip positions (DV = −2.5 mm from brain surface)].

Stimuli and behavioural apparatus

Both taste stimuli (the carbohydrate glucose and the
artificial sweetener sucralose) were obtained from Sigma
(St Louis, MO, USA) and prepared daily (at 0.8 and
2 mM, respectively) in distilled water at room temperature.
Behavioural experiments were conducted in either one

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 591.22 Glucose utilization and artificial sweeteners 5729

of three identical mouse behaviour chambers enclosed
in a ventilated and sound-attenuating cubicle (Med
Associates Inc., St. Albans, VT, USA). Each chamber was
equipped with two slots for sipper tubing placements, at
symmetrical locations on one of the cage walls. All sippers
were connected to a contact-based lick detection device
allowing for measurements of licking responses with 10 ms
resolution. All lick timestamps were saved in a computer
file for posterior analysis.

Short-term two-bottle preference tests

Short-term (5 min) two-bottle preference tests between
D-glucose and the artificial sweetener sucralose were used
to determine the short-term, oral relative preferences for
each of these compounds. The short duration of this
test aims to minimize post-ingestive influences. Once
habituated to the behavioural chamber and the stimuli
for 4 days, each animal was presented with the choice
between D-glucose and sucralose. The number of licks in
each sipper was recorded and used to calculate the pre-
ference ratio as follows:

Preference ratio for Sipper1 = n(Sipper1)

n(Sipper1) + n(Sipper2)

where n(Sipperx) denotes the detected number of licks to
sipper x during a given session. To eliminate the influence
of side-biases, mice were tested for four consecutive days
with sipper positions being switched daily.

Indirect calorimetry

Energy expenditure was measured via indirect calorimetry
using the Oxymax/CLAMS Animal Monitoring System
(Columbus Instruments, Columbus, OH, USA). This
is a mouse-dedicated, four-cage system equipped with
open-circuit calorimetry, contact lickometers and XZ-axis
motor activity sensors. Metabolism-induced heat was
derived by assessing the exchange of oxygen for
carbon dioxide that occurs during metabolic processes
(Jequier et al. 1987), as measured by the mass flow
principle. Oxygen (O2) measurement was performed via
paramagnetic sensing and carbon dioxide (CO2) by single
beam non-dispersed IR. The respective volumes were
determined as:

VO2 = ViO2i − VoO2o (1)

VCO2 = VoCO2o − ViCO2i (2)

where V i is the mass of air at chamber input per unit time,
V o is the mass of air at chamber output per unit time,
O2i is the oxygen fraction in V i,CO2i is the carbon dioxide
fraction in V i,O2o is the oxygen fraction in V o and CO2o is
the carbon dioxide fraction in V o.

The respiratory quotient RQ was calculated as

RQ =VCO2/VO2 (3)

Heat was calculated by determining the calorific value
of the food being metabolized. For the accepted range
of nutritional RQs (0.707–1.0), the heat available is
4.686–5.047 kcal (l O2)−1. The calorific value (Cv) is
interpolated by straight line approximation for values
within the RQ range (Cv = 3.815 + 1.232 × RQ). The
resulting calorific value is applied to the obtained figure
for oxygen consumption for derivation of heat, followed
by normalization of this quantity to the animal’s body
volume:

Heat = (Cv×VO2 )/(body weight)0.75 (4)

Ambulatory activity was obtained from the total
number of beam-break counts of the XZ sensors.

Longer-term (1 h) intake task

Prior to obtaining the final behavioural test, animals were
habituated to the behavioural boxes and sweet stimuli
during four daily 1 h sessions. These sessions were pre-
ceded by I.P. injections of either vehicle (saline) or of
the glucose anti-metabolite 2-deoxy-D-glucose (2-DG;
Sigma, 400 mg kg−1) 10 min prior to the beginning of
the session. Animals were randomly assigned to one of
four experimental groups: Group 1, ‘Naive glucose’ group,
treated with vehicle injections 10 min prior to each of the
four habituation sessions, where the animal is allowed to
freely consume 0.8 M glucose solutions; Group 2, ‘Naive
sucralose’ group, treated with vehicle injections 10 min
prior to each of the habituation sessions, where the animal
is allowed to freely consume 2 mM sucralose solutions;
Group 3, ‘Recurrent glucose’ group, treated with either
vehicle or 2-DG injections on alternate days 10 min prior
to each of the four habituation sessions, where the animal
is allowed to freely consume 0.8 M glucose solutions; and
Group 4, ‘Recurrent sucralose’ group, treated with either
vehicle or 2-DG injections on alternate days 10 min prior
to each of the habituation sessions, where the animal is
allowed to freely consume 2 mM sucralose solutions. The
final behavioural test measures were obtained on session
days 5 and 6, when all animals were treated with vehicle
(day 5) or 2-DG (day 6) 10 min prior to ingesting glucose
(groups 1 and 3) or sucralose (groups 2 and 4). These
experimental groups are shown in schematic form in
Table 1. Lick timestamps were analysed posteriorly and lick
counts were binned every 10 min as arbitrarily specified a
priori. During sessions 5 and 6 microdialysis samples were
collected concomitantly to behavioural performance (see
below). Two additional control groups injected for 6 days
with vehicle only were presented with either glucose or
sucralose as above.

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Experimental design for each of the tested groups

Pre-treatment (I.P. injection 10 min prior to behaviour)

Habituation Sessions (1 h behavioural assay)

Test sessions (1 h
behavioural assay

combined with
microdialysis in

groups 1–4)

Group name (treatment/sweetener) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Naı̈ve glucose VEH VEH VEH VEH VEH 2-DG
Naı̈ve sucralose VEH VEH VEH VEH VEH 2-DG
Recurrent glucose VEH 2-DG VEH 2-DG VEH 2-DG
Recurrent sucralose VEH 2-DG VEH 2-DG VEH 2-DG
Control glucose VEH VEH VEH VEH VEH VEH
Control sucralose VEH VEH VEH VEH VEH VEH

Conditioned taste aversion assessment

To rule out the possibility that the inhibitory effect of
2-DG on artificial sweetener intake was due to conditioned
aversion to sweetener taste, we compared the ability
of a malaise-inducing agent [0.35 M lithium chloride,
10 μl (g body weight)−1] to induce taste aversion in a
classical conditioned taste aversion paradigm versus in the
experimental design similar to the one described above.
One group of animals was treated with 2-DG 10 min
prior to the beginning of 10-min two-bottle sucralose
versus water preference tests. On the following day the
same preference test was performed in the absence of
drug treatment. Then, a second group of animals was
exposed to the same protocol except that 0.35 M lithium
chloride was used instead of 2-DG. Importantly, these
two groups of non-naı̈ve animals had been exposed to
sucralose versus water tests prior to the treatment day,
in analogy to our main behavioural protocol. Finally, a
third group of sweet-naı̈ve animals was first exposed to
the 10 min two-bottle sucralose versus water preference
test and then treated with 0.35 M lithium chloride (as in
canonical conditioned taste aversion paradigms). A pre-
ference test was performed on the following day as for
the other groups. Preference ratios were computed as
explained above.

