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Impulsivity is a behavioral trait frequently seen not only in drug-addicted individuals but also in individuals who pathologically overeat.

However, whether impulsivity predates the development of uncontrollable feeding is unknown. In this study, we hypothesized that a high

impulsivity trait precedes and confers vulnerability for food addiction-like behavior. For this purpose, we trained ad libitum-fed male

Wistar rats in a differential reinforcement of low rates of responding (DRL) task to select Low- and High-impulsive rats. Then, we allowed

Low- and High-impulsive rats to self-administer a highly palatable diet (Palatable group) or a regular chow diet (Chow group) in 1-h daily

sessions, under fixed ratio (FR) 1, FR3, FR5, and under a progressive ratio (PR) schedules of reinforcement. In addition, we tested the

compulsiveness for food in Low- and High-impulsive rats by measuring the food eaten in the aversive, open compartment of a light/dark

conflict test. Finally, we measured the expression of the transcription factor DFosB in the shell and the core of the nucleus accumbens,

which is a marker for neuroadaptive changes following addictive drug exposure. The data we obtained demonstrate that impulsivity is a

trait that predicts the development of food addiction-like behaviors, including: (i) excessive intake, (ii) heightened motivation for food,

and (iii) compulsive-like eating, when rats are given access to highly palatable food. In addition, we show that the food addiction

phenotype in high impulsive subjects is characterized by an increased expression of the transcription factor DFosB in the nucleus

accumbens shell. These results reveal that impulsivity confers an increased propensity to develop uncontrollable overeating of palatable

food.
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INTRODUCTION

Pathological overeating is increasing in prevalence and is
linked to reduced life expectancy and impaired quality of life
(Ahima, 2009; Ahima and Lazar, 2013). The ready availability
of highly palatable, energy-dense foods is recognized to be a
causal factor in the development of excessive, uncontrollable
overeating (Volkow et al, 2013). A growing number of
behavioral and neurobiological findings from both clinical
and preclinical studies provide convincing evidence that the
uncontrollable intake of highly palatable foods can be
regarded as an addiction-like disorder (Cottone et al, 2009;
Cottone et al, 2012; Gearhardt et al, 2009; Johnson and
Kenny, 2010; Smith and Robbins, 2013; Volkow et al, 2013).
The core symptoms observed in binge-eating disorder, as
described in the DSM-V (APA, 2013), closely match those
that also define drug addiction (Smith and Robbins, 2013;

Volkow and Wise, 2005). Indeed, the development of
tolerance associated with escalating drug or food intake,
larger amounts than intended of drug taken or food eaten,
the loss of control over drug or food intake, and great diffi-
culty in quitting drug use or overeating despite knowledge of
adverse consequences as well as distress and dysphoria when
attempting to abstain from drugs or food are hallmark
diagnostic criteria of both drug addiction and binge-eating
disorder (APA, 2013; Smith and Robbins, 2013; Volkow and
Wise, 2005). Studies in humans have highlighted that the
behavioral trait of impulsivity, defined as a predisposition
towards rapid unplanned action (Chamberlain and Sahakian,
2007), is characteristic of both individuals addicted to drugs
and also in individuals who pathologically overeat (Davis
et al, 2011; Dawe and Loxton, 2004; Schag et al, 2013). It has
been shown that impulsivity represents a vulnerability factor
for compulsive cocaine and nicotine, but not heroin, seeking
and taking (Belin et al, 2008). However, it has not been
established whether the high impulsivity observed in forms
of pathological overeating precedes or is a consequence of
the onset of uncontrollable feeding behavior.

In this study, we hypothesized that a high impulsivity
trait precedes and confers vulnerability for food addiction-
like behavior. For this purpose, we trained ad libitum-fed
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male Wistar rats in a differential reinforcement of low rates
of responding (DRL) task, and we selected Low- and High-
impulsive rats. Then we evaluated whether High-impulsive
rats, exposed to the highly palatable food, were prone to
develop a food addiction-like phenotype. We operationally
defined in rats three food addiction-like behaviors, used as
hallmarks of pathological overeating (APA, 2013; Smith and
Robbins, 2013; Volkow et al, 2013): (i) The consumption
of significantly larger amounts of highly palatable foods in
a short period of time than most individuals in similar
circumstances. We modeled this behavior by limiting access
to a highly palatable diet in daily self-administration
sessions. (ii) A high motivation to acquire and eat palatable
food. We modeled this behavior using a progressive ratio
(PR) schedule of reinforcement, in which the workload to
obtain a pellet of food increased progressively within the
session. (iii) The consumption of the highly palatable food
in the face of negative consequences. We modeled this
behavior using a light/dark conflict test, in which the food
was offered in an aversive, bright compartment that
normally suppresses eating.

