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Abstract
BACKGROUND—Mounting evidence suggests that overeating may be conceptualized within
the same behavioral and neurobiological framework as drug addiction. One potentially important
difference between overeating vs. drug abuse refers to the sensory stimulation of oral receptors by
palatable foods, a feature that may be required for reinforcement during intake. Likewise, post-
ingestive effects and caloric content of food also contribute to reinforcing behavior and might
influence the development of compulsive eating behavior. The purpose of the current study was to
establish whether intra-gastric self-administration of fat emulsions, i.e. bypassing the oral cavity,
recapitulates some of the behavioral and neurobiological hallmarks of psychostimulant self-
administration.

METHODS—We employed behavioral assays in mice to assess acquisition, maintenance,
extinction and reinstatement of intra-gastric self-administration of lipid emulsions to determine the
extent to which post-oral fat self-administration recapitulates psychostimulant self-administration.
Striatal dopamine efflux during behavioral tasks was determined by brain microdialysis coupled to
chromatographic-electrochemical analyses.

RESULTS—We show that, in direct analogy to drug self-administration, 1) decreases in fat dose
concentration were met with compensatory increases in response rates aimed at maintaining
constant hourly caloric intake; 2) rates of responding markedly increased during both extinction
and progressive ratio schedules of reinforcement; 3) Elevations in striatal dopamine levels
observed during maintenance were markedly attenuated during extinction sessions, only to be
restored upon reinstatement.

CONCLUSION—Our data thus supports the contention that stimulation of oral receptors by
caloric foods may not be required for the expression of certain addiction-related neurobehavioral
markers.

© 2013 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved.
*Corresponding Author: Ivan E de Araujo, DPhil, The John B. Pierce Laboratory & Yale University School of Medicine, 290
Congress Avenue, New Haven CT 06519, USA, Phone: +1 (203) 5629901 x204, Fax: +1 (203) 6244950, IAraujo@jbpierce.org.

Financial Disclosure
The authors report no biomedical financial interests or potential conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Biol Psychiatry. 2013 May 1; 73(9): 851–859. doi:10.1016/j.biopsych.2013.02.028.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Addiction; Dopamine; Fat; Gut; Self-Administration; Striatum

Introduction
It has been proposed that hyperpalatable, densely caloric foods share several behavioral and
neurobiological features with drugs of abuse [see throughout this issue and e.g. 1, 2–4]. One
potentially critical distinction between overeating and drug abuse refers to the fact that,
during the ingestion of hyperpalatable caloric foods, a multitude of intra-oral receptors are
strongly stimulated [including gustatory, olfactory and somatosensory sensors, 5]. In other
words, it remains undetermined whether addiction-like alimentary patterns depend primarily
on the flavorful properties, or instead on the caloric content, of hyperpalatable foods. The
resolution of this dichotomy is of importance not only for the design of experimental models
of food addiction, but also for establishing whether the prescription of low-calorie
alternatives, such as artificial sweeteners and fat substitutes, are likely to restrain overeating.

In this study we aimed at determining the extent to which intra-gastric alimentary behaviors
that bypass the oral cavity are capable of recapitulating some of the distinguishing features
associated with the maintenance and extinction of intra-venous psychostimulant self-
administration in rodents, namely, i) learned behavioral responses that trigger drug infusions
appear to be primarily controlled by systemic drug levels [6, 7]; ii) compared to maintenance
of self-administration, rates of responding dramatically increase during extinction and
progressive ratio schedules of reinforcement [6, 8–10]; iii) compared to maintenance,
extracellular brain dopamine levels markedly decrease during extinction, only to recover
upon reinstatement [6, 8]. Dopamine sampling was obtained from the dorsal aspect of the
striatum, where dopaminergic tone is required for the normal expression of goal directed
behaviors in general [11] and feeding in particular [12, 13].