Dopamine measurements during behavioural
performance in the 1 h intake task

During the test sessions (i.e. session days 5 and 6)
for the 1 h task described above, collection of micro-
dialysate samples from the mediodorsal striatum was
performed concomitant with behavioural performance.
An additional group of naı̈ve animals was exposed to
sucralose tests as above but treated with dichloroacetate
(400 mg kg−1, Sigma), a compound that promotes
glucose oxidation, instead of 2-DG. Specifically, during

the experimental sessions, microdialysate samples from
these freely moving mice were collected, separated and
quantified by HPLC coupled to electro-chemical detection
methods (‘HPLC-ECD’). Briefly, after recovery from
surgery and behavioural training as above, a micro-
dialysis probe (2 mm CMA-7, cut off 6 kDa, CMA
Microdialysis, Stockholm, Sweden) was inserted into the
striatum through the guide cannula (the corresponding
CMA-7 model). After insertion, probes were connected to
a syringe pump and perfused at 1.2 μl min−1 with artificial
cerebrospinal fluid (aCSF; Harvard Apparatus, Holliston,
MA, USA). After a 30 min washout period and a sub-
sequent 30 min pre-intake baseline sampling, dialysate
samples were collected every 10 min and immediately
manually injected into a HTEC-500 HPLC unit (Eicom,
Japan). Analytes were then separated via an affinity
column (PP-ODS, Eicom), and compounds subjected to
redox reactions within an electro-chemical detection unit
(amperometric DC mode, applied potential range from
0 to ∼2000 mV, 1 mV steps). Resulting chromatograms
were analysed using the software EPC-300 (Eicom), and
actual sample concentrations were computed based on
peak areas obtained from a 0.5 pg μl−1 dopamine standard
solution (Sigma) and expressed as percentage changes with
respect to the mean dopamine concentration associated
with the baseline (i.e. pre-behavioural task) sampling
period. Locations of microdialysis probes were confirmed
histologically.

Striatal dopamine receptor antagonism during intake
tests

The D1/D2 dopamine receptor antagonist flupenthixol
(Sigma) was infused bilaterally into the dorsal striatum
(Murray et al. 2012) at the same site targeted by micro-
dialysis probes at 15 μg 0.5 μl−1 per hemisphere. The drug
was prepared fresh in aCSF (used as vehicle control) and
infused 5 min prior to the 1 h oral glucose intake tests.

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Sweetener intake coupled to intra-gastric infusions

Mice were trained to produce licks to a sucralose
(2 mM)-containing spout to receive intra-gastric infusions
of either sucralose (2 mM) or 1.4 M glucose. The exterior
part of the gastric catheter was connected to a segment
of MicroRenathane tubing secured to the tip of a 3 ml
standard syringe containing the solutions to be infused
and mounted on the syringe pump. The syringe pump was
placed near a small hole made on the superior part of the
sound attenuating box in such a way that mice could move
freely inside the behavioural chambers. During the task, a
detected sucralose lick triggered an intra-gastric infusion
of the solution that lasted for 3 s at a rate of 0.6 ml min−1.
However, licks detected while an infusion was taking place
had no programmed consequences (i.e. did not result in
additional infusions). Experimental tests lasted for 1 h. To
train the animals in this task, once mice had recovered
from surgery and been habituated to the behavioural
chambers, they were habituated to lick for sucralose and
obtain intra-gastric sucralose infusions. Training sessions
lasted for 1 h and were performed daily under food
(16 h) deprivation. Typically the animals had acquired
stable responses after two or three sessions. Animals
were considered trained to perform the experiments once
they showed less than 20% between-session variability.
Upon recovery and habituation, animals were assigned
randomly to one of two experimental groups, such that
licks for sucralose would result in either glucose or
sucralose intra-gastric infusions. Animals were exposed to
six daily 1-h sessions where they were allowed to consume
ad libitum. Each of these sessions was preceded by I.P.
injections of either vehicle or 2-DG on alternate days (i.e.
Session 1: Vehicle; Session 2: 2-DG; Session 3: Vehicle;
Session 4: 2-DG; Session 5: Vehicle; Session 6: 2-DG).

Statistical analyses

Data analyses were performed using SPSS (PASW Statistics
Release 18.0.0) or Matlab (R14, MathWorks, Inc., Natick,
MA, USA) and made use of linear mixed regression
analyses as well as two- and one-way repeated measures
analyses of variance (ANOVAs). Linear model analyses
were performed to quantify the strength of the associations
between relative dopamine efflux as measured by micro-
dialysis and the numbers of licks produced. Data are
reported as mean ± SEM.

Results

Ingestion of 0.8 M glucose, but not of 2 mM sucralose,
markedly increases whole-body glucose oxidation
rates

We started by confirming that consumption of our glucose
stimulus, but not of the artificial sweetener sucralose,

results in significant increases in glucose oxidation rates.
Animals were placed in metabolic cages where, after
30 min of baseline measurements, ad libitum access to
either the glucose or the sucralose solution was allowed.
Indirect calorimetry measurements concomitant to sweet
taste ingestion clearly shows that, while glucose ingestion
rapidly and robustly leads to glucose-based nutrient
utilization, sucralose ingestion did not produce relative
changes in respiratory quotient values (Fig. 1A).

The taste of 2 mM sucralose is preferred over the taste
of 0.8 M glucose during short-term two-bottle tests

Because we predicted greater decreases in sweetener intake
compared to glucose intake upon disrupting glucose
utilization with 2-DG, we were concerned with the
possibility that such an effect could be confounded
with changes in sweetener palatability. We have therefore
intentionally chosen glucose and sucralose concentrations
in such a way that the latter solution would be pre-
ferred over glucose solutions during short-term tests that
minimize post-ingestive/metabolic influences on intake.
In fact, 2 mM sucralose was overwhelmingly preferred
over 0.8 M glucose during short-term 5 min two-bottle
taste tests (independent t test against indifference ratio
of 0.5, Bonferroni P < 0.004, Fig. 1B). Furthermore, these
results remained unchanged after I.P. injections of 2-DG
administered 10 min prior to the tests (paired two-sample
t test P > 0.6, Fig. 1B). We therefore concluded that any
2-DG influences on sweetener versus sugar intake should
not relate to changes in taste detection or preference.