MATERIALS AND METHODS

Further details are provided in Supplementary Information.

Subjects

Male Wistar rats (n¼ 47), 45 days old on arrival (Charles
River, Wilmington, MA), were triple-housed in wire-topped
plastic cages in a 12-h reverse light cycle (lights off at 1100
hours) AAALAC-approved humidity-(60%) and tempera-
ture-controlled (22 1C) vivarium. Procedures adhered to the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and the Principles of Laboratory
Animal Care and were approved by the Boston University
Medical Campus Institutional Animal Care and Use
Committee. No experimental procedures involved food or
water restriction/deprivation.

DRL Task in ad libitum-Fed Rats

The DRL procedure was adapted from previous reports
(Simon et al, 2013; Sokolowski and Salamone, 1994; Wiley
et al, 2000) in ad libitum-fed rats. Impulsive action, defined
as the inability to withhold a response, was assessed on the
last four sessions of the DRL 15-s schedule and was defined
as efficiency (ratio between the rewarded responses and the
total (rewardedþ incorrect) responses), with higher effi-
ciency reflecting more accurate performance, indicative of
less impulsive action. The reinforcer was a ‘supersaccharin’
solution consisting of 1.5% w/v glucose and 0.4% w/v
saccharin (Blasio et al 2012; Sabino et al 2009). Rats were
ranked according to their efficiency scores, and subjects
falling above the 60th percentile were assigned to the Low-
impulsive group, while subjects falling below the 40th
percentile were assigned to the High-impulsive group.

Spontaneous Locomotor Activity

The analysis of locomotor reactivity to a novel environment
was carried out during the first 2 h of the dark phase as

previously shown (Belin et al, 2008). Rats were ranked
according to their photocell beam breaks, and subjects falling
below the 40th percentile were assigned to the Low-responder
group, while subjects falling above the 60th percentile were
assigned to the High-responder group (n¼ 8/9 group).

Elevated Plus-Maze Test

The elevated plus-maze test was performed as previously
described (Cottone et al, 2007, 2008b; Dore et al, 2013a).
The primary measure was the percentage of total arm time
directed toward the open arms (ie, 100� open arm/(open
armþ closed arm)), a validated index of anxiety-related
behavior. Rats were ranked according to their percentage of
open arm time, and subjects falling above the 60th
percentile were assigned to the Low-anxiety group, while
subjects falling below the 40th percentile were assigned to
the High-anxiety group (n¼ 8/9 group).

Binge-Like Eating Procedure in ad libitum-Fed Rats

Following the DRL procedure and separation of Low- and
High-impulsive rats, ad libitum-fed rats were trained in a FR1
binge-like eating procedure, as described previously (Blasio
et al, 2013b; Cottone et al, 2012). Rats were assigned to either
a ‘Chow’ control group (Low-impulsive/Chow, n¼ 6; and
High-impulsive/Chow, n¼ 8) receiving 45 mg chow pellets or
a ‘Palatable’ group ((Low-impulsive/Palatable, n¼ 8, and
High-impulsive/Palatable, n¼ 7) receiving a nutritionally
complete, chocolate-flavored, high-sucrose diet (Blasio et al,
2013a). Rats were tested daily in 1-h sessions under FR1
schedule of reinforcement. After acquiring stable responding,
the number of responses required to obtain one pellet was
increased from FR1 to FR3 during four consecutive sessions
and then from FR3 to FR5 for four additional sessions.

PR Schedule of Reinforcement for Food

Following testing under the fixed ratio (FR) schedules, rats
were moved to a PR schedule of reinforcement, performed
as described in Cottone et al (2008a). Sessions ended when
subjects had not completed a ratio for 14 min, with the last
completed ratio defined as the breakpoint.