Methods and Materials
Detailed information on: Subjects, Surgical procedure for implantation of gastric catheters
and microdialysis guiding cannulae, Stimuli and calculation of caloric densities, Behavioral
apparatus, Behavioral protocols, Extinction and Progressive Ratio Schedules of
Reinforcement, Two-dry sipper task and cue reinstatement, Dopamine measurements during
behavioral performance, and Statistical Analyses is provided in Supplement 1.

Results
Learning to self-administer fat emulsions into the gastrointestinal tract

We started by assessing the learning process by which mice acquired the ability to self-
administer fat emulsions directly into the gastro-intestinal tract. In our task, male mice were
fitted with gastric catheters and trained to lick a dry spout in order to receive intra-gastric
infusions of fat emulsions [14].

Analysis of the ten learning sessions reveals gradual and yet clear across-session increases in
the amounts of calories self-infused (Figure 1A). Note that such pattern was not interrupted
by the removal of standard chow from behind the spout’s orifice. The data representing the
amounts of calories self-infused across sessions were fitted to a sigmoid (Boltzmann) model,
which resulted in a robust approximation (R2=0.99) associated with a transition point at the
fourth session (Figure 1A). Interestingly, equivalent analyses of the across-session numbers
of dry licks revealed a different pattern, with dry licks instead fluctuating around an overall
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mean of ~150 licks per session (R2=0.36, see Figure 1B). In fact, increases in calorie self-
administration during learning do not inevitably require an equivalent increase in dry licks,
but rather an adaptation in the timing of the responses since dry licks produced while the
pump is activated did not result in infusions, see Methods and Materials). Consistently, an
analysis of the number of dry licks produced while the infusion pump was activated reveals
that these non-effective responses decreased significantly across learning sessions, reaching
a stable level after the fourth session (Figure 1C).

Fat self-administration responses are under the control of caloric density
Learned behavioral responses that trigger infusions of amphetamine or cocaine appear to be
primarily controlled by systemic drug levels [15, 16]. Specifically, seminal work by Pickens
and colleagues demonstrated that decreases in dose concentration are met with
compensatory increases in response rates seemingly aimed at maintaining relatively constant
hourly drug intake [7, 15, 16]. Accordingly, we have analyzed the rapidity with which
animals adjust their learned responses (i.e. dry licks) in order to compensate for unpredicted
changes in the caloric density of the infused emulsion.

We have found that, as predicted, animals increased the numbers of dry licks in response to
proportional decreases in the caloric density of the emulsion (Figure 2A). Accordingly,
analysis of the total amounts of calories self-infused revealed that the changes in dry licking
were aimed at compensating for the variations in the emulsion’s caloric density (Figure 2B),
in overall agreement with our own previous studies [14]. However, our current study
revealed a striking additional feature associated with caloric compensation, namely, the fact
that the compensatory adjustments were met rapidly and are narrowly maintained
throughout the entire session. In fact, analyses of the timecourses associated with the
amounts of calories self-infused reveal that caloric compensation was met within the initial 6
minutes and maintained throughout the behavioral sessions (Figure 2C). In sum, these
results show that, in analogy to drug self-administration, decreases in fat concentration are
met with rapid increases in response rates seemingly aimed at maintaining relatively
constant rates of caloric intake.

Rates of dry licking during extinction and progressive ratio schedules of reinforcement
Psychostimulant self-administration studies revealed that, compared to during maintenance
of self-administration, rates of responding dramatically increase during extinction and
progressive ratio schedules of reinforcement [6, 8–10, 17], the latter being employed as a
measure of motivation to obtain the reward [18]. Such a pattern is a strong indicator of the
robust reinforcing properties of these drugs when self-infused intravenously. We have
therefore inquired whether such patterns are reproduced during intra-gastric fat self-
administration. In addition, we also employed progressive ratio schedules of reinforcement
during licking of IntraLipid drops, in order to contrast the reward potency of intra-gastric
infusions against oral delivery of fat (see Methods and Materials for schedule details).

