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Abstract

Binge eating disorders are characterized by discrete episodes of rapid and excessive food
consumption. In rats, giving intermittent access to sweet fat food mimics this aspect of binge
eating. These models typically employ solid food; however, the total amount consumed depends
on motivation, palatability and satiety, which are difficult to dissociate with solid food. In contrast,
lick microstructure analysis can be used to dissociate these parameters when the ingestant is a
liquid. Therefore, we developed a binge model using a liquid emulsion composed of corn oil,
heavy cream and sugar. We show that rats given intermittent access to this high-fat emulsion
develop binge-like behavior comparable to that previously observed with solid high-fat food. One
feature of this behavior was a gradual escalation in consumption across 2.5 weeks of intermittent
access, which was not apparent in rats given lower-fat liquid on the same access schedule. Lick
microstructure analysis suggests that this escalation was due at least in part to increases in both
motivation to consume and palatability-driven consumption.

1. Introduction

Binge eating disorders are widespread and complex psychiatric illnesses [1, 2]. The search
for effective treatments depends on a greater understanding of the underlying neural
mechanisms. To this end, several animal models of binge eating have been developed.
Although they differ substantially in their details, common to many of them is the
intermittent presentation of highly palatable fatty and/or sweet food [2-4]. Over several
weeks of access, rats’ consumption of palatable food during the access periods gradually
escalates [5-12], such that calorie inake on access days approaches that of rats given
continuous access to the same calorie-dense food [7, 8, 10, 13-15]. Furthermore, if access to
high-fat food is provided every other day, rats reduce their consumption of less caloric food
available at other times [10, 11, 16]. This pattern is similar to the binge-abstinence cycle
characteristic of binge eating disorders, and meets an operational definition of binge eating:
consumption of a greater quantity of food than would otherwise be consumed in a similar
period in the absence of an intermittent access schedule [3, 4].
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Although rodent models of binge eating do not capture the complex social and psychological
issues that contribute to human eating disorders, they do provide a means of studying the
effects of intermittent bingeing on the brain processes that regulate consumption. A number
of neurochemical changes have been associated with intermittent access binge consumption
for prolonged periods (i.e., several weeks) [17, 18]. For instance, in the nucleus accumbens
(NAC), bingeing on sweet or high fat food results in elevated dopamine release [14, 19, 20],
upregulation of the dopamine transporter [21], decreased D2 dopamine receptor binding
[22], and increased expression of D1 dopamine receptors [8]. Because NAc dopamine
promotes food-seeking [23], these results suggest that motivation to seek food may be
altered in bingeing subjects. In addition, expression of . opioid receptors in the NAc is
increased in bingeing animals. As the behavioral role of opioidergic neurotransmission in
the NAc may be to regulate the palatability of consumed foods [24, 25] or to limit the effects
of satiety [26], changes in the neural mechanisms responsible for palatability-driven
consumption and satiety may also contribute to regulation of consumption during bingeing.
Therefore, to gain a further understanding of the behavioral and neural processes underlying
bingeing, it is necessary to dissociate the contributions of motivation, palatability and satiety
to binge consumption.

Several means are available to accomplish this dissociation. For instance, sham feeding [27]
and intragastric nutrient loading [28, 29] can be used to isolate effects of satiety; taste
reactivity tests measure palatability [30]; and operant tasks such as progressive ratio
schedules provide direct measures of motivation [31-33]. Alternatively, the temporal pattern
of consumption during access periods can be measured in detail, providing insight into all
three processes in a single simple experiment. Specifically, the rate of decline in
consumption from the start of a meal, the latency to initiate consumption, and the initial rate
of consumption serve as relatively independent measures of satiety, motivation and
palatability, respectively [34-37]. These parameters are most easily measured for liquid
ingestants, as commercially available lickometers provide an inexpensive and efficient
means to obtain exact timestamps of consummatory behavior. In addition, this method
allows the analysis of lick burst number and length, which are related to motivation and
palatability, respectively [36-38]. Thus, providing binge-eating rats with a liquid ingestant
in lickometers would allow the experimenter to rapidly obtain evidence for the differential
influence of neural circuit manipulations (e.g., brain microinjections) on specific aspects of
binge consumption.

Therefore, the goal of this study is to develop an intermittent access binge model using a
calorie-dense liquid. Although previous studies have used sucrose solutions to establish
bingeing [7, 39, 40], a long-term goal of our experiments is to examine the contribution of p
opioid receptors to binge consumption, and these receptors may preferentially regulate the
palatability and intake of fat [25]. High-fat food, including shortening, mixtures of
shortening and sugar, and fat-enriched chow, have been used to establish binge eating [5, 10,
11, 13, 16, 41, 42]. However, although previous studies have provided intermittent access to
high-fat liquid [35], to our knowledge a binge model using sweet high-fat liquid has not
been characterized in detail. Here, we demonstrate such a model based on the protocol
developed by Corwin and colleagues, in which rats are given access on three days per week
to a mixtures of solid fat and sugar [16]. We modified this procedure by using a liquid
emulsion of heavy cream, corn oil and sugar (COS), delivered in lickometer-equipped sipper
tubes, instead of a solid fat/sugar mixture. Chow and COS consumption, as well as body
weights, were compared to a control group given continuous access to COS or no access to
COsS.

We predicted that consumption in the intermittent access group would rapidly increase from
the first to subsequent access periods as rats learn to consume the liquid and overcome
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neophobia. However, prolonged intermittent access to high-fat ingestant results in gradually
increasing consumption that clearly occurs after initial learning is complete [5, 6, 10-12]. It
is not known whether this gradual escalation is due to changes in motivation, palatability or
satiety. To test the hypothesis that the increased consumption is at least partially due to
elevated motivation and palatability, we compared lick patterns in the rats given COS to a
control group given a less caloric solution of cream and sugar (CS) under the same access
schedule. Although both groups showed early rapid increases in consumption, the COS
group showed a further gradual increase across 7 intermittent access periods, and this
gradual increase was at least partially the result of increasing motivation and palatability.
The results demonstrate that binge intake of high-calorie ingestant is due in part to elevated
motivation- and palatability-driven consumption, and that these increases are the result of a
long-term process distinct from initial learning and reduction of neophobia.

