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Abstract
The obese Zucker rat carries two recessive fa alleles that result in the expression of an obese
phenotype. Obese Zuckers have higher food intake than lean controls in free-feed studies in which
rats have ready access to a large amount of one type of food. The present study examined
differences in obese and lean Zucker rats using concurrent schedules of reinforcement, which
more ecologically models food selection using two food choices that have limited, but generally
predictable, availability. Lever-pressing of ten lean (Fa/Fa or Fa/fa) and ten obese (fa/fa) Zucker
rats was placed under three concurrent variable interval variable interval (conc VI VI) schedules of
sucrose and carrot reinforcement, in which the reinforcer ratios for 45-mg food pellets were 5:1,
1:1, and 1:5. Allocation of responses to the two food alternatives was characterized using the
generalized matching equation, which allows sensitivity to reinforcer rates (a) and bias toward one
alternative (log k) to be quantified. All rats showed a bias to sucrose, though there were no
differences between lean and obese Zucker rats. In addition, obese Zucker rats exhibited higher
sensitivity to reinforcement rates than lean rats. This efficient pattern of responding was related to
overall higher deliveries of food pellets. Effective matching for food, then, may be another
behavioral pattern that contributes to an obese phenotype.
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1.1 Obese Zucker rats and Free Food Intake
The obese Zucker rat, which has impaired leptin signaling, is a genetic model of obesity that
has historically been used to determine behavioral and physiological mechanisms that
contribute to obesity-related health problems (see [1, 2] for reviews). However, much of the
behavioral research on the Zucker strain is based on free food intake studies, in which obese
Zuckers are found to have significantly higher caloric intake than their lean counterparts
(e.g., [3–6]. In free food intake studies, a large amount of food is readily available with
minimal effort required to gain access to it, and because obese Zuckers have a higher free-
food intake, it is concluded that food is more rewarding to them.
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When effort is required to procure food, however, the differences between lean and obese
rats in food consumption patterns becomes smaller. Rasmussen and Huskinson [7], for
example, placed lever-pressing for sucrose under a progressive ratio schedule of
reinforcement, a well-established measure of food reinforcement [8, 9]. The differences in
breakpoints (the point at which lever-pressing ceases) between lean and obese rats was not
statistically significant, thus providing no evidence of a difference in the value of sucrose
between the two groups. In addition, larger differences in food consumption are found
between lean and obese Zucker rats when the effort to obtain food is small (e.g., 1–50 lever-
presses), but when the effort is larger (90–300 lever-presses), the differences become
negligible [10, 11]. Therefore, the large differences in food consumption observed between
lean and obese Zucker rats may be limited to the free-feed environment.

Because small changes in the environmental arrangement of food leads to strong differences
in food consumption patterns, an argument can be made for expanding the study of food
intake beyond the free-feeding environment. For example, the use of a procedure that
models choice, in which two or more food options vary in certain properties such as quality
and availability, may extend our understanding of food consumption differences between
lean and obese rats.

1.2 Concurrent Schedules as a Model of Choice
A paradigm that more ecologically models environmental features of food procurement in
the natural world is the concurrent schedule of reinforcement, a well-established model of
choice (see [12–15] for reviews). Typically, reinforcers are made available for responding
on two levers, and are delivered under independent variable interval (VI) schedules. In a
single VI schedule, a reinforcer is delivered following the first response after a variable
interval of time passes. A VI 12-s schedule, for example, delivers reinforcers after the first
response is made after an average of 12-s elapses. Thus, it is possible to earn five reinforcers
per minute at an overall predictable rate, but it is not predictable from moment to moment
when those deliveries will occur.

Allocation of behavior to the two VI schedules is a measure of choice. Humans and non-
humans have shown predictable patterns of responding under concurrent VI VI (conc VI VI)
schedules, such that the allocation of their responses to each alternative is a linear function
of the ratio of reinforcers earned on each side. This relationship is illustrated by Equation 1,
known as the generalized matching equation [16]:

in which B1 and B2 are the total number of responses to two alternatives (e.g., a left lever
and a right lever, respectively), r1 and r2 are the total number of reinforcers earned on each
respective alternative, and a and log k are free parameters that represent the slope and
intercept of the line, respectively. This equation suggests that the log ratio of responses to
the left lever (with respect to the number of responses made on the right lever) will equal, or
“match” the log ratio of reinforcers earned on the left lever (with respect to the number of
reinforcers earned on the right lever).