Glucose deprivation produces enduring changes in
sweetener, but not in glucose, intake

We then set out to test our hypothesis that glucose
oxidation rates regulate the consumption levels of sweet
tastants. We predicted that the intake levels of a sweet
tastant would diminish if the tastant is paired to negative
glucose oxidation (‘glucoprivic’) states. To test this pre-
diction we presented mice with either glucose or sucralose
solutions during 1 h one-bottle intake tests, where each
session was preceded by an I.P. injection of either vehicle
or 2-DG (see Methods for details).

Upon analysing the 1 h timecourse of the behaviou-
ral response, glucose intake levels were not
influenced by 2-DG-induced glucoprivation (two-way
repeated-measures ANOVA, drug treatment × lick
timecourse effect F5,70 = 0.29, P = 0.91, see Fig. 1C);
overall intake under 2-DG was in fact similar to a control
group of animals injected with vehicle in all sessions
(group effect F1,20 = 0.19, P = 0.66, glucose control group
shown as grey line in Fig. 1C). In addition, in recurrent
animals that had been exposed to previous pairings

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 1. Glucoprivation reduces the intake levels of an artificial sweetener, but not of a glucose,
solution

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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between 2-DG injections and glucose consumption
during the habituation phase (see Methods for details),
we similarly found no effects of 2-DG on glucose intake
(F5,70 = 1.3, P = 0.25), including when compared to the
control group of animals (F1,20 = 0.22, P = 0.64, see
Fig. 1D).

However, we did observe robust inhibitory effects
of glucoprivation on sucralose intake (>50% reduction
compared to vehicle condition, F5,65 = 20.8, P < 0.001,
Fig. 1E). This is accounted for by the fact that
sucralose intake does not promote glucose utilization
(Fig. 1A). Consistently, sucralose intake under 2-DG
was significantly lower than in a control group of
animals injected with vehicle in all sessions (group
effect F1,19 = 12.2, P = 0.002, sucralose control group
shown as grey line in Fig. 1E). Interestingly, we
observed significantly lower levels of sucralose intake
in recurrent animals (i.e. mice that had been exposed
to previous pairings between 2-DG injections and
sucralose consumption), irrespective of whether intake
was preceded by vehicle or 2-DG injections (lick
timecourse × treatment effect F5,65 = 1.2, P = 0.27). In

fact intake levels in recurrent animals after vehicle
injections were approximately 50% of the intake levels
of control naı̈ve animals irrespective of day of testing
(both group effects F1,19 > 24.0, P < 0.001, Fig. 1F). In
other words, we have observed enduring yet specific
glucoprivation-induced reductions in the motivation to
ingest artificial sweeteners.

Glucoprivation-induced changes in sweetener intake
are not due to conditioned taste aversion

To rule out the possibility that the inhibitory effect of
2-DG on artificial sweetener intake was due to conditioned
aversion to sweetener taste, we compared the ability
of a malaise-inducing agent (0.35 M lithium chloride)
to induce taste aversion in a classical conditioned taste
aversion paradigm versus in the experimental design
similar to the one described above. One group of animals
was treated with 2-DG 10 min prior to the beginning
of 10 min two-bottle sucralose versus water preference
tests. On the following day the same preference test was
performed in the absence of drug treatment. Then, a

Data are depicted as mean ± SEM across animals in all figures. A, during indirect calorimetry sessions, 0.8 M

glucose intake significantly shifted glucose oxidation rate from baseline values to physiologically maximal levels
(respiratory exchange ratio (RER)∼1.0); however, 2 mM sucralose intake did not significantly shift glucose oxidation
rate from baseline values. Within-subject stimulus effect on RER: ∗P < 0.0001 (n = 6). RER data were binned at
10 min intervals and either glucose or sucralose was introduced to the metabolic cages (vertical dark arrow) after
30 min of baseline sampling. B, in short-term (5 min) two-bottle preference tests, mice (n = 6) overwhelmingly
preferred the taste of 2 mM sucralose over the taste of 0.8 M glucose (∗independent t test against indifference
ratio of 0.5 marked in red, ∗Bonferroni P < 0.004) irrespective of whether the preference session was preceded by
glucoprivic (2-DG) injections (paired two-sample t test P > 0.6). C, during 1 h one-bottle 0.8 M glucose intake tests,
mice (n = 15) did not modify their intake patterns after the 2-DG injection compared to after vehicle injection, as
shown by the analyses of the timecourse lick data. Control mice (n = 7) injected daily with vehicle (shown in grey)
did not differ from 2-DG treated animals. Note that data associated with the Vehicle condition are occluded by
that of 2DG. D, similar effects were observed under the same conditions in recurrent mice (n = 15), i.e. mice that
had been exposed to previous pairings between 2-DG injections and glucose consumption during the habituation
phase. Note that intake patterns in recurrent animals treated with vehicle did not significantly differ from those
observed in control mice treated daily with vehicle. E, however, during 1 h one-bottle 2 mM sucralose intake tests,
a separate group of mice (n = 15) significantly reduced their intake patterns after the 2-DG injection compared
to after vehicle injection (treatment × lick timecourse effect ∗P < 0.001). Intake was also significantly lower than
in control mice (n = 7) treated daily with vehicle (shown in grey). F, in recurrent mice (n = 15), i.e. mice that had
been exposed to previous pairings between 2-DG injections and sucralose consumption during the habituation
phase (see Methods for details), no glucoprivation effect was observed. Intake was also significantly lower than
in control mice treated daily with vehicle (shown in grey). G, we compared the ability of a malaise-inducing
agent (lithium chloride = LiCl) to induce taste aversion in a classical conditioned taste aversion paradigm versus
in the experimental design similar to the one described above. Only mice having received LiCl after the first
10 min sucralose versus water test decreased preferences on a subsequent similar test (‘LiCl Pos’, n = 8), whereas
animals receiving either 2-DG (‘2-DG Pre’, n = 8) or LiCl (‘LiCl Pre’, n = 8) prior to the initial test (as in our
paradigm) displayed unchanged preferences on a subsequent similar test (group × test day effect on sucralose
preference ∗P = 0.002). H, groups of naı̈ve food-deprived (n = 6) and non-deprived (n = 6) mice were exposed
to an initial 5 min two-bottle sucralose versus glucose preference test as before, then to separate 1 h one-bottle
sessions of ad libitum glucose or sucralose intake. Then after these 1 h one-bottle sessions the 5 min two-bottle
sucralose versus glucose preference test was performed again. Mice strongly preferred sucralose versus glucose
prior to the 1 h one-bottle sessions (post-hoc one-sample t tests again indifference ratio of 0.5 (red horizontal line)
Bonferroni ∗P < 0.005; ∗∗P < 0.005). However, following the 1 h one-bottle sessions, while non-deprived mice
showed indifference to the choice between sucralose and glucose, deprived mice displayed a robust preference
for glucose, therefore completely reversing their initial preference for sucralose (Bonferroni ∗∗∗P < 0.005). n.s.,
Non-statistically significant.