2. Materials and methods

2.1 Animals

2.2 Behavior

Male Long—Evans rats (n=144) weighing 275-300 g were obtained from Harlan and housed
in a room with a 12 h on, 12 h off light cycle. Experiments were conducted during the light
phase. Animals were habituated to handling daily for at least one week before beginning
experiments. During this time, chow intake and body weight were measured daily. Prior to
the start of the experiment, three groups of rats were matched by average amount of chow
consumed and average body weight. All animal procedures were consistent with the U.S.
National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were
approved by the Institutional Animal Care and Use Committee of the Albert Einstein
College of Medicine.

2.2.1. Operant chambers—All behavioral experiments were run in standard Med
Associates operant chambers (30 x 25 cm). The chambers were illuminated with one 28 V
white house light, and at all times during the experiment, white noise (65 dB) was played
through a dedicated speaker. This, and the melamine cabinet enclosing each box, ensured
that minimal outside noise distracted the animals. Operant chambers were equipped with
two lickometers, one empty and one filled with a cream-oil-sucrose liquid emulsion (COS).
In all experiments, photobeams across the lickometers were used to detect the times of licks
with 1 msec temporal resolution.

2.2.2. Ingestants—The heavy cream used for COS and CS contained 5 g fat, 1 g
carbohydrate and 1 g protein per 15 mL. The COS emulsion was prepared daily by mixing
500 mL each of heavy cream and corn oil with 80 g sucrose and 1 g sodium stearoyl
lactylate (Niacet Corporation), an emulsifier. The emulsion, prepared using a wire whisk,
was stable for > 24 hr; after 24 hr, visible separation of oil and water phases could be
observed. A less fatty and less caloric cream-sucrose (CS) solution was used in a separate
group of animals; CS was prepared by mixing 1 L heavy cream with 80 g sucrose. The
calorie content of COS was 5.99 kCal/mL; the value for CS was 3.65 Kcal/mL; and for
chow (PMI LabDiet 5001), it was 3.02 kCal/g.

2.2.3. Intermittent access procedure—Rats were divided into three groups: the
intermittent access (binge) group (Icos; N=46), the continuous access group (Ccos; N=36)
and a control group given no access to COS (N¢cos; n=38). (The number of rats used is large
because rats were subsequently used for pharmacological experiments to compare the effects
of drugs on the different groups; these results are not reported here.) For 5 weeks, the Icos
and Ccos groups had access to a lickometer containing COS in the operant chambers three
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times per week (Monday, Wednesday and Friday; M-W-F) for 90 min. The Ccog group also
had ad /libitum access to COS at all times in their home cages. Lick timestamps and COS
intake were recorded during the access sessions. Body weight, food intake and (for the Ccos
group) COS intake in the home cage were recorded daily from Monday to Friday; therefore,
25 measurements are reported for the 5 week experiment (Figs. 2A,D,B,E; 3A,C). On
Mondays, these measures were divided by three to normalize for the weekend. Comparisons
of chow consumption on the day before vs the day after the access session (Figs. 2C,F;
3B,D) were made twice per week (for a total of 10 comparisons in 5 weeks). The N¢og rats
were purchased at the same time as the other groups and were maintained in the same
colony, but were not given access to COS. All rats had ad /ibitum access to chow and water
at all times in the home cage.

A separate experiment utilized the less caloric CS solution instead of COS. Three groups of
rats (n=8 each) were used in this experiment, Ics, Ccs and Ncs, and these were treated
exactly as the Icos, Ccos and Ncps groups described above, respectively, except that CS
was substituted for COS. Ncps and N¢s groups were treated identically (no access to COS
or CS); the difference was that the Ncog group was maintained in the colony simultaneously
with the Icpg and Ccos groups, whereas the N¢s group was maintained simultaneously with
the Icg and Ccg groups.

2.3. Data analysis

3. Results

2.3.1. Statistics—Repeated-measures ANOVA with one factor (days) or two factors (days
and group) were used to compare the effects of bingeing and control procedures. ANOVAs
were followed by Holm-Sidak post hoc tests; an adjusted p < 0.05 was considered a
significant difference. The ANOVA results are reported in Table 1. To determine whether
consumption increased over successive access sessions, data from day 2 to day 8 were fitted
to a linear model using least squares regression. The slope across these days was assessed
for significant difference from 0, and slopes were compared between the Icog and Ics
groups using ANCOVA. All analyses were performed using the R software environment
[43].

2.3.2. Licking microstructure—Lick rate was defined as the number of licks per second.
The initial lick rate was defined as the lick rate during the minute beginning with the first
lick of the first burst of the session [35-37, 44], and the latency to the first lick was defined
as the time from start of the session to this lick. Burstswere defined as groups of licks
separated by ILI1 > 1 s (i.e., termination of a burst was defined by the onset of an IL1 > 1s).
Burst duration and burst size refer to the time spanned by a burst and the number of licks in
that burst, respectively. Only bursts of three or more licks were considered. As most
consumption occurred towards the beginning of the session, licking microstructure analyses
were performed not only for the session as a whole, but also separately for two phases: the
beginning of the session (first quarter, or 22.5 min, of the 90 min session) and the end of the
session (last 3 quarters).

3.1. Overall consumption and body weight

Rats in the Icog (Intermittent access to COS) group had 5 weeks of access to a cream (50%
v/v), oil (50% v/v) and sugar (8% wi/v) liquid emulsion (COS) on test days: Mondays,
Wednesdays and Fridays (and no access to COS at any other time). COS was delivered
through a lickometer in 90 min access periods in operant chambers. Over the 5 weeks of
intermittent access, the volume of COS consumed increased steadily: on access day 15 (at
the end of the 51 week), the amount consumed was significantly higher than on days 1 to
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10, and the amounts consumed on days 6 to 15 was greater than on days 1, 2 or 3 (Fig. 1A).
In contrast to the Icog group, rats in the Ccog group (Continuous access to COS) had access
to COS not only in the operant chamber during the 90 min access period, but also in the
home cage at all other times. As expected, the Ccog group consumed far less COS than the
Icos group in the operant chambers in all sessions after the first, and showed no
consumption differences in the 15 days of access (Fig. 1A).