Light/Dark Conflict Test

The day after the last PR session rats were tested in a light/
dark conflict test. The test was performed as previously
described (Cottone et al, 2012; Dore et al, 2013b). Under
normal, control conditions, eating behavior is typically
suppressed when a rat is in the aversive bright environment;
a significant increase in food intake in spite of these adverse
conditions, as compared with control conditions, was
operationalized as a construct of ‘compulsive-like eating’.

Perfusions, Immunohistochemistry, and Quantification

At the end of the behavioral procedures, animals were
transcardially perfused as in Iemolo et al (2013). Brains
were removed and processed for DFosB immunohistochem-
istry as previously described in Velazquez-Sanchez et al
(2011). The brain regions of interest were the nucleus
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accumbens shell (NAcc shell) and core (NAcc core) and the
dorsal striatum. The results of the quantification were
expressed as the number of DFosB-positive cells (cell/
volume) for each of the region studied.

Food Addiction-Like Score

The food addiction-like score was calculated using a
previously described approach (Deroche-Gamonet et al,
2004). Animals were ranked for each criterion indepen-
dently. A subject was considered positive for a given
criterion if it fell above the 67th percentile of that distri-
bution. The food addiction-like score was calculated as the
algebraic sum of the individual standardized scores of each
of the three food addiction-like behaviors (excessive intake,
motivation for food, or compulsive-like eating).

Statistics

Parametrical data were analyzed by simple or factorial
ANOVAs followed by Fisher’s LSD tests. Statistical sig-
nificance level was set at ap0.05. For further details, see
Supplementary Information Methods.

RESULTS

Impulsivity is a Phenotype Distinct from
Novelty-Induced Locomotor Activity

We first wanted to determine whether impulsivity, as
measured by the tendency to respond prematurely in a
DRL task, was a phenotype that is distinct from novelty-
induced locomotor activity. For this purpose, we therefore

identified Low- and High-responder rats by measuring their
spontaneous locomotor activity in a novel environment
(Reactivity: t(15)¼ 6.55, pp0.0001, Figure 1a, left panel). We
then assessed the tendency to respond prematurely in Low-
and High-responders by measuring the DRL efficiency, a
variable which is inversely correlated with the tendency to
respond prematurely (see Supplementary Materials). As
shown in Figure 1a (right panel), no differences in efficiency
were observed between Low- and High-responder rats
(Reactivity: t(15)¼ 0.85, NS). Analogously, when rats were
instead divided into the Low- and High-impulsive groups
based on their tendency to respond prematurely in the DRL
(Impulsivity: t(15)¼ 8.94, pp0.0001, Figure 1b, left panel),
no differences in spontaneous locomotor activity in a novel
environment were observed between groups (Impulsivity:
t(15)¼ 1.52, NS, Figure 1b, right panel).

Impulsivity is a Phenotype Distinct from Anxiety-Like
Behavior

To determine whether impulsivity was a phenotype
different from anxiety-like behavior, we first identified
Low- and High-anxiety rats by measuring their spontaneous
anxiety-like behavior in an elevated plus-maze test (Anxi-
ety: t(16)¼ 10.98, pp0.0001, Figure 1c, left panel). We then
measured the DRL efficiency in Low- and High-anxiety rats
and, as shown in Figure 1c right panel, and no differences in
efficiency were observed between groups (Impulsivity:
t(16)¼ 0.42, NS). Similarly, when rats were instead divided
into the Low- and High-impulsive groups based on their
tendency to respond prematurely in the DRL (Figure 1b,
left panel), no differences in anxiety-like behavior were

Figure 1 Impulsivity is a phenotype distinct from both novelty-induced locomotor activity and anxiety-like behavior. (a) Left: Screening for Low- and High-
responsive rats based on spontaneous locomotor reactivity to novelty. High-responsive rats show higher locomotor activity than Low-responsive rats.
(a) Right: Low- and High-responsive rats do not differ in their tendency to respond prematurely in the DRL task. (b) Left: Screening for Low- and High-
impulsive rats using a DRL task. High-impulsive rats are less efficient in responding compared with Low-impulsive rats. (b) Right: Low- and High-impulsive rats
do not differ in novelty-induced locomotor activity. (c) Left: Screening for Low- and High-anxiety rats based on the percentage of open arm time in the
elevated plus-maze. High-anxiety rats show lower percentage of open arm time than Low-anxiety rats. (c) Right: Low- and High-anxiety rats do not differ in
their tendency to respond prematurely in the DRL task. (d) Low- and High-impulsive rats (screened in panel (b) left) do not differ in anxiety-like behavior.
n¼ 8/9 group. Data show M±SEM. ***pp0.0001 vs Low counterpart.
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observed between groups (Impulsivity: t(16)¼ 0.30, NS,
Figure 1d).