In order to analyze the impact of reward devaluation on motivation to self-administer fat, we
assessed dry and wet licking responses during progressive ratio sessions in both food-
deprived and food-replete (5-day food repletion) mice. Intriguingly, we observed larger
break point values associated with dry compared to wet licks. This effect did not depend on
emulsion density and was observed in both food-depleted (Figure 3A) and food-replete
(Figure 3B) mice. It is noticeable however that food deprivation was associated with
significantly larger break points during both dry and wet progressive ratio tasks (cf. Figure
3A vs. 3B). The same results are obtained when the numbers of rewards earned are analyzed
instead (Figures 3C–D). We therefore conclude that, under the conditions of our
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experiments, intra-gastric infusions of caloric emulsions are perceived as more rewarding
than the oral delivery of small drops of the same emulsions.

Further experiments were performed in both food-depleted and replete mice during six daily
extinction sessions that followed one baseline fixed ratio session. During extinction sessions,
dry licks resulted only in sham infusions. We observed marked increases in dry licking
numbers on the first day of extinction (at least 300%) in both groups, although the effect was
once again smaller in replete compared to depleted animals (Figure 3E). This overall pattern
was followed by a gradual across-session decrease in response rates in both groups. In sum,
these results show that, in analogy to drug self-administration, rates of responding
dramatically increase during extinction and progressive ratio schedules of reinforcement.

Mice are capable of directing ingesting behavior by using non-oral cues
We have further assessed the ability of mice to direct their behavior towards the goal of
obtaining intra-gastric calories by performing experiments where two symmetrically
positioned dry sippers were available (of which only one was associated with programmed
consequences). Mice rapidly and robustly acquired a behavioral preference for the active
sipper, a pattern that was sustained over several days (Figure 4A). Furthermore, when
contingencies were reversed by switching the positions of the active and inactive sippers,
mice updated their behavioral responses by appropriately reversing sipper preference
(Figure 4A). It was also clear that, as with the one-sipper case, the data representing the
amounts of calories self-infused across the two-sipper sessions could be fitted to a sigmoid
model (R2=0.89, Figure 4B) whereas the across-session numbers of dry licks could not
(R2=0.56, see Figure 4C).

In a variation of the above task, a 1sec auditory cue was triggered concomitantly to
activation of the infusion pump upon the detection of dry licks to the active sipper. Mice
were arbitrarily divided in two groups; one group of mice (named “Cue+/+”) was presented
with the auditory cue during both training and extinction phases, while a second group
(“Cue+/−”) was presented with the auditory cue during the training, but not during the
extinction, phase. Therefore, during 10 training sessions, all mice detected the auditory cue
upon activation of the infusion pump. Both groups rapidly acquired, as above, preferences
for the active sipper (Figure 4D). Extinction tests were immediately performed after the 10
daily training sessions. During extinction, while mice in the Cue+/+ group maintained sipper
preferences above chance, mice in the Cue+/− group did not (Figure 4E). After three daily
extinction sessions, the auditory cue was reestablished for the Cue+/− mice (cue
reestablishment was also tested in extinction). Now, during cue-driven reinstatement, mice
in the Cue+/− group recovered robust preferences for the previously active sipper (new
Figure 4E) without modifying their dry licking patterns (Figure 4F). Overall, we conclude
that mice are capable of directing their behavior towards obtaining fat calories by efficiently
making use of non-oral signals such spatial cues and auditory stimuli.

Striatal extracellular dopamine levels during maintenance, extinction and reinstatement of
intra-gastric fat self-administration

Finally, we have performed brain microdialysis concomitantly to the behavioral intra-gastric
self-administration task. Previous microdialysis studies performed during cocaine self-
administration revealed that, compared to during maintenance, extracellular brain dopamine
levels markedly decrease during extinction, only to recover upon reinstatement [6, 8].
Accordingly, trained mice implanted with both gastric catheters and microdialysis probes in
dorsal striatum were subjected to two daily 3h-long experimental sessions. On the first
session, a fixed ratio reinforcement schedule (“maintenance” session) was employed. On the
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second day, mice were exposed to consecutive extinction (1.5 hs) and reinstatement (1.5 hs)
phases.