In contrast to the effects observed in the Icos group, the amount consumed did not
significantly increase across weeks for the Icg group, which had access to CS, a lower fat
cream/sugar solution. These rats exhibited a low level of consumption in the first access
session, and although consumption tended to be greater on subsequent sessions (and usually
greater than in-chamber consumption by the Ccg group), there were no further increases
across days (Fig. 1B). The absence of a statistically significant effect of days in the Icg
group contrasts with the strong effect of days in the Icog group (Table 1); however, this
difference could, in theory, arise from the smaller number of subjects (and hence statistical
power) in the Icg group. Therefore, we broke the Icog group into 6 sub-groups of
comparable size to the Icg group (N = 8 for 5 Icpg subgroups, N = 6 for one sub-group;
subjects in each sub-group were trained together). There was a significant increase in COS
consumption in 5 of the 6 1cos sub-groups (effect of days: group 1: F(14,211) = 5.87, P <
0.001; group 2: F14,210) = 4.06, p < 0.001; group 3: F(14,200) = 4.83, p < 0.001; group 4:
F(14,196) = 7.98, p< 0.001; group 5: F(14,74) = 1.87, p < 0.05); in the remaining sub-group,
the effect approached significance (F(14,141) = 1.72, p= 0.058). In the Ics group, however,
there was no evidence of even a trend towards a significant effect (p = 0.56; Table 1).
Therefore, the absence of a significant effect of days in the I¢g rats is unlikely to be due to
lack of statistical power.

These results suggest that Icg rats learned to consume CS and to overcome neophobia within
one session, with the result that their consumption reached a plateau by the second session.
Because initial learning and neophobia effects should be similar for the Icog and Ics groups,
the large increase in consumption in the Icos group from day 1 to day 2 (Fig. 1A) is likely
to be due to initial learning and reduction of neophobia. However, the more gradual increase
on subsequent days is inconsistent with these processes. Therefore, to isolate the gradual
increase in intake (Fig. 1A) and other consummatory measures (Figs. 5 and 6) from initial
learning and neophobia effects, we compare consumption on all individual days to baseline
consumption on days 2 and 3.

The early plateau effect in the Icg group stands in striking contrast to the gradual escalation
observed in the Icog group, which reached a plateau by day 8. To directly compare the rate
of increase in consumption after the first day in the Icog and Icg groups, we calculated the
slope of the increase from day 2 to day 8 (Fig. 1C). Whereas the slope was positive and
significantly different from O for the Icog group, it did not differ significantly from 0 for the
Ics group. Moreover, a significantly positive slope was observed in 5 of the 6 Icog sub-
groups described above (not shown). In addition, comparison of slopes in the Icos and Ics
groups using ANCOVA showed a significant difference between the two groups (Fig. 1C).
Therefore, the Icos group demonstrated a gradual escalation in consumption across
intermittent access periods that cannot easily be explained as a consequence of initial
learning or diminishment of neophobia. This gradual escalation is similar to that observed
previously for rats given intermittent access to solid high-fat food [5, 6, 10-12].

A potential alternative explanation for the gradual escalation of consumption in the Icog
group is that the rats gradually learned to obtain more COS per lick. To test this hypothesis,
we compared the number of licks per ml of liquid consumed across Icos and Ics groups and
across access days, using a two factor ANOVA. The Icos group licked more efficiently than
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the Icg group (overall average across 15 sessions: COS: 315.0 + 52.3 licks/mL; CS: 418.3 +
106.4 licks/mL; F(; 719y = 13.6; p < 0.001) and there was an effect of access days (F(14,719) =
1.8; p = 0.04), but no interaction (F(14,719) = 0.5; p = 0.9). Post-hoc tests showed that the
effect of days was due to a significant increase in efficiency from the first day to the second,
but no further increases in later sessions. Therefore, the gradual escalation in consumption in
the Icpog group cannot be attributed to changes in lick efficiency.

Another potentially confounding factor is the presence of the emulsifier (sodium stearoyl
lactylate) in COS, but not CS: the Icog rats may have initially avoided COS because of the
presence of the emulsifier. Because it is impossible to make COS without an emulsifier, we
tested the hypothesis that rats avoid the emulsifier used to prepare COS by comparing
consumption of CS and CS + 0.1% sodium stearoyl lactylate (weight/volume). Six naive
male rats were presented simultaneously with bottles containing both liquids for 1 hr in the
home cage. This experience was repeated twice after one day of habituation; the relative
bottle position was changed between days to avoid a side bias. In the final two access
sessions, rats drank similar amounts of CS (4.2 £ 0.8 ml) and CS + emulsifier (5.4 £ 0.4 ml;
t-test p > 0.05). Therefore, rats do not avoid the emulsifier.