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



5734 L. A. Tellez and others J Physiol 591.22

second group of animals was exposed to the same protocol
except that 0.35 M lithium chloride was used instead of
2-DG. Importantly, these two groups of non-naive animals
had been exposed to sucralose versus water tests prior to
the treatment day, in analogy to our main behavioural
protocol. Finally, a third group of sweet-naı̈ve animals
was first exposed to the 10 min two-bottle sucralose
versus water preference test and then treated with 0.35 M

lithium chloride. A preference test was performed on
the following day as above. We reasoned that if the
suppression of sucralose intake induced by glucoprivation
was due to conditioned aversion, a reduction in sucralose
preference during the test day (compared to the pre-
ceding treatment day) would be observed in all groups.
However, we observed a robust group × test day effect on
sucralose preference (F2,15 = 9.8, P = 0.002) due to the
fact that only the third group (the ‘canonical’ conditioned
aversion treatment) displayed significant reductions in
sucralose preference on the test day compared to the
preceding treatment day (see Fig. 1G). In fact, post-hoc
comparisons show that the third group of animals
produced significantly lower preference ratios on the
test day compared to the other two groups (both
Bonferroni P < 0.001). Importantly, sucralose preference
in the non-naive groups (i.e. habituated animals treated
with either 2-DG or lithium chloride prior to preference
test in a preceding day) did not decrease during the test
day (P = 0.21). We conclude that conditioned aversion is
not induced in sweet-habituated animals that in addition
received the drug treatment prior to exposure to sucralose
on the test day, irrespective of whether the treatment is
based on 2-DG or on a malaise-inducing agent.

Hunger shifts preferences away from palatable
artificial sweeteners in favour of less palatable sugars

We also tested whether the artificial sweetener-specific
effects shown above are solely due to the use of
2-DG, or alternatively are generalizable to physio-
logical deprivations such as hunger. Groups of naı̈ve
food-deprived (n = 6) and non-deprived (n = 6) mice
were exposed to an initial 5 min two-bottle sucralose
versus glucose preference test as before, then to separate
1 h one bottle sessions of ad libitum glucose or sucralose
intake. Then after these 1 h one bottle sessions the 5 min
two-bottle sucralose versus glucose preference test was
performed again (Fig. 1H). The overall test day × group
effect for this experiment was F1,10 = 12.2, P = 0.006. In
fact, all mice as before strongly preferred sucralose versus
glucose prior to the 1 h one-bottle sessions (post-hoc
one-sample t tests against indifference ratio of 0.5
t5 = 11.6, Bonferroni P < 0.005; t5 = 11.0, P < 0.005).
However, following the 1 h one-bottle sessions, while
non-deprived mice showed indifference to the choice
between sucralose and glucose (t5 = 0.09, Bonferroni

P = 0.92), deprived mice displayed a robust preference for
glucose, therefore completely reversing their initial pre-
ference for sucralose (t5 = −14.2, Bonferroni P < 0.005).
Thus, deprived, but not non-deprived, mice completely
switched their preferences in favour of glucose.

Extracellular levels of dopamine in mediodorsal
striatum reflect the effects of oxidation rates on
sweet taste intake

We next examined the effects of glucoprivation on
dopamine efflux in mediodorsal striatum during the
1 h intake task described above. Dopamine levels
increased significantly during glucose intake compared
to pre-intake baseline levels, peaking at ∼40% above
baseline at 40 min after vehicle injections (one-way
repeated-measures ANOVA F6,84 = 2.4, P = 0.03, Fig. 2A).
However, dopamine levels did not differ from baseline
levels under 2-DG treatment (F6,84 = 2.0, P = 0.7); in
fact a significant overall treatment effect was observed
(F1,70 = 30.6, P < 0.001). Interestingly, such an effect was
not observed in recurrent animals ingesting glucose,
for which dopamine levels remained close to baseline
under both saline (F6,84 = 0.53, P = 0.78; Fig. 2B) and
2-DG (F6,84 = 0.83, P = 0.55) conditions, with no over-
all treatment effect being observed (F6,84 = 2.3, P = 0.15).

In contrast, in the sucralose group we observed no
significant deviations from baseline following vehicle
injections (F6,78 = 1.8, P = 0.1; Fig. 2C). However, we
observed significant decreases in dopamine levels during
sucralose intake following 2-DG injections (dropping to
70% of baseline levels, F6,78 = 8.7, P < 0.001). In fact
a robust treatment effect was observed (F1,13 = 13.90,
P = 0.002). Similar patterns were observed in recurrent
sucralose animals: we observed no significant deviations
from baseline following vehicle injections (F6,78 = 0.16,
P = 0.98; Fig. 2D), but significant decreases in dopamine
levels during sucralose intake following 2-DG injections
(dropping to 70% of baseline levels, F6,78 = 7.4,
P < 0.001). In fact a treatment effect was detected
(F1,13 = 5.0, P < 0.05). These effects were not due to
differences in dopamine absolute concentrations during
baseline sampling (one-way ANOVA F3,54 = 1.25, P = 0.3;
Fig. 2E).

By performing a comparison across those sessions
involving 2-DG injections, we observed a significant
overall effect of condition (glucose vs. sucralose)
on the dopamine timecourse response (sweetener
condition × timecourse F15,270 = 2.5, P = 0.001). This was
due to the stronger suppressive effect of 2-DG on
dopamine levels during sucralose compared to glucose
intake, irrespective of whether groups were recurrent or
naive. In fact, when recurrent animals in the glucose and
sucralose conditions are compared directly, a robust effect
is observed (two-way mixed-model ANOVA, sweetener
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Figure 2. Dopamine efflux in mediodorsal striatum reflects the effects of glucoprivation on sugar and
artificial sweetener intake
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condition × timecourse F5,135 = 4.6, P = 0.001). Similar
effects hold for naı̈ve mice (F5,135 = 2.5, P = 0.03).