High Trait Impulsivity Predicts the Escalation of
Responding for Highly Palatable Food

To test the hypothesis that high impulsivity predisposes to
food addiction-like behavior, we identified Low- and High-
impulsive rats by measuring their efficiency (Impulsivity:
F(1,25)¼ 31.705, pp0.0001, Figure 2a). Then both Low- and
High-impulsive rats were trained in a validated binge-like
eating procedure (Blasio et al, 2013b; Cottone et al, 2012)
based on a limited access to a highly palatable food.
Thus, half of the rats were provided with daily 1-h access to
a highly palatable, sugary diet (Low-impulsive/Palatable and
High-impulsive/Palatable), while the other half was given
a regular chow diet (Low-impulsive/Chow and High-
impulsive/Chow) (Blasio et al, 2013b; Cottone et al, 2012).
Our results show that during their very first experience with
the novel highly palatable diet, Low-impulsive/Palatable
rats, which were otherwise eating the regular chow diet,
rejected as expected the newly provided food, as result of
a neophobic response (Figure 2b). Conversely, High-
impulsive/Palatable rats showed no neophobia and readily
accepted the new diet, showing no change in the amount
of food consumed compared with Chow control rats
(Impulsivity: F(1,25)¼ 6.523, pp0.02). With further daily
access to the highly palatable diet, all rats progressively
increased their intake compared with control chow-fed rats;
however, as predicted, the High-impulsive/Palatable rats
overate the highly palatable food to a much greater extent
than Low-impulsive/Palatable rats, ingesting up to four
times the intake of chow-fed control rats (Impulsivity�
Food: F(1,25)¼ 6.25, pp0.02) (Figure 2c). No effect in water
responding was observed (Impulsivity� Food: F(1,25)¼ 0.03,
NS, not shown).

High Trait Impulsivity Predicts an Increased Motivation
for Highly Palatable Food

Subsequently, we sought to determine whether high trait
impulsivity is a factor that heightens the motivation for
palatable food. To test this hypothesis, in the same cohort of
rats, following the escalation of palatable food intake and
establishment of a stable baseline of responding for food
under a FR1 schedule of reinforcement, we increased the
price (number of responses) required to obtain each food
pellet. The results show that increasing the workload
required to obtain the food (from FR1 to FR5) resulted in
decreased responding by Low-impulsive/Palatable rats,
whereas High-impulsive/Palatable rats maintained the high-
est level of responding compared with all the other groups
(FR3 Figure 2d left, Impulsivity: F(1,25)¼ 6.37, pp0.02;
Food: F(1,25)¼ 23.91, pp0.00005; FR5 Figure 2d right,
Food: F(1,25)¼ 24.778, pp0.00005; Impulsivity� Food:
F(1,25)¼ 4.33, pp0.05). As responding for food among
groups varied as a function of the response requirement,
we next determined the maximum effort each rat was
willing to make to obtain a single food unit pellet, using a
PR schedule task (Belin et al, 2008; Deroche-Gamonet et al,
2004). In the PR task, the number of responses required to
obtain each food pellet progressively increased within each

session until the rat reached a point beyond which it was no
longer willing to respond for food. The maximum amount
of work that the rat performed before cessation of
responding, referred to as the breakpoint, is not influenced
by satiety factors and is considered a reliable index of
motivation (Belin et al, 2008; Deroche-Gamonet et al, 2004;
Hodos, 1961). As predicted, High-impulsive/Palatable rats
showed significantly higher breakpoints than all the other
groups, while Low-impulsive/Palatable rats did not differ in
their motivation to obtain food compared with chow-fed
control rats (Food: F(1,25)¼ 13.91, pp0.001; Figure 2e).