Over the 5 weeks, the Icos and Ccos groups consumed progressively less freely available
chow in the home cage. The Ccos group consumed relatively little chow (Fig. 2A) but, due
to consumption of large amounts of CQOS, still consumed more calories per day than the
Ncos control group, which did not have access to COS (Fig. 2B). The Icos group showed
large and regular swings in chow consumption (Fig. 2A), with rats in this group consuming
more chow the day before access to COS and less in the 24 hr following COS access (Fig.
2C). In contrast, neither the Ncog nor the Ccog groups differed in their chow consumption
immediately before and after the access period (Fig. 2C). For Icog rats, the net result was
that on COS access days, this group consumed total calories similar to the amount consumed
by the Ccos group, and on days without COS, the Icog group consumed slightly less than
the Ncos group. The large number of calories consumed by the Icgs group on access days
was due to intake of COS: by the end of the 5 weeks, the Icos group consumed in 90 min
slightly more than half the amount of COS that the Ccos group consumed in an entire day
(on access day 15: Icos: 54.2 £ 4.0 kCal of COS consumed; Ccos: 97.7 + 5.7 kCal of COS
consumed). These effects resulted in a “saw tooth” pattern of total caloric intake across days
in the Icos group (Fig. 2B). The latter effect can also be seen in Fig. 2C (the Icos group’s
chow consumption prior to binge days was lower than that of the Ncog group). These results
are consistent with the findings of others using intermittent access to solid high-fat food as a
rodent model of binge eating behavior [5, 10, 11, 16, 41, 42].

Importantly, this feeding pattern was not observed in the Icg rats, which had access to a
lower fat cream/sugar solution instead of the COS emulsion: their daily chow intake was not
affected by whether the rats had a CS access session (Fig. 2D,F). In addition, the “saw
tooth” pattern of caloric intake was much less pronounced in Ics rats than in Icog rats
(compare Fig. 2E with Fig. 2B). Thus, a binge-like consumption pattern was observed with
intermittent access to COS, but not with CS.

Although the body weight of rats in all groups increased over the 5 weeks, the Ccog group’s
weight increased faster than that of the other groups (Fig. 3A). Strikingly, despite access to
COS 3 days/week, the Icos group did not gain more weight than the Ncog group (Fig. 3A).
The Icos rats” seemingly normal regulation of body weight may be related to their reduced
consumption of chow after intake of COS (Fig. 2C): their weight gain was substantially
greater in the day prior to COS access than in the day following access (Fig. 3B). In
contrast, the Ccos and N¢os groups gained weight at a constant rate (Fig. 3B). Similarly,
with the cream/sugar solution, the Ccg group’s weight increased faster than that of the I¢g
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and Nc¢s groups (Fig. 3C,D). These results are consistent with prior observations with solid
high-fat food [10, 11, 41]. They indicate that, as is often the case in human binge eating
disorders [45, 46], bingeing rats are able to restrict their consumption after large intake of
highly caloric food, even after repeated intermittent access to such food across 5 weeks.

3.2. Within-session time course of consumption

When given access to a highly palatable liquid, rats’ initially avid consumption tapers off as
the ingested nutrient (and the conditioned taste stimulus associated with it) activates satiety
mechanisms [34]. Therefore, we asked whether COS consumption followed a similar
pattern. As shown in plots of the time course of licking over the 90 min session (in 5 min
bins), the Icos group exhibited a greatly increased overall rate of licking in the first ~20 min
of the session in week 5 compared with week 1 (Fig. 4A,B). The Icog rats’ lick rates
returned to low, sporadic levels by approximately 30 min after the start of the session (Fig.
4A,B), consistent with previous observations [34]. Because of the dramatic difference in lick
rates in initial and later parts of the access session, in subsequent lick pattern analyses we
examine consumption in the first quarter of the session (22.5 min) and last three quarters
(68.5 min) separately.

As expected, the increased rate of consumptions in the first quarter of the session was of
much smaller magnitude in the Ccog group (Fig. 4B). Indeed, it is somewhat surprising that
the Ccos rats drank much COS at all in the lickometer chambers, as COS was freely
available in their home cages. One possibility is that the fresh COS was more avidly
consumed than the COS in the home cage, which was up to 24 hr old. However, a naive
group of 6 rats given fresh COS and day-old COS in 1 hr two bottle choice tests in the home
cage showed no preference for fresh COS (fresh COS: 2.9 + 0.9 mL; day-old COS: 6.0 £
1.8; t-test p > 0.05). Therefore, the increased initial consumption of COS in the Ccog group
may be a function of behavioral activation following placement into the relatively novel
(compared with the home cage) lickometer chamber.

3.3. Latency to first lick and initial lick rate

The gradual escalation in consumption across intermittent access to COS (Fig. 1) could be
due in part to increased motivation to consume and/or to increased palatability-driven
consumption. To test these hypotheses, we examined the latency to the first lick of the
session (an index of motivation) and the initial lick rate (thought to reflect palatability-
driven consumption) [35-37]. Over successive access sessions, the Icos group’s latency to
initiate COS consumption became shorter, whereas the Ccog group’s latency was
unchanged (Fig. 5A). Moreover, the latency to first lick was consistently significantly longer
in the Ccog group than the Icog group (Fig. 5A), consistent with the differences in
motivation that would be expected between animals given continuous and restricted access
to a favored food. Notably, however, the initial lick rate increased across sessions in both
Icos and Ccos rats, and was typically not significantly different across groups on a given
day (Fig. 5C). Thus, unlike the measure of motivation, the measure of palatability-driven
consumption increased in parallel in the two groups.

As expected given the lack of an escalation in consumption in the Ics group, neither the Icg
nor the Ccg groups exhibited a significant decrease in first lick latency (Fig. 5B) or an
increase in initial lick rate (Fig. 5D). In summary, intermittent access to COS (but not CS)
resulted in apparent increases in motivation and palatability that accompanied the increase in
COS consumption.
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3.4. Burst number and length

Rats lick at a stereotyped rate of ~7 Hz. During a meal, bursts of licks at this rate are
interrupted by pauses, which are usually >1 sec [36, 37]. From the second day of access to
the fifteenth, the within-burst lick rate for the 1cos group remained stable (6.7 £ 0.2 vs 6.9 £
0.1 Hz, p > 0.05), indicating that the gradual increase in consumption evident in this group
(Fig. 1A) was not due to a change in the central pattern generator that controls within-burst
lick rate.