We reasoned that if the effects of 2-DG on dopamine
efflux were due to its inhibitory action on glucose
utilization – rather than to unspecific aversive reactions
– then combining sucralose intake with administration
of compounds that enhance cellular glucose utilization
should mimic the effects of glucose intake on dopamine
efflux. Thus, an additional group of mice was exposed
to the 1 h sucralose intake test following an intra-
peritoneal injection of dichloroacetate, a compound
known to enhance glucose oxidation by stimulating
the enzyme pyruvate dehydrogenase. Mice ingesting
sucralose following the dichloroacetate injection displayed
dopamine efflux significantly above baseline levels, such
that a significant treatment effect was observed against the
control vehicle condition (F1,5 = 7.9, P = 0.03; Fig. 2F). As
expected, no significant behavioural modifications were
observed in response to the dichloroacetate treatment,
which eliminates the possibility that its effects on
dopamine efflux were due to aversive factors (Fig. 2G).
Finally, histological analyses of probe placements revealed
that microdialysis sampling was indeed restricted the
mediodorsal aspect of the mouse striatum in all
experiments (Fig. 2H).

In sum, our microdialysis results reveal that the ability
of cellular glucose utilization to stimulate mediodorsal
striatal dopamine efflux during sweetener ingestion in
sweet-naı̈ve predicts subsequent behavioural responses to
the same sweetener during glucoprivation.

Relative changes in dopamine levels were not
accounted for by oromotor patterns or other
lick-related responses

One obvious concern regarding the above results relates
to the possibility that dopamine levels simply reflect the

number of lick responses produced by the animals during
the behavioural/microdialysis sessions. Accordingly, to
rule out the concern that the parallel between the
behavioural and dopaminergic data was simply due
to oromotor effects, we performed a series of linear
association tests between the behavioural data shown in
Fig. 1 and the concomitantly dopamine measures shown
in Fig. 2 to assess the strength of the relationship between
dopamine efflux relative to baseline and detected lick
counts. We found no evidence for significant associations
between licking behaviour and dopamine efflux in any
of the four experimental groups tested, irrespective of
treatment (Fig. 3).

Dopamine antagonism during glucose intake in
sweet-naı̈ve animals mimics artificial sweetener
ingestion during subsequent glucoprivation

If our contention that striatal dopamine release induced
by glucose utilization controls ingestive responses during
subsequent glucoprivation is correct, then it should be
expected that blocking striatal dopamine signalling during
the animal’s first encounter with glucose should mimic
the suppressing effects of subsequent glucoprivation on
sweetener intake.

On the first testing day, the D1/D2 dopamine receptor
antagonist flupenthixol or vehicle was infused bilaterally
into the dorsal striatum at the same site targeted by
the microdialysis probes 5 min prior to the 1 h oral
glucose intake test. Mice were also treated I.P. with
saline before the 1 h glucose test. On the second testing
day, all animals were treated I.P. with 2-DG before the
1 h glucose test (no brain infusions were performed).
As expected, glucose-naı̈ve mice treated with striatal
vehicle infusions on the first day of testing did not
alter their intake patterns during glucoprivation (two-way
repeated-measures ANOVA lick timecourse × testing

During the intake sessions depicted in Fig. 1C–F, microdialysis sampling from the mediodorsal striatum was
performed concomitantly to intake monitoring. Baseline sampling was performed for ∼30 min prior to introduction
of stimulus sippers to the cages. A, striatal dopamine levels were significantly higher than baseline levels during
glucose intake after vehicle injections, whereas during glucoprivation levels were not significantly different from
baseline (glucoprivation effect ∗P < 0.001). B, in recurrent mice, striatal dopamine levels were not significantly
different from baseline levels during glucose intake irrespective of the glucoprivic treatment. C, striatal dopamine
levels were not significantly different from baseline levels during sucralose intake after vehicle injections, whereas
these levels were significantly lower than baseline during glucoprivation (glucoprivation effect ∗P = 0.002). D,
similar effects were observed in recurrent animals ingesting sucralose (glucoprivation effect ∗P < 0.05). E, base-
line dopamine levels did not differ across groups. F, mice (n = 6) ingesting sucralose following an injection of
dichloroacetate (‘DCA’), which promotes glucose metabolism, displayed dopamine efflux significantly above base-
line levels in contrast to following vehicle injections (treatment effect ∗P = 0.03). G, as expected, no significant
behavioural modifications were observed in response to the dichloroacetate treatment. H, Histological analyses
of brain tissue obtained from the animals that performed the 1 h behavioural + microdialysis tests reveal that
dopamine sampling was restricted to the most medial aspect of the dorsal striatum region. A representative case
is shown on the right side of the figure along with schematic representation of the final locations overlaid on the
corresponding stereotaxic map. aca, Anterior commissure; AcbC, core region of the nucleus accumbens; AcbSh,
shell region of the nucleus accumbens; CPu, caudate/putamen.
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day effect F5,25 = 1.5, P = 0.21; see Fig. 4A). However,
glucose-naı̈ve mice treated with striatal flupenthixol
infusions on the first day of testing significantly decreased
their intake patterns during glucoprivation (F5,30 = 7.5,
P < 0.001; Fig. 4B). A control group of glucose-naı̈ve
mice treated with striatal flupenthixol infusions on the
first day and I.P. with saline on both days did not
alter their glucose intake patterns (F5,25 = 0.84, P = 0.53;
Fig. 4C). We therefore conclude that striatal dopamine
receptor signalling during the first glucose intake test is
the critical event determining insensitivity to devaluation
during glucoprivation, which evidences a critical role
for dopamine striatal signalling in controlling sweetener
ingestion.