High Trait Impulsivity Predicts Compulsive-Like Eating
of Highly Palatable Food

Next, we determined whether high impulsivity predicted the
loss of control over palatable food intake and compulsive-
like eating. To test this hypothesis, we tested the rats in a
light/dark conflict test, in which the food was offered in the
aversive, bright compartment of the apparatus (Cottone
et al, 2012; Dore et al, 2013b). Therefore, rats were required
to face the aversive context in order to consume the food.
Regular chow consumption by Low- and High-impulsive/
Chow rats was negligible in the aversive context. The
Low-impulsive/Palatable rats ate an amount of food not
significantly different compared with the food consumed by
both the Chow groups (Figure 2f). By contrast, High-
impulsive/Palatable rats ate a significantly greater amount
of palatable food compared with any other group (B22-,
B38-, and B3-fold increase as compared with Low-
impulsive/Chow, High-impulsive/Chow and Low-impulsive/
Palatable rats, respectively; Food: F(1,25)¼ 8.19, pp0.01).

High Trait Impulsivity Predicts a Food Addiction-Like
Phenotype

To further clarify the influence of impulsivity on the
individual susceptibility to develop a food addictive-like
phenotype, we took a similar approach to that used
previously (Belin et al, 2008; Deroche-Gamonet et al,
2004) to calculate an ‘addiction score’, in which a rat was
considered positive for each of the three established food
addiction-like criteria ((i) excessive intake, (ii) heightened
motivation for food, and (iii) compulsive-like eating), if it
fell above the 33th percentile of the distribution. This
approach allowed the division of our sample of rats into
four groups according to the number of positive criteria met
(zero, one, two, or three) (Belin et al, 2008; Deroche-
Gamonet et al, 2004). As shown in Figure 3, the intensity
of the three food addiction-like behaviors was proportional
to the number of positive criteria met by each subject
(Figure 3a–c). Furthermore, we defined the food addiction-
like score as the sum of the standardized scores of the three
criteria to represent the overall contribution of the three
food addiction-like behaviors in a single score (Belin et al,
2008). The food addiction-like score highly correlated with
excessive intake (r2¼ 0.74, pp0.000001), motivation for
food (r2¼ 0.60, pp0.00001), and compulsive-like eating
(r2¼ 0.60, pp0.00001) (Figure 3d–f). Rats belonging to
zero, one, two, or three positive criteria groups were linearly
distributed along the food addiction-like score, with the
three criteria group showing the highest food addiction-like
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score (Figure 4a). More importantly, as shown in Figure 4b,
high trait impulsivity predicted a heightened food addic-
tion-like behavior in rats exposed to the highly palatable

diet, as the food addiction score in High-impulsive/
Palatable rats was higher than that of all the other groups
(Impulsivity� Food: F(1,25)¼ 9.54, pp0.005). Figure 4c

Figure 2 High trait impulsivity predicts the disruption of neophobia, the escalation of highly palatable food intake, the motivation for, and the compulsive-
like eating of highly palatable food. (a) Screening for Low- and High-impulsive rats using a DRL task. High-impulsive rats are less efficient in responding
compared with Low-impulsive rats. (b) One-hour food intake during the first day of palatable food self-administration in Low- and High-impulsive rats.
Expectedly Low-impulsive/Palatable rats showed food neophobia, contrary to High-impulsive/Palatable rats who readily accepted the new diet. (c) Effects of
daily, 1-h access to a highly palatable diet on food intake in Low- and High-impulsive rats. High-impulsive/Palatable rats dramatically escalated responding for
the highly palatable diet, resulting in a significantly higher food intake compared with all other groups. (d) Effects of daily, one-hour access to a highly palatable
diet on food intake under FR3 and FR5 schedules of reinforcement. High-impulsive/Palatable rats showed higher responding for food compared with all other
groups. (e) Motivation for food, measured as the breakpoint under a progressive-ratio schedule of reinforcement. High-impulsive/Palatable rats showed higher
breakpoint for food than all the other groups. (f) Compulsive-like eating behavior measured in the light/dark conflict test. High-impulsive/Palatable rats showed
higher food intake compared with all other groups. n¼ 29. Data show mean±SEM. @@@pp0.001 High-impulsive/Chow vs Low-impulsive/Chow; #pp0.05,
Low-impulsive/Palatable vs Low-impulsive/Chow; *pp0.01, **pp0.001, ***pp0.0001 High-impulsive/Palatable vs Low-impulsive/Palatable.
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shows the percentage of the total population of Low- and
High-impulsive/Chow and Palatable rats positive for zero,
one, two, or three food addiction-like criteria. Notably, the
proportion of Palatable rats increased as a function of the
number of positive criteria met either when data were
analyzed independently from the impulsivity factor (15.4,
57.1, 75.0, and 100.0% in zero, one, two, and three criteria
group, respectively) or when only high-impulsive subjects
were taken into account (0, 50.0, 100.0, and 100.0% in zero,
one, two, and three criteria group, respectively). Therefore,
three criteria group was exclusively composed of rats
trained with the palatable diet and 80.0% of these were
high impulsive. On the other hand, zero criteria group was
mostly composed of Chow rats (84.6%), which were equally
represented in the low and high impulsivity trait.