Analysis of the changes in dopamine levels with respect to pre-session baseline clearly
shows that, during maintenance of intra-gastric responses, extracellular dopamine was
significantly and persistently elevated throughout the sessions (~120% of baseline levels,
Figure 5A). Note the rapid increases in dopamine associated with the beginning of the intra-
gastric infusions (depicted as purple vertical traces in Figure 5) after baseline (samples 1–5).
During extinction sessions on the other hand, we observed an initial but short-lived increase
in dopamine levels (~109% of baseline levels) that was quickly reversed and followed by a
steady decrease that reached levels below pre-session baseline (~90% of baseline levels,
Figure 5B). Importantly, note that animals sustained frenetic dry licking rates during
extinction sessions (depicted as green vertical traces in Figure 5), which unambiguously
demonstrates that dry licking responses do not account for the observed increases in
dopamine levels occurring during maintenance. Upon reinstatement, dopamine levels were
quickly restored to an extent that these increases closely resembled those observed during
maintenance (see graph under gray area in Figure 5B). Positioning of dialysis probes were
confirmed histologically (Figure 6). In sum, these results show that, analogously to drug
self-administration, compared to maintenance, extracellular brain dopamine levels markedly
decrease during extinction, only to recover upon reinstatement.

Discussion
In this study, we aimed at establishing whether intra-gastric self-administration of fat
emulsions recapitulates some of the behavioral and neurobiological hallmarks of self-
administration of psychostimulants. We have found that, within limits, fat self-
administration into the gastrointestinal tract bears striking similarities to psychostimulant
self-administration, specifically the “pharmacological” regulation exerted by infusate
concentration on response rates and neurochemical dynamics. Of particular interest is our
observation that, as with psychostimulants such as amphetamine or cocaine, the precise
behavioral regulation of fat self-administration does not require the detection of oral cues.
Specifically, non-oral signals such as spatial location and auditory signs are sufficient to
reinstate previously extinguished responses. Our work therefore suggests that
gastrointestinal or other metabolic signals may be critical for the expression of addiction-
like behaviors associated with high-calorie intake.

The use of intra-gastric self-administration allowed us to avoid any effects associated with
the stimulation of oral chemosensory receptors, and directly test the contribution of post-
ingestive signals to addiction-like behaviors. Overall, our study leads us to conclude that
many behavioral and neurochemical patterns associated with (intra-gastric) self-infusion of
caloric fat emulsions bear striking similarities with the behavioral and neurochemical
patterns associated with (venous) self-infusion of drugs of abuse. Firstly, animals can
rapidly learn to self-infuse emulsions, and will quickly adapt their licking rate to achieve a
constant caloric rate. Consistently, learned behavioral responses that trigger infusions of
amphetamine or cocaine appear to be primarily controlled by systemic drug levels [15, 16].
Thus, in direct analogy to caloric compensation, decreases in dose concentration are met
with compensatory increases in response rates seemingly aimed at maintaining relatively
constant hourly drug intake [15, 16]. Interestingly, and consistent with our data, analogous
results were previously reported where rodents regulated cocaine self-administration by
licking an empty spout [19]. Similar conclusions can be drawn from our observations that
dry-lick rates increase dramatically during extinction sessions, again in direct analogy to
drug self-administration [6, 10]. From a neurochemical point of view, it is also notable that
rats pretreated daily with haloperidol show significant extinction-like increases in cocaine
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self-administration [20], as seen in mice pretreated with haloperidol prior to intra-gastric
infusions of fat emulsions [14]. Finally, our behavioral studies also demonstrated that, as
with psychostimulants, intra-gastric infusion rates increase significantly during progressive
ratio schedules of reinforcement, an effect that persisted (although at attenuated levels) when
the intra-gastric reward was devaluated by food repletion.