We also performed the converse experiment: we assessed
the possibility that mice exposed to sucralose under
glucoprivation would reinstate their initial intake levels
on a subsequent test when challenged with glucose (i.e.
under robust dopamine efflux in dorsal striatum). Two
groups of animals were exposed on the first day of

testing to a 1 h sucralose test following an I.P. injection
of saline as before. The same mice were again pre-
sented on the second day with sucralose, but this time
an I.P. injection of 2-DG was used. Finally, on the third
testing day, one group was presented with a 1 h sucralose
test and the other group with a 1 h glucose test. As
expected, mice in both groups significantly decreased
their sucralose intake during glucoprivation; however, and
rather strikingly, on the third and final day of testing mice
presented with glucose recovered their initial sweetener
intake levels, with glucose-ingesting mice consuming
significantly more than their sucralose-ingesting counter-
parts (mixed-model two-way ANOVA group × testing
day effect F1,9 = 10.1, P = 0.01; Fig. 4D). We conclude
from this experiment that promoting dopamine efflux
after a sweetener–glucoprivation pairing is sufficient to
reinstate sweetener intake. This result also adds evidence
against conditioned aversion effects associated with the
glucoprivation-induced reductions in sucralose intake, as
it rules out generalizations to other sweet tastants.

Figure 3. Changes in mediodorsal striatum dopamine efflux during intake sessions were not accounted
for by lick-related activity
To rule out our own concern that the parallel between the behavioural and dopaminergic data was simply due to
oromotor effects produced by licking rates on dopamine efflux, we performed a series of linear association tests
to assess the strength of the relationship between dopamine efflux relative to baseline and detected lick counts.
Overall, no significant associations between dopamine efflux and lick counts were observed during the glucose
intake sessions in either naı̈ve (A) or recurrent (B) mice. Similar findings hold for the sucralose sessions for both
naı̈ve (C) and recurrent (D) mice. Each panel displays the linear fit regression equation and corresponding R2 values
separately for vehicle (black) and 2-DG (red) sessions (all P ≥ 0.5). Lick counts and corresponding deviations of
dopamine levels from baseline were binned with a 10 min resolution.
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Glucoprivation effects on artificial sweetener intake
were not due to orosensory factors

While our short-term tests (Fig. 1B) indicate that 2-DG
injections are unlikely to modify the orosensory properties
of artificial sweeteners, it is conceivable that the results
presented above were due to slow-onset effects of
glucoprivation on sucralose taste or to conditioned taste
aversion-like mechanisms. To disambiguate this issue, we
performed further experiments where all animals licked to
sucralose-containing sippers; however, animals had also
been implanted with gastric catheters such that detected
licks for sucralose triggered either glucose or sucralose
gut infusions. Animals assigned to either of these two

experimental groups were exposed to six daily 1 h intake
sessions, when they were allowed to consume ad libitum.
To induce the effects of the recurrent glucoprivation
treatment, each of these sessions was preceded by an I.P.
injection of either vehicle or 2-DG on alternate days (i.e.
Session 1: Vehicle; Session 2: 2-DG; Session 3: Vehicle;
Session 4: 2-DG; Session 5: Vehicle; Session 6: 2-DG).

Similar to the results shown in Fig. 1C and D,
intake levels remained stable when sucralose intake was
linked to intra-gastric glucose infusions irrespective
of type and recurrence of treatment. Specifically,
mice licking sucralose and obtaining intra-gastric
infusions of glucose sustained stable levels of intake

Figure 4. Dopamine antagonism during glucose intake in sweet-naı̈ve animals mimics artificial
sweetener ingestion during subsequent glucoprivation
A, on a first testing day, vehicle was infused bilaterally into the dorsal striatum at the same site targeted by the
microdialysis probes 5 min prior to the 1 h oral glucose intake test in sweet-naı̈ve mice (n = 7). These mice were
also treated I.P. with saline before the 1 h glucose test. On the second testing day, all animals were treated I.P. with
2-DG before the 1 h glucose test (no brain infusions were performed). Glucose-naı̈ve mice treated with striatal
vehicle infusions on the first day of testing did not alter their glucose intake patterns during glucoprivation. B,
a different group of sweet-naı̈ve mice (n = 6) was treated exactly as above except that the D1/D2 dopamine
receptor antagonist flupenthixol was infused bilaterally into the dorsal striatum on the first day of testing. These
mice significantly decreased their glucose intake patterns during glucoprivation (lick timecourse × testing day
effect ∗P < 0.001). C, a control group of sweet-naı̈ve mice (n = 6) treated with striatal flupenthixol infusions on
the first day and I.P. with saline on both days did not alter their glucose intake patterns. D, two groups of mice
(n = 6 and n = 5) were exposed to a 1 h sucralose test following an I.P. injection of saline on the first day of testing,
and to a 1 h sucralose test following an I.P. injection of 2-DG on the second day of testing. Mice in both groups
significantly decreased their sucralose intake during glucoprivation; however, on a third and final day of testing
mice presented with glucose, but not those presented with sucralose, recovered their initial sweetener intake levels
(group × testing day effect ∗P = 0.01). Text within bars indicates the sweet tastant consumed in each case (Suc,
sucralose; Glu, glucose).

C© 2013 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 591.22 Glucose utilization and artificial sweeteners 5739

throughout the six sessions, as shown by the analysis
of the session-specific numbers of licks for sucralose
(mixed-model two-way ANOVA, main effect of
glucoprivic treatment F1,7 = 0.03, P = 0.85; Session
effect F2,14 = 1.7, P = 0.2, Treatment × Session effect
F2,14 = 0.54, P = 0.59; Fig. 5A). Similar effects are
observed when the number of sucralose-triggered
intra-gastric (glucose) infusions are analysed (main
effect of glucoprivic treatment F1,7 = 1.0, P = 0.34;
Session effect F2,14 = 0.97, P = 0.4, Treatment × Session

effect F2,14 = 1.2, P = 0.32; Fig. 5B). However, and
similarly to the results shown in Fig. 1E and F , we
observed that a different group of mice licking sucralose
and obtaining intra-gastric infusions of sucralose was
associated with significant decreases in intake throughout
the six sessions (main effect of glucoprivic treatment
F1,7 = 2.9, P = 0.13; Session effect F2,14 = 12.0, P = 0.001;
Treatment × Session effect F2,14 = 0.24, P = 0.78;
Fig. 5C). Similar effects were observed when the number
of sucralose-triggered intra-gastric (sucralose) infusions