DFosB Expression in the Shell of the NAcc is a
Molecular Marker of Food Addiction-Like Behavior

Finally, we investigated whether DFosB, a well-characterized
transcription factor, the induction of which in the NAcc is a
marker for neuroadaptive changes to addictive drug use
(Nestler, 2008), was correlated with food addiction-like
behaviors in high impulsive rats (Nestler, 2012). We
undertook quantitative analysis of DFosB immunoreactivity
in the NAcc shell and core (Figure 5) and dorsal striatum
(Supplementary Figure S1) of the same rats used for the
behavioral studies. As shown in Figure 5, exposure to the
highly palatable diet was associated with an overall
significant increase of DFosB-positive cell counts in the
two subregions of the NAcc, the shell and the core (core,

Figure 3 Food addiction-like score highly correlates with escalated intake, motivation for food, and compulsive-like eating. (a–c) Excessive intake,
motivation for food, and compulsive-like eating as a function of the number of positive food addiction-like criteria met. The intensity of the three food
addiction-like behaviors was proportional to the number of positive criteria met by the subjects. (d–f) The food addiction-like score highly correlated with
excessive intake, motivation for food, and compulsive-like eating. n¼ 29. Data show mean±SEM. $pp0.05, $$pp0.01, $$$pp0.001 vs zero criteria group.

Figure 4 Three criteria and High-impulsive/Palatable rats show highest food addiction-like score. (a) Rats with the three criteria showed a food addiction-
like score (3.72±0.47) above the SD of all rats (2.41) and higher than any other groups. (b) Food addiction-like score as function of the four experimental
groups. The food addiction-like score in High-impulsive/Palatable rats was higher than in all other. (c) Percentage of the total population of Low- and High-
impulsive/Chow and Palatable rats positive for zero, one, two, or three food addiction-like criteria. n¼ 29. Data show mean±SEM. $$pp0.01, $$$pp0.001
vs zero criteria group; #pp0.05; ###pp0.001 vs Low-impulsive/Chow; ***pp0.001 vs Low-impulsive/Palatable.
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Food: F(1,19)¼ 17.60, pp0.0005; shell, Food: F(1,19)¼ 39.54,
pp0.000005; Figure 5a, c, d, and f). However, in the NAcc
shell a strong effect of impulsivity was observed (shell,
Impulsivity: F(1,19)¼ 10.27, pp0.005), so that both the
High-impulsive/Chow and High-impulsive/Palatable groups
showed higher DFosB-positive cell counts as compared with
the respective Low-impulsive counterparts. As a result, the
additive effects of Food and Impulsivity induced a four-
fold increase of DFosB immunoreactive staining in High-
impulsive/Palatable rats compared with Low-impulsive/
Chow and which was higher than all other groups
(Figure 5d). A highly significant correlation between the
DFosB expression and the food addiction-like score was
found in the NAcc shell (r2¼ 0.42, pp0.0009, Figure 5e) but
not in the core (r2¼ 0.15, NS, Figure 5b). The analysis of the
dorsal striatum revealed an effect of the exposure to the diet
(Food: F1,20¼ 9.5, pp0.05) given by a weak DFosB
immunoreactive staining increase in High-impulsive/Pala-
table rats compared with Low-impulsive/Chow. The DFosB
expression in the dorsal striatum was weakly correlated
with the food addiction-like score (r2¼ 0.21, pp0.05)
(Supplementary Figure S1).