Importantly, the similarities between drug intravenous and fat intra-gastric self-
administration extend to neurochemical analyses of dopamine fluctuations observed during
these behavioral tasks. Specifically, we have observed that elevations in dopamine levels
induced by the intra-gastric fat infusions produced during maintenance of the self-
administration behavior were greatly attenuated during extinction sessions, only to be
restored to near-maintenance levels upon reinstatement [6, 8]. Now, because the reinforcing
efficacy of abused drugs appear to depend on their ability to elevate extracellular dopamine
concentrations [21], it has been hypothesized [22] and subsequently shown [6] that the
timing of self-infusing drug responses can be predicted with reasonable precision from
fluctuations in extracellular dopamine concentrations. While it is true that the magnitude of
changes in dopamine levels differs between foods and psychostimulants (as it does between
different drugs of abuse as well), the relationship between fluctuations from baseline and the
timing of behavioral responses (with increased dopamine levels reflecting lower response
rates) remains the finding of interest relating calories to psychostimulants. Thus, an
important topic for future exploration would be testing the hypothesis that the timing of
intra-gastric self-infusions can be predicted from the corresponding changes in extracellular
dopamine concentrations. In addition, since the presence of fat in the oral cavity induces
concentration-dependent dopamine release independently of intestinal absorption [23], it
will be also important to determine the extent to which gut-induced dopamine efflux is
comparable to orally-induced efflux – especially in light of our current findings that oral fat
sensing may not have the same reinforcing potency as gut fat sensing.

It is important to note that the dopaminergic measurements during drug self-administration
referred to above were obtained from the nucleus accumbens of the ventral striatum, while
our own measurements were performed on the dorsal aspect of the medial striatum. The
rationale for our choice was based on ample evidence from both the human and rodent
literature that dopamine release within the dorsal striatum is the critical mediator of
instrumental action. More generally, integrity of the dorsal striatum is necessary for the
acquisition and expression of instrumental actions [24]. Specifically, lesions to the medial
part of the dorsal striatum render animals insensitive to action-outcome devaluation or
degradation, whereas lesions to its more lateral aspect impair the development of habits [for
a review 24]. Consistently, dynamic shifts take place involving mediodorsal to dorsolateral
striatal control over reward seeking between goal-directed and habitual performance [25].
Furthermore, corticostriatal regulation of goal-directed behavior seems to be under the
control of striatal dopamine release: both in vivo and in vitro preparations reveal that striatal
dopamine release around the time of corticostriatal activation is a critical regulator of
synaptic modification in dorsal striatum [26].

More specifically regarding food intake regulation, dopamine receptor deficiency, which
provides a neurobiological link between overeating and drug addiction [3, 27], has been
reported for the dorsal aspect of striatum of human obese subjects [28, 29]; indeed, this is
the site where dopamine release was observed in humans during feeding [30]. It must be
noted that in obese rodents most evidence supports deficient dopamine signaling in the
mesolimbic pathway. In fact, rodents overfed with fat-derived calories, as well as those
sustaining genetic propensity to excessive weight gain, display decreases in both dopamine
release [31, 32] and turnover [33] in ventral striatum. Moreover, genetically obese mice
seem to display altered ventral striatal dopamine levels [34, 35]. However, downregulation
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of dopamine signaling in dorsal striatum was found to be sufficient to produce a
hyperphagic phenotype in rodents presented with a cafeteria diet [13]. These data add to
previous studies demonstrating that restoring dopamine signaling in dorsal striatum is
sufficient to normalize food intake [12] and goal-directed behaviors [11] in dopamine-
deficient mutant animals. Conversely, evidence favors preponderant roles for opioids [36]
and melanin-concentrating hormone [37], more than for dopamine, in modulating ventral
striatum activity during feeding. In sum, there is ample evidence to support our choice to
sample dopamine release within the dorsal aspect of the striatum. In this regard, it is
interesting to note that recent studies have been attributing greater importance to the role of
the dorsal striatum in drug abuse [38]. Specifically, it has been recently shown that dorsal, as
well as ventral, striatal lesions affect rates of intravenous cocaine and morphine self-
administration in rats [39].