The number of bursts during access to a palatable liquid is influenced by motivation to
consume, whereas the length of bursts is more strongly influenced by the palatability of the
liquid [36, 37]. Consistent with this idea, Ccog rats generally exhibited lower burst numbers
than Icos rats (Fig. 6A,C). In the Icog group, the number of bursts was strongly dependent
on the time within the access session: in the first quarter, burst number increased
substantially across the 5 weeks of access, whereas it tended to decrease in the last three
quarters (Fig. 6A,C). In contrast, I¢g rats, which did not escalate their consumption (Fig.
1B), did not show changes in burst number in either the early or the late phase (Fig. 6B,D).

Unlike burst number, burst duration did not differ significantly between Icgs and Ccos
groups on any day (Fig. 6E). Indeed, for both the Icgs and Ccos groups, burst duration
increased across the 5 weeks of intermittent access (Fig. 6E). These escalation effects were
absent in Icg and Ccg rats (Fig. 6F).

In sum, the results show that weeks of intermittent access to COS resulted in a gradual
increase in consumption in the early phase of each access session. This increase was
accompanied by shorter latency to begin consumption and greater number of lick bursts
(consistent with an increased motivation to consume), as well as greater initial lick rate and
longer burst duration (consistent with increased palatability-driven consumption). Neither
gradually escalating consumption nor increases in motivation and palatability indices were
observed when rats were given CS instead of COS. Taken together, the results suggest that
binge-like consumption is at least in part due to a gradual escalation in motivation and
palatability beyond that expected from initial learning and diminishment of neophobia.

4. Discussion

4.1. Summary

Binge eating is characterized by discrete episodes (2 hours or less) of rapid and excessive
food consumption that is not driven by hunger or metabolic need [2]. To study the effects of
binge-like consumption on the neural processes that regulate food intake, previous animal
studies have used intermittent access to foods high in caloric content, especially fat [5, 10,
11, 16, 41], because humans suffering from binge eating disorder or bulimia typically binge
on sweet high-fat food [47-49]. Intake of nutrient-rich food and drink is governed by three
inter-related processes: motivation, palatability and satiety. To study the neural mechanisms
underlying binge consumption using invasive techniques (such as intracranial microinjection
of drugs), it would be useful to examine these processes in isolation. One means of doing so
is to examine the temporal pattern of consumption, a procedure that is greatly facilitated by
delivering liquid ingestant through a lickometer. Therefore, we developed an intermittent
access model of binge consumption of high-fat liquid, based on the binge models originally
developed by Corwin and colleagues using solid fat [11, 12] and later extended to solid fat/
sugar mixtures [10, 13, 16]. Because the ingestant is composed of inexpensive, widely
available ingredients (supermarket cream, corn oil and sugar) and requires no special
equipment to prepare, our model can be used in subsequent experiments to obtain evidence
for the effects of neural manipulations on satiety, motivation and palatability during binge
consumption.
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4.2. Pattern of consumption and relationship to previous intermittent access binge models

Our results are similar to those established earlier for rats given intermittent access to solid
sweet-fat food. In particular, when rats were given intermittent access to COS (cream/oil/
sugar, lcos group), consumption during the access period increased gradually across days of
access, consistent with prior observations [5-12]. Furthermore, Icog rats showed a “saw
tooth” pattern of calorie intake, with decreased chow consumption following access to COS.
These effects were observed despite procedural differences from the earlier models,
including intermittent home cage access to the high-calorie ingestant and concurrent chow
availability in previous studies but not ours (in which COS access was provided in separate
chambers). Intriguingly, caloric intake on intermittent COS access days reached levels
similar to those observed in 24 hr in rats given continuous access to COS, and chow intake
after COS access was reduced to levels below those seen in rats given no access to COS at
all. These results are consistent with previous findings using solid high-fat food [5, 10, 13,
50]. The large fluctuations in calorie intake induced parallel fluctuations in weight, with the
net result that the Icog rats gained weight no faster than rats that had access to chow only.
Taken together, these results mirror previous observations using intermittent access to solid
high-fat food [5, 10-13, 50] and suggest that intermittent access to liquid COS induces binge
behavior that is remarkably similar to that induced using solid high-fat food.

Strikingly, rats given intermittent access to a less-caloric solution of cream and sugar (CS;
Ics group) showed neither the gradual escalation in consumption nor the pronounced saw-
tooth pattern observed in rats given COS. These results suggest that high fat and/or caloric
content is necessary to develop binge-like behavior on this schedule. However, the results do
not rule out the possibility that the development of bingeing is a function of lick efficiency
(amount of fluid obtained per lick), which was greater for COS than for CS. The reason for
this difference is unknown, but likely has to do with the different physical properties of COS
and CS. The higher rate of calorie intake promoted by greater lick efficiency may contribute
to the escalation of consumption in the Icog group. In addition, the specific types of fat
found in corn oil may contribute to rats’ susceptibility to develop bingeing, as may the form
of the fat (an emulsion). Indeed, rats consume corn oil emulsions even more avidly than
100% corn oil, corn oil emulsions evoke a similar degree of consumption as solid fat, and
sweetened corn oil emulsions evoke even greater consumption [51-53]. Thus, because many
previous studies of bingeing used a mixture of solid fat and sugar [5, 16], the presence of
emulsified corn oil may be the critical factor that bestows upon COS, but not CS, the ability
to evoke binge consumption. This hypothesis could be tested by determining whether
sweetened corn oil/water emulsions (without cream) induce binge-like behavior similar to
that induced by COS. However, even if that were the case, COS may be preferable for use in
future experiments because preparation of corn oil/water emulsions with long-term stability
requires expensive equipment (a microfluidizer), whereas COS preparation requires no more
sophisticated apparatus than a wire whisk.