Figure 5. Glucoprivation effects on artificial sweetener intake were not due to orosensory factors
Mice licked to sucralose-containing sippers such that detected licks for sucralose triggered either glucose or
sucralose intra-gastric infusions. To induce the effects of recurrent glucoprivation, each of the six daily sessions
was preceded by an I.P.injection of either vehicle or 2-DG on alternate days. A, animals (n = 8) licking sucralose
and obtaining intra-gastric infusions of glucose sustained stable levels of intake throughout the six sessions. B,
similar effects are observed when the number of sucralose-triggered intra-gastric (glucose) infusions is analysed. C,
however, for a different group of mice (n = 8), licking sucralose and obtaining intra-gastric infusions of sucralose
was associated with significant decreases in intake throughout the six sessions (session effect ∗P = 0.001. D,
similar effects are observed when the number of sucralose-triggered intra-gastric (sucralose) infusions are analysed
(session effect ∗∗P < 0.001). Note that the absence of glucoprivic treatment (or session × treatment interaction)
effects in C and D is accounted for by the fact that decreases in sucralose ingestion were elicited on the first
glucoprivic session and intake remained low throughout the experiment irrespective of treatment (vehicle or
2-DG), pointing to enduring adaptive changes in motivation to consume artificial sweeteners that were triggered
by the first sweetener–glucoprivation pairing.
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were analysed (Main effect of glucoprivic treatment
F[1,7] = 3.8, P = 0.09; Session effect F2,14 = 28.4,
P < 0.001, Treatment × Session effect F2,14 = 1.0,
P = 0.37; see Fig. 5D). Consistently, note that the absence
of glucoprivic treatment (and session × treatment
interaction) effects in Fig. 5C and D is accounted for by
the fact that decreases in sucralose ingestion were elicited
on the first glucoprivic session and intake remained low
throughout the experiment irrespective of treatment.

At this point, it is important to consider the possibility
that any decreases in sucralose intake (during oral-only
sessions or when combined with intra-gastric sucralose
infusions) observed on experimental day 2 (i.e. upon the
first 2-DG injection) may not be due to glucoprivation
per se, but simply to a lowering in the motivation
to ingest the sweetener that may develop over the
sessions. To rule out this potential confound, we
collected intake data from three experimental sessions
where animals (n = 8 in each group) licked sucralose
to obtain intra-gastric infusions of either sucralose or
glucose as above; however, sessions were such that
behaviour was always preceded by vehicle injections.
We found no effects of session day on sucralose intake
levels under these conditions (mixed-model two-way
ANOVA session effect F2,28 = 0.27, P = 0.76; group effect
F1,28 = 0.003, P = 0.95; group × session interaction effect
F2,28 = 0.05, P = 0.95). We therefore conclude that the
above session-related decreases in sucralose intake under
the same conditions were accounted for only by the
induction of glucoprivation.

Discussion

We have shown that the induction of glucoprivation in
mice produces enduring decreases in artificial sweetener,
but not sugar, intake. The glucoprivic effect on sweetener
intake was not related to anti-metabolic interferences
on sweet perception or sensory conditioned aversions to
sweetener. From a neurobiological standpoint, our data
reveal that glucose utilization rates control subsequent
sweetener intake during glucoprivation by regulating
mediodorsal striatal dopamine levels. More generally, our
data thus suggest that mediodorsal striatal dopamine
signalling controls the sensitivity of the animals to sub-
sequent devaluations of sweet solutions by glucoprivation.

Our data are consistent with previous studies revealing
the impact of glucoprivation on the nigrostriatal pathway.
Thus, Parkisonian-like 6-hydroxydopamine-treated rats
became akinetic when made glucoprivic, while dopamine
receptor agonists were found to reverse these effects
(Stricker et al. 1977; Snyder et al. 1985). Furthermore,
dopamine-deficient mice display a blunted feeding
response to 2-DG (Hnasko et al. 2004), although these
authors report an inability to reverse this effect when
dopamine signalling was restored in discrete caudate

regions. Finally, our own previous results have shown that
I.V. administration of 2-DG in non-behaving preparations
robustly suppresses dopamine efflux in dorsal striatum, an
effect that was reversed by infusions of glucose via the same
route (Ren et al. 2010). The present study is, however, the
first to probe dopamine efflux under glucoprivation (and
stimulated glucose utilization) during the active intake of
sweet solutions.

The fact that glucoprivation, a manipulation well
known to alter feeding responses (Ritter et al. 1982;
Benoit & Davidson, 1996; Hnasko et al. 2004; Darling
& Ritter, 2009), impacts on dorsal striatum dopamine
efflux is also consistent with a major role for this
dopamine-targeted region in controlling goal-directed
behaviours. In addition to normal dorsal striatum
dopamine signalling being required for feeding (Sotak
et al. 2005), integrity of dorsal striatal circuits is more
generally necessary for the acquisition and expression
of instrumental actions (whereas this does not hold
for the nucleus accumbens of the ventral striatum,
Yin et al. 2008). Furthermore, a functional dissociation
exists within the dorsal striatum such that lesions to its
medial part render animals insensitive to action–outcome
devaluation or degradation, whereas lesions to its more
lateral aspect impair the development of habits (Yin
et al. 2004, 2005, 2006). Consistently, our data indicate
that the amount of metabolism-induced increases in
mediodorsal striatal dopamine levels produced during
ingestion of a novel sweet tastant determines the extent
to which animals will be sensitive to physiological
degradation by glucoprivation, versus showing nutritional
deficit-insensitive, habitual responses to the sweet tastant.
At this point it is relevant nevertheless to stress that, while
we have concentrated on dorsal striatal function for the
reasons stated above, the ventral striatum also constitutes a
critical regulatory circuit in motivated feeding (Mogenson
et al. 1980; Berridge, 1996). Especially relevant for
the present work, studies in rodents have implicated
dopaminergic signalling in the nucleus accumbens of
the ventral striatum in flavour-nutrient conditioning
(Touzani et al. 2010). It is therefore conceivable that
dissociations exist between ventral versus dorsal striatal
functions in the control of energy-driven food reward:
while the former may be critical for the formation
of sensory cue–calorie associations, the latter may be
primarily involved in the switch between goal-directed
and habitual calorie intake.

Surprisingly, we have found no significant increases
in glucose licking during glucoprivation, suggesting that
mice may have reached a limiting, ceiling level of glucose
intake that cannot be exceeded without inducing hypo-
glycaemia. On the other hand, however, we have observed
that recurrent treatment with the glucoprivic agent 2-DG
produces long-lasting adaptations related both to end-
uring decreases in artificial sweetener intake and to
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dopamine function (possibly both efflux and uptake)
during intake of sweet solutions. From a behavioural
perspective, these persistent decreases in sweetener intake
induced by repeated glucoprivation are consistent with the
concept that sweet taste may guide ingestion by acting as
Pavlovian cues that signal ensuing metabolic consequences
(Swithers & Davidson, 2008; Swithers et al. 2009). In fact,
sucrose-paired cues motivate behaviour more potently
than saccharin-paired cues concomitantly to evoking
enhanced phasic dopamine bursts (McCutcheon et al.
2012). Further support for a role for glucose-derived
metabolism in striatal-dependent behavioural processes
is provided by recent studies showing that genetic
enhancement of dopaminergic tone potentiates the
incentive value of sugars while producing minimal impact
on sweet-taste processing (Beeler et al. 2012). The current
data therefore suggest that habitual artificial-sweetener
consumers may relapse to sugar ingestion if artificial
sweeteners are often consumed in a state of hunger or
other physiological deprivation.