Consistently, the development of long-term and habitual drug intake also relies on the dorsal
striatum [25, 40]. It is thus conceivable that future research will reveal that intravenous drug
and intra-gastric food self-administration share the dorsal aspect of the striatum as a
common circuit mediating “unsensed” rewards [41]. It is however important to stress that
our choice to sample dorsal striatum dopamine should not be taken as implying that ventral
dopamine signaling is less important. Current evidence suggests that these two structures
cooperate in the formation of habitual responses to rewards [40], and interruption of
dopaminergic signaling in ventral striatum is likely to produce disruptions in self-
administration responses given its critical role in mediating psychostimulant intake [42, 43].
In sum, the picture emerging from ours and previous studies supports the involvement of a
complex circuit including both the nigrostriatal and mesolimbic dopamine pathways in food
reward.

Related to the above, future research must identify the physiological pathways linking the
stimulation of the gastrointestinal tract to midbrain dopamine cells, and the extent to which
signals produced by gut fat sensing overlap with those produced by other nutrients such as
sugars [44]. It is plausible to assume that the actual pathways linking gut fat sensing to
dopamine release may differ significantly from those associated with psychostimulant intake
(for example effects on dopamine transporter function). Because the increases in
extracellular dopamine levels have a relatively fast onset, pre-absorptive mechanisms may
be critical, including a hypothetical mediation by gastrointestinal hormones [45, 46].

It is nevertheless important to also acknowledge that a direct comparison between self-
administration of psychostimulants vs. nutrients does not go without limitations. First, linear
relationships involving infusate concentration vs. behavioral responses can only be inferred
for a limited range of doses [7]; since the densest emulsion concentration tested was 30%,
we cannot at present rule out the possibility that using dose ranges that include more caloric
infusates would have resulted in non-linear behavioral response curves. Appropriate dose-
response curves will therefore be necessary for testing the validity of concepts such as
individual variations in substance vulnerability in the context of caloric intake. Furthermore,
we also note that we did not test in our study the important effects of stress and/or
substance-primed reinstatement [47, 48]; neither did we assess escalation or incubation as
described with drug seeking [49]. While our results demonstrating cue-induced
reinstatement of intra-gastric fat infusions further suggest important similarities between
psychostimulant and caloric intake, appropriate use of additional behavioral paradigms is
required for establishing the extent to which our animal model data is applicable to the
human case [49, 50].