Because our COS binge model provides rats access to high-fat ingestant three days per
week, we were able to observe a reduction in chow consumption during the next 24 hr,
which then recovered over the subsequent 24 hr. Chow consumption in the 24 hr after
intermittent access to COS (but not CS) was significantly lower than 24 hr consumption by
the control group with no access to COS at all (Ncos group), consistent with earlier reports
with fat and sweet-fat food [10, 12, 13]. Together with our findings, these results suggest
that binge intake activates a long-term satiety process that limits consumption for hours after
the very short episode of consumption during the access period. These results are intriguing
in light of findings that rats overconsume high-fat food compared with high-carbohydrate
food of equal calorie density [28, 29, 54-58]. Intragastric preload with fat results in less
inhibition of subsequent consumption than preload with an isocaloric dose of carbohydrate
[29], and these effects are long lasting (up to one day) [28]. Thus, rats overconsume fat in
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part because fat is less efficacious (per calorie) in activating postingestive satiety
mechanisms. These studies suggest that the sugar content of COS and other fat/sugar
mixtures used in intermittent access binge procedures may contribute significantly to the
post-binge inhibition of chow consumption. Further studies that directly compare the
consequences of sugar- and fat-containing ingestants are required to clarify the differential
roles of fat and sugar in the long-term satiety evoked by binge intake.

Consumption of COS gradually increased across the first 8 days (2.5 weeks) of intermittent
access. Notably, rats given intermittent access to CS did not show a similar gradual increase,
although both COS and CS intermittent access groups increased their consumption
substantially from the first to second day of access. Because rats in both groups must learn
how to access the lickometers and overcome initial neophobia, the initial (day 1 to day 2)
increase in consumption can be ascribed to these processes. However, the further gradual
increase in the Icog group is inconsistent with these processes because it was not observed
in the Icg group. Similar gradual increases have been reported in rats given sweet and/or
high fat food or liquid on either 3 days/week or daily intermittent access schedules [9-12,
14, 59]. These results contrast remarkably with those from rats given continuous access to
high-calorie food: daily consumption either declines gradually from an initial peak [5, 6,
10], as in our study (Fig. 3), or remains constant [12, 14]. Thus, overconsumption during
intermittent access binges is due in part to an escalation in consumption that is absent in
unrestricted subjects; because this effect depends on the fat and/or calorie content of the
ingestant, our results suggest that the increase is not a simple consequence of learning to
consume or overcoming neophobia. Rather, the gradually increasing consumption is likely
due to other processes that are a consequence of the physical and/or nutrient properties of
COS that differentiate it from CS.

Previous rat binge models have used daily intermittent access to high fat food as a control
for 3 days/week “binge” access [6, 11, 12, 15, 16, 40, 42, 60-63]. However, other studies
have used daily intermittent access to model bingeing [9, 10, 13, 14, 35, 59]; notably,
consumption of high calorie ingestant often escalates across daily access periods, although
this escalation may be less pronounced than for 3 days/week access [6]. Thus, there is some
confusion as to what constitutes ideal binge and control access protocols. Our results
provide a potential resolution: they indicate that a control group given intermittent access to
CS on the same schedule as the COS binge group does not show escalated consumption.
Experienced lcog rats consume more calories during access periods than I¢g rats, and
therefore the comparison between these groups allows the conclusion that Icog rats meet the
operational definition of binge eating (consuming greater calories in a restricted period than
non-bingers consume in a similar period). Thus, use of COS and CS (or, more generally,
high- and low-calorie or high- and low-fat liquids) may prove useful for further experiments
in which a control for binge consumption is required. This model has the additional
advantage that it mirrors human binge eating in that humans binge on high-fat, high-calorie
food, while non-binge eating typically involves consumption of less calorie-dense food. On
the other hand, human binge eaters consume solid and semi-solid food, whereas COS and
CS are liquids.

4.3. Motivation, palatability and satiety in binge consumption

Broadly considered, changes in three distinct processes could underlie the gradual increase
in consumption across intermittent access days: (1) palatability-driven consumption could
increase; (2) motivation to begin consumption could increase; and/or (3) satiety mechanisms
could become reduced in efficacy, thereby prolonging the “meal” taken during the access
period. Our results provide suggestive evidence for increases in both palatability-driven
consumption and motivation to consume. In particular, the gradual escalation in COS
consumption across days of intermittent access was accompanied by decreased latency to
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the first lick, greater number of lick bursts, increased rate of licking in the first minute of
access, and longer lick bursts. The former two are considered indices of motivation, and the
latter two are indices of palatability [36, 37, 64]. Each of these increased significantly across
days as consumption increased dramatically. As each of these changes in lick pattern would
tend to increase consumption, we conclude that escalated consumption across access
sessions is at least partially a consequence of these structural changes, and therefore of
increased motivation and palatability. Furthermore, these increases in measures of
motivation and palatability were not observed in the Ics group, which did not show
increased consumption. Therefore, the increased motivation and palatability are likely to be
a consequence of the high calorie and/or fat content of COS compared with CS.

What could underlie the observed gradual increases in motivation and palatability?
Motivation is not a singular brain process, but a psychological construct that reflects the
activity of multiple neural mechanisms. For instance, hunger induces motivation to approach
food, but the same motivated behavior can be induced by a stimulus associated with food
even in subjects that are not hungry, as in conditioned eating [65]. The specific neural
mechanism underlying increased motivation in bingeing rats is unknown. It is certainly
possible that a conditioning process is involved, such that the stimuli in the access chamber
become associated with COS and consequently, in later sessions, induce motivation to seek,
approach and initiate consumption of COS as soon as the animal is placed in the chamber.
Thus, the gradually increasing motivation displayed by the Icog rats could be a function of
the reinforcing strength of the unconditioned stimulus (COS); the CS solution may be of
insufficient reinforcing strength to promote an increase in consumption beyond initial
learning.

Stimulus-induced approach behavior is often dependent on the dopamine projection to the
nucleus accumbens [66—69], and binge consumption of sucrose is accompanied by
elevations in extracellular dopamine in the accumbens [19]. Furthermore, binge-like
consumption induces several long-term changes in the accumbens dopamine system,
including elevated D1 receptor and dopamine transporter expression, and decreased D2
receptor expression [8], suggesting that long-term changes in dopamine activity are involved
in binge eating. Indeed, rats given prolonged intermittent access to fat exhibited higher
breakpoints on a progressive ratio schedule of fat reinforcement [70]. This observation not
only strongly supports our conclusion that motivation for palatable food is enhanced in
binge eating, but provides further evidence for the involvement of mesolimbic dopamine, as
performance of progressive ratio tasks depends on accumbens dopamine [71]. However,
further studies are required to determine whether there is a causal link between dopamine
activity in the accumbens and increased motivation to consume as bingeing develops.