DISCUSSION

These results provide experimental evidence that the higher
tendency to respond prematurely, one dimension of the
complex construct of impulsivity (Dalley et al, 2008;

Evenden, 1999), is a behavioral trait that predisposes
individuals to food addiction-like behavior. Our preclinical
data extend clinical findings showing that individuals who
binge eat show heightened impulsivity and that loss of
control over food intake experienced by binge-eating
individuals during binge episodes is influenced by im-
pulsivity (Davis et al, 2011; Dawe and Loxton, 2004; Schag
et al, 2013).

We also provide evidence that highly palatable food
interacts with preexisting high impulsivity to result in an
addictive-like phenotype in rats. Although the existence of
food addiction is still a debated topic (Avena et al, 2012;
Corwin and Grigson, 2009; Ziauddeen et al, 2012), our
results show evidence that a food addiction-like phenotype
can indeed develop following exposure to palatable food,
using a approach similar to the one used to prove cocaine
addiction-like behavior in the rat (Deroche-Gamonet et al,
2004). This phenotype is characterized by excessive food
consumption within brief periods of time, heightened
motivation for food, and loss of control over eating in an
adverse environment. Importantly, we demonstrate that in
the sample of rats studied here there are individual
differences in the addiction-like behavioral response that
follows the exposure to highly palatable food. This aspect
has high translational relevance, because it demonstrates
that not all subjects exposed to the addictive palatable food
respond likewise, analogously to what observed in Western
societies where highly palatable foods are omnipresent
but only some individuals develop pathological overeating

Figure 5 DFosB expression in the nucleus accumbens (NAcc). (a and d) DFosB expression in the NAcc core and shell expressed as density change (%) in
relation to the Low-impulsive/Chow group. High-impulsive/Palatable animals showed a significant increase in both regions compared with the Low-
impulsive/Chow group and a significant increase in the NAcc core compared with the Low-impulsive/Palatable. (b and e) Food addiction-like behavior highly
correlated with DFosB expression in the NAcc shell but not in the NAcc core. (c and f) Representative micrographs (� 20) of DFosB expression in NAcc
core and shell of the different groups are shown. n¼ 23. Data show mean±SEM. #pp0.05, ##pp0.01, ###pp0.001 vs Low-impulsive/Chow; *pp0.05 vs
Low-impulsive/Palatable.
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(Davis et al, 2011; Gearhardt et al, 2009; Smith and Robbins,
2013; Volkow and Wise, 2005). Remarkably, our results
reveal that high trait impulsivity is a risk factor, which
can predict the individual susceptibility to the addictive
properties of highly palatable foods.

In this study, we replicated the observation that high
impulsive rats do not display high locomotor reactivity
to novelty (Belin et al, 2008), confirming also clinical
observations that measures of sensation seeking are not
readily associated with disordered eating ((Fischer, 2007;
Lopez-Pantoja et al, 2012; Mizushima et al, 1998); see
Supplementary References 28 to 41).

Rats selected for high trait impulsivity, when exposed for
the first time to the highly palatable diet, ate no differently
than control chow rats. By contrast, Low-impulsive/
Palatable ate significantly less than both Low-impulsive/
Chow and High-impulsive/Palatable rats, suggesting a
greater neophobic response. Neophobia is an adaptive
response that protects individuals from the possible
harmful postingestive consequences of unfamiliar tastants
(Birch, 1999; Corey, 1978). Therefore, the high impulsivity
trait is associated with the disruption of this physiological,
defensive mechanism in response to unknown tastants. It
has been proposed that neophobia is a measure of anxiety
(Britton and Britton, 1981; Hall, 1934), raising the potential
alternative interpretation that the observed differences in
the food-related variables throughout this study may be
influenced by an increased anxiety-like trait in low
impulsive rats. However, we can confidently exclude this
alternative interpretation for several reasons. First, replicat-
ing previous observations with the 5-CSRTT (Molander
et al, 2011), we have found that low and high impulsive rats,
selected based on their tendency to respond prematurely in
a DRL task, do not differ in their anxiety-like behavior, and
therefore impulsivity and anxiety-like behavior are distinct
phenotypes. Furthermore, our previous work demonstrated
that neophobia does not reflect a single behavioral
process and does not represent a pure index of anxiety or
reactivity to novelty (Cole et al, 1988). Finally, the
neophobic response was observed only during the first
exposure to the highly palatable diet; by the second
exposure, Low-impulsive/Palatable rats ate similarly to
Low-impulsive/Chow rats, and by the sixth day of access
Low-impulsive/Palatable rats were eating significantly more
than chow control rats. Taken together, these data indicate
that impulsivity in rats, measured using the DRL, which
predicts vulnerability for food addiction-like behavior, is
distinct from anxiety.