In conclusion, our data support the argument that, while caloric and psychostimulant intake
may share behavioral and neurochemical regulatory mechanisms [throughout this issue and
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e.g. 1, 2–4], stimulation of oral receptors by caloric foods may not be required for the
expression of certain addiction-related neurobehavioral patterns. This finding may have
implications to our understanding of the efficacy of flavor-mimicking low-calorie
alternatives in curbing calorie overconsumption.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Learning to self-administer fat emulsions into the gastrointestinal tract
Male mice (N=16) were fitted with gastric catheters and trained to lick a dry spout in order
to receive intra-gastric infusions of fat emulsions. Training sessions lasted for 1 h and were
performed daily under food (20h) deprivation. For the first four daily training sessions
(delimited by the gray box), a small amount of standard chow was placed behind the spout’s
orifice. After the four priming sessions the spouts containing chow were replaced by clean
odorless ones and six additional learning sessions were performed. A. Analysis of the ten
learning sessions reveals a gradual and yet clear increase in the amounts of calories self-
infused across sessions. These ten sessions include the four initial sessions where food was
placed behind the sipper to prime animals to initiate dry licking (shown within gray box).
The data were fitted to a sigmoid (Boltzmann) model, which resulted in a robust
approximation (R2=0.99) associated with a transition point at the fourth session. B.
Interestingly, equivalent analyses of the numbers of dry licks across learning sessions
revealed a different pattern, with dry licks fluctuating around an overall mean of ~150 licks
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per session (R2=0.36). C. Analyses of the number of dry licks produced while the infusion
pump was activated reveals that these non-effective responses decreased significantly across
learning sessions, reaching a stable level after the fourth session (one-way RM-ANOVA,
session day effect F[9,135]=9.0, *p<0.001).
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Figure 2. Fat self-administration responses are under the control of caloric density
Previous to each daily 1 h session, the emulsion was prepared at a caloric density that had
been determined from a random sequence (so that the concentration being infused could not
be predicted by the animal). A. Mice (N=16) increased the numbers of dry licks in response
to proportional decreases in the caloric density of the infusate (one-way RM-ANOVA
infusate concentration effect F[2,30]=45.9, *p<0.0001). B. Accordingly, changes in dry
licking were aimed at compensating for the variations in the infusate’s caloric density, so
that overall caloric intake is maintained irrespective of the infusate’s density (one-way RM-
ANOVA infusate concentration effect F[2,30]=0.25, p=0.77). C. The compensatory
adjustments were rapidly met and closely maintained throughout the entire session. Analysis
of the timecourses associated with the amounts of calories self-infused (split into 6-minutes
bins) reveal that caloric compensation is met within the initial 6 minutes and is maintained
throughout the behavioral sessions (two-way RM-ANOVA, effect of infusate concentration
F[2,450]=1.3, p=0.26; effect of time F[9,450]=53.4, p<0.001; concentration × time effect
F[18,450]=0.4, p=0.98). n.s. = statistically non-significant.
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Figure 3. Rates of dry licking during extinction and progressive ratio schedules of reinforcement
The rewarding properties of oral and intra-gastric fat self-administration were assessed by
employing progressive ratio schedules of reinforcement to both food-deprived and food-
replete (5-day food repletion) mice. A. In deprived animals, we observed significantly larger
break point values associated with dry compared to wet licking (two-way mixed effects
ANOVA, between-group effect of route of administration F[1,16]=4.75, *p=0.04); an effect
that did not depend on emulsion concentration (7.5 vs. 30%, F[1,16]=1.0, p=0.32). B.
Similar results were obtained with food-replete animals; however, food repletion
significantly decreased break point values associated with both dry and wet licks (overall
effect of feeding state F[1,16]=18.5, p=0.001). C. The same results are obtained if, instead
of break points, numbers of rewards earned are considered instead, in both food deprived
(two-way mixed effects ANOVA, between-group effect of route of administration
F[1,16]=10.5, **p=0.005) and D. food-replete mice (overall effect of feeding state
F[1,16]=65.0, p<0.001). E. Further experiments were performed in both food depleted
(N=7) and replete (N=7) mice during six daily extinction sessions that followed one baseline
fixed ratio session performed on the first session day (delimited by gray area). We observed
marked increases in dry licking on the first day of extinction in both depleted (one-way RM-
ANOVA, session effect F[6,36]=10.2, p<0.0001; post-hoc t-test between day 2 first
extinction session vs. day 1 baseline session, t[6]=5.6, ***p<0.01) and replete
(F[6,36]=2.57, p=0.035; post-hoc t-test between day 2 first extinction session vs. day 1