In addition to behavioral changes consistent with increased motivation, we also observed
effects that are most readily explained by an increase in palatability-driven consumption
(increased initial lick rate and increased lick burst length). A number of brain structures are
involved in palatability-driven consumption, including the nucleus accumbens, the nucleus
of the solitary tract, the amygdala, the ventral pallidum, the ventral tegmental area, and the
lateral hypothalamus [72-74]. In particular, . opioid receptors, especially in the accumbens
[44, 75-78] may contribute to palatability-driven consumption. Interestingly, binge-like
consumption is associated with upregulated . receptors in the accumbens [8], suggesting
that increased opioidergic neurotransmission may be responsible for the increased
palatability-driven consumption observed during binge access. These hypotheses await
further testing with invasive manipulations of opioid receptor function in bingeing animals.

Intriguingly, measures of palatability increased not only in the Icog rats, but in the Ccog
group as well. These results therefore suggest that it is the prolonged access to COS, not the
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intermittency of access, that causes increased palatability-driven consumption. One
difference between the Ccos and Icog groups is that the Cog rats gained weight, as would
be expected given that ad /ibitum access to a high-fat diet induces obesity [41, 79, 80]. Thus,
our results suggest that palatability-driven consumption of sweet high-fat foods may be
increased in obese subjects. Previous studies have shown complex effects of obesity on
palatability. In one case, lower concentrations of fat and sucrose were less palatable in obese
than lean rats, whereas higher concentrations were slightly more palatable [79]. In another
study, sucrose palatability measures (burst size) were not affected at all by obesity [81], and
in yet another, palatability measures were decreased in a strain of obese rats [82]. An
important difference between our study and previous studies is that we tested the palatability
of the same high-fat ingestant to which animals had 24 hr continuous access (i.e., we tested
the palatability of the diet that induced the obesity), whereas other studies gave animals high
fat food in the home cage, but tested palatability of oil or sucrose solutions. These designs
may introduce negative contrast effects, which could prevent detection of a heightened
palatability mechanism. Experimental designs that minimize contrast effects should be
employed to more extensively test the hypothesis that palatability-driven consumption is
potentiated in obese subjects.

The observation that rats given continuous access to COS exhibited increased palatability-
driven consumption, yet showed a decline in overall caloric intake (and COS consumption)
from the first day (Fig. 2) suggests that some other process, such as satiety, counteracts the
palatability increase to limit overall intake. This raises the question of whether satiety
mechanisms are more efficacious in experienced bingers than in rats naive to COS. By the
5t week of intermittent access, |cos rats exhibited a sharp decline in consumption in the
first 20-30 min after the access period began. This decline is likely due to conditioned and
unconditioned satiety [34], and demonstrates that satiety mechanisms are robust in bingeing
rats, consist with findings in human bulimia patients [83]. Although the rate of decline is
faster in week 5 than in previous weeks (especially week 1), this measure could be
influenced by the different rates of initial intake in early vs late sessions (which are
functions of motivation and palatability). Therefore, additional work, perhaps using
intragastric preloading, is necessary to assess whether differences in satiety mechanisms
could contribute to the gradual increase in consumption across intermittent access days.
Nevertheless, the robust within-session decline in consumption can be used in future studies
as a measure of satiety when examining effects of neural manipulations on established binge
consumption.

4.4, Conclusions

We demonstrate that a sweet high-fat liquid can be used in rats to induce binge-like
consumption similar to that observed previously in intermittent access models using solid
high-fat food. The use of liquid ingestant is advantageous in several ways. First, a less
caloric liquid can be given on the same access schedule as a control for binge consumption.
Second, the temporal precision afforded by measuring consumption with lickometers will
facilitate further investigations of binge behavior, particularly using electrophysiology in
behaving animals. Finally, use of a liquid high-fat ingestant enables lick microstructure
analysis, which can be used to gather evidence for or against differences in satiety,
motivation and palatability in bingeing rats following invasive neural manipulations (e.g.,
local microinjection of neuroactive compounds). Here, we use microstructural analysis to
demonstrate that the gradual escalation in consumption across successive access periods is
due at least in part to increasing motivation to initiate consumption and increasing
palatability-driven consumption. Further investigation of these processes in COS bingeing
rats will lead to enhanced understanding of the neural mechanisms underlying binge
consumption.
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Figure 1. COS, but not CS consumption increased acr 0ss successive inter mittent access sessions
Consumption increased over test days (t1 through t15) for the Icog group, which had
intermittent access to COS (A, C), but not the Icg group, which had intermittent access to
lower fat CS (B,C). COS consumption during the session remained stable in the Ccog
group, which had continuous access to COS in the home cage (A). Neither Icg hor Ceg
groups showed significant increases in consumption across days, although the Ccs group
typically consumed less than the Icg group (B). In this and subsequent figures, data shown
in the left column shows results for the Icgs and Ccos groups, and the right column shows
results for the Icg and Ccg groups. The slope of consumption across test days 2 to 8 was
significantly greater than 0 for the Icog rats, but not the I rats; moreover, the slopes of the
two were significantly different by ANCOVA (C).