We analyzed the levels of the transcription factor DFosB
in the NAcc shell and core of low and high impulsive rats
exposed to the regular chow or the highly palatable food, as
DFosB has a key role in the neuroplastic changes following
repeated exposure to addictive drugs (Nestler, 2008).
Remarkably, we observed that high impulsive rats, which
were exposed to the regular chow diet, showed increased
DFosB levels in the shell of the NAcc compared with the low
impulsive counterpart. This significant result suggests that
DFosB in the NAcc shell is a marker of the high impulsivity
trait, independent of access to the highly palatable diet. In
addition, confirming the role of DFosB in the response to
exposure to natural rewards (Olausson et al, 2006; Sharma
et al, 2013; Teegarden et al, 2009; Wallace et al, 2008;

Werme et al, 2002), we observed a strong effect of exposure
to the highly palatable diet on DFosB levels in the same
brain region, independent of the factor impulsivity. There-
fore, the contribution of each of the two factors resulted in a
robust increase of 400% in DFosB level in High-impulsive/
Palatable rats as compared with those of Low-impulsive/
Chow rats. Importantly, the DFosB expression in the NAcc
shell highly correlated with the food addiction-like score.

We can exclude that any potential energy homeostasis
confounding effects played any role on the observed food
addiction-like phenotype. First, the reinforcer in the DRL
task is a solution, the caloric content of which is negligible
(0.006 Kcal), and the reinforcing efficacy of which is mostly
driven by its non-caloric component, saccharin (see
Supplementary Material). Therefore, against a potential
selection of rats based on energy needs, rather than
impulsivity, the total energy intake upon completion of a
DRL session was merely 0.28±0.01 Kcal (M±SEM), a value
representing o0.3% of a rat’s typical daily caloric intake. In
addition, against a potential selection of rats based on
energy needs, Low- and High-impulsive/Chow rats never
differed in responding for food during the FR1 escalation.
Finally, Low- and High-impulsive/Chow rats never differed
in body weight during the study, therefore excluding any
potential energy balance confounding factor on the
observed feeding adaptations (Blasio et al, 2013b; Cottone
et al, 2012). Finally, all the behavioral tasks in this study
were designed in such a way that rats were never food
restricted or deprived, therefore excluding any potential
influence of an altered energy balance state. This aspect is
particularly relevant in the context of the DRL task; to the
best of our knowledge, there is no model of impulsive action
that has been designed to be performed in ad libitum-fed
rats. Indeed, the use of food restriction/deprivation to
motivate rats to perform in impulsivity tasks represents a
severe limitation in experiments in which food consump-
tion in a non-deprived state is an experimental variable.
Therefore, our DRL task overcomes one of the major
challenges in the study of impulsivity in the context of
feeding behavior.

The approach taken in this study is analogous to the one
used previously showing that high impulsivity predicts
compulsive cocaine taking (Belin et al, 2008); however, the
two approaches also embody important differences to the
operationalization of the addiction-like phenotype, primar-
ily due to the different pathology investigated. Indeed,
unlike that used by Belin et al (2008), we integrated the
construct of ‘excessive intake within a brief period of time’
within the food addiction-like phenotype, as this behavior
represents the fundamental core symptom of the pathology
we modelled in this study (APA, 2013).

From an evolutionary perspective, we speculate that, in
environments where starvation threatened survival, impul-
sivity may have played an advantageous, adaptive role by
enhancing reward sensitivity and shifting decision-making
towards less planned responses for the selection of more
palatable and energy-dense foods. However, the same
neurobiological mechanism, in today’s calorie-rich envir-
onment, may instead promote pathological overeating. The
data we report in this study have therefore translational
significance and provide insights into the neurobiological
mechanisms underlying uncontrollable food intake.
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