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baseline session, t[6]=2.9, ****p<0.05) mice. This was followed by a gradual across-session
decrease in response rates.
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Figure 4. Mice are capable of directing ingesting behavior by using non-oral cues
Additional experiments were performed where mice were simultaneously presented with an
active and one inactive dry sipper. A. Mice rapidly acquired and sustained behavioral
preferences for the active sipper over session days, a pattern that was reversed after the
switching of sipper positions. The figure shows the preference levels for the originally active
sipper previous to (dark symbols) and after reversal (clear symbols) of contingencies (the
horizontal red line indicates the 0.5 level of indifference; two-way RM-ANOVA
contingency × session day effect F[5,30]=4.0, *p=0.006). B. Likewise the one-sipper case
(see Figure 1B), the data representing the amounts of calories self-infused across the two-
sipper sessions was fitted to a sigmoid model (R2=0.89). C. However the across-session
numbers of dry licks could not be fitted to a sigmoid model (R2=0.56). D. One group of
mice (“Cue+/+”, N=6) was presented with an auditory cue triggered by licking the active
sipper during both training and extinction phases, while a second group (“Cue+/−”, N=6)
was presented with the auditory cue only during the training phase. Both groups rapidly
acquired preferences for the active sipper (the horizontal red line indicates the 0.5 level of
indifference; two-way RM-ANOVA session day effect F[9,90]=4.7, p<0.001; session day ×
group effect F[9,90]=0.63, p=0.76). Note: For panels A to D, during the first three daily
training sessions (delimited by the gray box), a small amount of standard chow was placed
behind the spout’s orifice. E. During extinction, while mice in the Cue+/+ group maintained
preferences significantly above chance, mice in the Cue+/− group did not; however, during
cue-driven reinstatement, mice in the Cue+/− group recovered preferences for the previously
active sipper (two-way RM-ANOVA session day × group effect F[3,30]=3.52, *p=0.02). In
fact, reinstatement of cue presentation produced significant increases in preferences for the
previously active sipper compared to the last day of non-cued extinction (within-group Cue
+/− paired t-test between session days 3 and 4, t[5]=3.4, **p=0.02). Gray area indicates cue-
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reinstatement test after extinction sessions. F. Reinstatement of cue presentation did not
however modify dry licking patterns (session day × group effect F[3,30]=1.3, p=0.26;
within-group Cue+/− paired t-test between session days 3 and 4 t[5]=1.9, p=0.11).
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Figure 5. Striatal extracellular dopamine levels during maintenance, extinction and
reinstatement of intra-gastric fat self-administration
Mice (N=6) implanted with both gastric catheters and microdialysis probes in dorsal
striatum were subjected to two daily 3h-long experimental sessions. On the first day a fixed
ratio reinforcement schedule (“maintenance” session) was employed. On the second day,
mice were exposed to consecutive extinction (1.5 hs), and reinstatement (1.5 hs) phases. Pre-
session baseline was calculated based on samples 1–5, during which period the dry sipper
was not available. A. Analysis of the changes in dopamine levels with respect to baseline
reveals that during maintenance of intra-gastric responses, extracellular dopamine was
significantly elevated and remained at these levels throughout the sessions (two-way RM-
ANOVA, effect of intra-gastric infusions on dopamine levels F[1,5]=15.7, *p=0.01). B.
During extinction sessions, it was observed an initial but short-lived increase in dopamine
levels that was quickly reversed and followed by a steady decreases (two-way RM-ANOVA,
effect of intra-gastric infusions F[1,5]=1.6, p=0.26; effect of sampling time F[19,95]=9.4,
p<0.001; infusions × sampling time effect F[19,95]=9.4, **p<0.001). Note that animals
sustained a frenetic dry licking response during extinction sessions, which unambiguously
demonstrates that licking rates do not account for the observed increases in dopamine
observed during maintenance. Upon reinstatement (delimited by gray box), dopamine levels
were quickly restored (two-way RM-ANOVA, effect of intra-gastric infusions F[1,5]=49.7,
p=0.001). Green vertical traces = average number of dry licks during the corresponding 6-
min bin; Purple vertical traces = average number of intra-gastric infusions during the
corresponding 6-min bin.

Tellez et al. Page 18

Biol Psychiatry. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Schematic representation of microdialysis probe locations
The figure shows a coronal section of the mouse brain through the dorsal striatum (caudate/
putamen) region. In the left hemisphere is shown a representative Nissl-stained section
revealing the tract associated with the tip of an inserted probe (dark arrows). In the right
hemisphere is shown the corresponding region in a stereotaxic atlas [51]. ac = anterior
commissure; Acb = Nucleus accumbens of the ventral striatum; CPu = caudate/putamen of
the dorsal striatum; LV = Lateral ventricle.
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