For all figures, ANOVA results are reported in Table 1, and significance symbols (based on
post-hoc tests) have the following meanings:

@ significant difference from day 15

@: significant difference from day 2

*: significant difference from day 3

open symbols in the Ccog and Ccg plots: significant difference from the corresponding |

group (Icos or Ics).
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Figure 2. Calorieintake and chow consumption wer e influenced by access schedule and
ingestant

Chow consumption in the home cage (A, D) was more variable across days in the Icog
group compared to all other groups. Icos rats always consumed less chow than the Ncog
group (A), and consumed even less on the days after COS access sessions (days al to al0)
(C); this effect was not observed for the Ics group (D, F). Total calorie intake from all
sources was also highly variable in the Icgg group: it approached levels achieved by the
Ccos group on COS access days, but was lower than the Ncgs group consumed on
intervening days (B). These effects were not as prominent in the comparison between I¢g,
Ccs and Ncg rats (E). In the X axis legends, “t1” through “t15” refer to test days on which
Icos and Icg rats were given access to COS and CS, respectively (and on which Ccog and
Ccs rats were placed in the same chambers). In addition, “a” and “b” refer to the days after
and before access days. For instance, “al” refers to the 24 hours after access to COS or CS
was given on t1, and b1 refers to the 24 hours prior to access on day t2.
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Figure 3. Intermittent accessto COSor CS does not affect weight gain

The body weight increase in the Ccog group was faster than in both the Ncog and Icos
groups, whereas the Icos rats did not gain weight faster than the Ncos group (A). In the
Icos group, the body weight increase was lower on the day after the COS access session and
higher on the day before (B). Although the rate of weight gain in the C¢g rats exceeded that
of Ics and N¢g rats (C), it was not as rapid as that of Ccog rats. Unlike the Icog rats, weight
gain in the I¢g rats did not vary across days before and after the CS access period (D). X
axis conventions are as described in the legend for Fig. 2.
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Figure4. Theincreasein COS consumption over weeks of inter mittent access was concentr ated
within thefirst quarter of the session
The number of licks is plotted against time in 5 min bins for week 1 (A) and week 5 (B) for

Icos and Ccos groups. The shaded region around the lines represents the SEM.
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Figure 5. Thelatency tolick and initial licking rate changed over days of inter mittent accessto

COS

The latency to the first lick became reduced over days in the Icog group, but not the Ccos
group (A). There was no consistent change in latency in the Icg or Ccg groups (B). The
initial lick rate (in the 1 min after the first lick) increased for Icos and Ccogs groups (C), but
not the Icg and Ccg groups (D).
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Figure 6. Burst microstructur e changed across days of accessto COS, but not CS

During the first quarter of the session, the number of licks bursts increased across days for
the lIcos group (A). During the last three quarters of the session, the burst number decreased
for the Icps and Ccos groups (C). The burst duration increased across days for the Icos and
Ccos groups (E). No changes in burst number (B, D) or burst duration (F) across days were
observed in the Icg and Ccg groups.
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Table 1
ANOVA results.
Figure Dependent variable factor (s) CcOos Cream/sugar
1A/B consumption days F(14,1165) = 14.7,p<0.001 F4,195 = 0.9;p>0.1
groups F,1165 = 759.6; p<0.001  Fy 195y = 126.1; p<0.001
2A/D chow consumption days F(24.2661) = 1.4; p<0.1 F(24,505) = 3.1; p<0.001
groups F2,2661) = 395.7; p<0.001 F2,505) = 12.9; p<0.001
days x groups  Fsg2661) =5.1; p<0.001 Fag 505 = 3.8; p<0.001
2B/E chow intake before vs after: before  days Fo,1074 = 0.2; p>0.1 F(9,210) = 3.1; p<0.01
groups F(2,1074) = 168.7; p<0.001 F(2,210) =4.8; p<0.05
days x groups  F1g,1074) = 2.7, p<0.001 Fs,210) = 6.4; p<0.001
chow intake before vs after: after days F(9,1026) = 0.6; p>0.1 F9,210) = 5.2; p<0.001
groups F(2,1026) = 101.4; p<0.001 F2,210)=7.7; p<0.001
days x groups  F1g,1026) = 4.0; p<0.001 Fs,210) = 3.7; p<0.001
chow intake before vs after days x groups  F22154) = 30.6; p<0.001 Foa74=1.3;p>0.1
2CIF calorie intake days F(24,2634) = 3.8, p<0.001 Fa505) = 1.9; p<0.01
groups F(2,2634) = 24.9; p<0.001 F2,505) = 25.5; p<0.001
3A/C weight vs after: before days F(24,2636) = 269.9; p<0.001  F(24 500) = 43.6; p<0.001
groups F2,2636) = 536.6; p<0.001  F(y500) = 124.2; p<0.001
3B/D weight gain before days F(9,1048) = 2.3; p<0.05 F(9,200) = 4.2; p<0.001
groups F2,1048) = 17.7; p<0.001 F(2,200) = 7.6; p<0.001
weight gain before vs after: after days Fo.920)= 1.1, p>0.1 F(9,200) = 3.3; p<0.001
groups F929) = 29.4; p<0.001 F(2,200 = 2.2;p>0.1
days x groups  F(1g,929) = 1.6; p<0.05 Fs,200) = 1.7; p<0.05
weight gain before vs after days x groups  F22031) = 34.5; p<0.001 F (2,454 =7.1; p<0.001
5A/B latency days F(14,1006) = 5.0; p<0.001 F(14,149) = 2.8; p<0.01
groups F,1006) = 193.0; p<0.001  F,149) = 72.9; p<0.001
5D/E initial licking rate days F(14,1011) = 6.9; p<0.001 Fa,153 = 1.5, p>0.1
groups Fa,1011) = 7.1; p<0.01 F,153=0.7,p>0.1
6A/B number of burst first 1/4 days F4,1195) = 5.6, p<0.001 F4,204 = 0.8; p>0.1
groups F1,1105) = 425.0; p<0.001 F1,204) = 179.7; p<0.001
6D/E number of burst last 3/4 days F(14,1105) = 5.1; p<0.001 F(14,204) =1.9; p<0.05
groups F,1195 = 44.6; p<0.001 F1,204) = 15.4; p<0.001
6G/H burst duration days F14,1005) = 5.1; p<0.001 Fa148) = 1.3, p>0.1
groups F,1005 = 17.1; p<0.001 F,148)=0.3; p>0.1
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