From a cellular standpoint, repeated administration of
2-DG is in fact known to induce molecular adaptations
associated with intracellular neuronal energy sensing.
Thus, repeated glucoprivation treatments reduce both
subsequent hyperphagia and hyperglycaemia responses
to 2DG along with decreased Fos immunoreactivity in
both hypothalamus and adrenal medulla (Sanders &
Ritter, 2000). Furthermore, repeated intracerebral 2-DG
administration inhibited the action of the intracellular
energy sensor 5′-adenosine monophosphate-activated
protein kinase (AMPK), along with impaired counter-
regulatory hormonal responses (Alquier et al. 2007).
Adaptations in AMPK activation in dopamine cells
constitute one attractive hypothesis for the behavioural
and neurochemical reworking observed in our pre-
paration. It is also important to consider the possibility
that glucoprivation action on dopamine efflux may result
from rapid and/or long-lasting effects on dopamine trans-
porter activity. In fact, recent studies point to insulin
signalling (via PI3-K and Akt elements) as one major
modulator of dopamine transporter activity (Garcia et al.
2005; Williams et al. 2007). It is thus plausible that
the anti-glucose agent 2-DG may indirectly interfere
on extracellular dopamine uptake by altering insulin
signalling. Future studies must characterize the molecular
mechanisms linking repeated cellular glucoprivation to
adaptations in dopamine mechanics.

The considerations above raise the more general
problem of which physiological pathways link glucose
sensors to dopaminergic circuits. On the one hand,
experiments employing flavour–nutrient conditioning
paradigms suggest that small intestine nutrient
stimulation may be required for animals to develop
robust flavour preferences, whereas ileal or post-intestinal
hepatic portal vein stimulation are not required (Ackroff

et al. 2010). However, using a different preparation, a
recent study suggests that intra-portal (and to some
extent intra-jugular) infusions of glucose modulate
both ingestive choice and phasic dopamine efflux
(Oliveira-Maia et al. 2011). In addition to being consistent
with our own previous findings (Ren et al. 2010), these
results indicate that the site of glucose sensing relevant for
dopaminergic efflux may be located within the CNS. In
fact, Berthoud and Mogenson (1977) showed that 2-DG
infused into the lateral ventricles of satiated rats elicited
feeding. Furthermore, Granneman and Friedman (1983),
using cerebral ventricular infusions of 2-DG, showed
that prior disruption of cerebral metabolism is sufficient
to elicit feeding in the absence of an adrenomedullary
response. In this sense, it would be important to assess the
dopaminergic effects produced by anti-metabolic agents
such as 2,5-anhydro-D-mannitol, which unlike 2-DG is
known to impact on feeding via peripheral pathways (Grill
et al. 1995).

Regarding the above, two possibilities exist for
how cerebral glucosensing may modulate dopaminergic
function. On the one hand, non-dopaminergic brain
circuits (via their axonal projections to the midbrain)
may link neuronal nutrient sensing to dopamine efflux. In
fact, hindbrain circuits containing catecholaminergic cell
groups are known to detect glucose deficits (Ritter et al.
1981; Hudson & Ritter 2004; Watts & Donovan, 2009) and
are required for expression of both the consummatory
and the appetitive phases of glucoprivic feeding (Ritter
et al. 2006). It is therefore of great interest to inquire
whether midbrain-projecting hindbrain neurons reach
dopaminergic areas, thereby mediating the suppressive
effects produced by 2-DG on dopamine release. Another
relevant possibility involves a role for nutrient-sensing
hypothalamic neurons (Blouet & Schwartz, 2010) known
to send efferent fibres into midbrain dopamine cells
(Zheng et al. 2007). Specifically, AgRP neurons of the
arcuate nucleus have been recently proposed to regulate
dopaminergic function (Dietrich et al. 2012), and may
therefore link cellular glucoprivation to dopamine efflux
deficits.

An alternative hypothesis to the above states that
dopaminergic cells of the midbrain may be under the direct
influence of the intracellular availability of glucose, i.e.
currently unidentified intracellular nutrient sensors may
regulate the synthesis and release of neurotransmitters. In
fact, intracellular nutrient sensing in dopamine neurons is
suggested by the seminal discoveries that dopaminergic
neurons of the substantia nigra robustly respond to
locally applied glucose inflow (Levin, 2000) and that
local glucose regulates substantia nigra GABA release
via ATP-sensitive channels (During et al. 1995). These
findings are consistent with exciting recent mouse studies
revealing that K-ATP channels specifically expressed in
dopaminergic substantia nigra neurons control bursting
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and novelty-induced exploration (Schiemann et al. 2012).
As mentioned above, different intracellular nutrient
sensors arise as relevant candidates, including AMPK
(Horvath et al. 2009), which detects intracellular nutrient
depletion via rises in AMP/ATP ratios (as in the case of
the hindbrain, Li et al. 2011). Future investigations may
thus contribute to establish glucose utilization as one new
metabolic factor that acts to regulate dopaminergic neuro-
nal function (Fulton et al. 2006; Hommel et al. 2006;
Figlewicz et al. 2007).

Finally, it is important to stress that the notion that the
reward value of sugars is sensed via detection of cellular
energy utilization may be extended to several species
including invertebrates. A series of fascinating recent
studies independently report that flies not only survive by
feeding on a tasteless metabolizable sugar (Dus et al. 2011),
but also form odour-sugar memories only when sugar
cues provide metabolic benefit (Burke & Waddell, 2011;
Fujita & Tanimura, 2011; Wright, 2011). It is intriguing
to note that in Drosophila, as in mammals, dopaminergic
pathways play a role in regulating behavioural responses
to rewarding stimuli (Burke et al. 2012). It is therefore
tempting to speculate that glucose sensing takes place in
dopaminergic neurons in non-mammal species.

We have shown that glucose metabolism regulates
extracellular dopamine levels in dorsal striatum to control
intake levels of sweet tastants. Future research must
determine the identity of the cells mediating nutrient
sensing actions on dopamine function.
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