The free parameters, a and log k, are of interest in examining deviations from matching. The
parameter, a, or slope of the matching line, refers to sensitivity of behavior (e.g., responses)
to the differing reinforcer densities. A value of 1 means “perfect” matching, meaning that
the organism is allocating behavior solely based on relative reinforcer rates. However, a
pattern of responding that is more commonly found across species responding under conc VI
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VI schedules is “undermatching,” and results in a value of a < 1. This means that allocation
of responses to the two food alternatives is less sensitive to richer sources of reinforcement.
For example, if food is delivered at a ratio of 1:5, an organism that is less sensitive to the
richer source of reinforcement will allocate its responses such that fewer responses are made
to the richer alternative (the right lever in this case), resulting in a response ratio such as 1:4
or 1:3. A value of a > 1 represents “overmatching,” which suggests hypersensitivity to
differences in reinforcer rates and results in more responses allocated to the richer
alternative than would be predicted by perfect matching.

The log k parameter represents bias toward one alternative. When log k = 0, no bias is
evident. A log k value > 0 suggests a bias toward the alternative represented in the
numerator, here, the left alternative, and < 0 suggests a bias toward the right alternative.
Baum [16] asserted that bias can result from previous experience with one lever more than
the other, or when one side offers a different amount or quality of reinforcers, such as when
the reinforcers differ in palatability. One study [17], for example, assessed preference for
hemp, buckwheat, and wheat in varying pairs using the bias parameter and found that
buckwheat was preferred over hemp, wheat was preferred over buckwheat, and predicted
wheat would be preferred over hemp. Another study by Matthews and Temple (1979) also
found, using the bias parameter, that dairy cows had a small preference for hay over dairy
meal, though others had a small preference for dairy meal [18].

1.3 The Present Study
Sensitivities to amount of food or preference for different kinds of food (e.g., those high in
fat or sugar content) may be behavioral patterns involved in obesity; therefore, it is
important to understand these patterns in food selection. There have been no studies
published (to our knowledge) in which obese Zucker rats respond for food in a choice
procedure using concurrent schedules. In the present study, we exposed lean and obese
Zuckers to three different concurrent schedules that differed in terms of programmed
reinforcer ratios. Rats chose between allocating responses to two levers that differed only in
relative amount of reinforcers delivered from each lever (Phase 1). Then (in Phase 2) a
second pellet type was introduced on one of the levers that had a differing percentage of
sucrose content, such that features of palatability could be examined in the context of
choice. We hypothesized that all rats would display a bias toward the higher sucrose
alternative, though obese Zuckers may have a stronger bias toward sucrose. We were also
interested in whether lean and obese Zuckers would show differences in sensitivity to
relative rates (amount) of reinforcement.

2.1 Materials and Method
2.1.1 Subjects

Twenty experimentally naïve male Zucker rats (lean, n = 10; obese, n = 10) were acquired
from a commercial breeder (Harlan; Livermore, CA) at approximately 21 days of age. They
were housed in individual cages in a climate-controlled room, with a 12-h light/dark cycle
(light beginning at 6:00 a.m.). Rats were given ad libitum access to standard rat chow and
water until they were 10 weeks old, at which time they began lever-press training for
operant sessions. At this time, lean rats weighed between 245–286 g and obese weighed
320–390 g. After this point, access to food was restricted to a daily 2-hr free-feeding
session, immediately following experimental sessions. This food restriction procedure has
been shown to allow food to function as a reinforcer, but also keep deprivation levels similar
between lean and obese rats while allowing minimal weight gain [10, 11].
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2.1.2 Apparatus
Seven Coulbourn ® Habitest standard rat operant chambers were used for training and
experimental sessions. Each chamber was placed inside a sound-attenuating cubicle, and
contained a fan for air circulation and a speaker which provided white noise to reduce extra-
chamber noise. Each chamber contained two levers, one on each side of a feeding trough,
with a cue light above each lever. The depression of each lever controlled one of two pellet
feeders on the outside of the chamber, which delivered either a single 45-mg sucrose (3.4
kcal/g) or carrot-flavored (3.4 kcal/g) pellet (TestDiet®). Pellets were redirected from either
side of the chamber to the feeding trough via a “Y” shaped tube. Following completion of
the response criteria (as specified by the schedule), a light in the feeder area as well as a
house light located 13 cm above the food dispenser was illuminated for 3 seconds during
delivery of the pellet. During this interval, lever-presses had no programmed consequences,
though the individual VI timers continued to run. A Windows-based computer with Graphic
State® software controlled reinforcer contingencies and collected data. All sessions were
conducted in the morning at the same time (±15 min) from Monday to Friday.

2.1.3 Procedure
Training—Rats were randomly assigned to train to lever-press with one type of pellet
(sucrose or carrot-flavored) available from both levers (SUC/SUC or CAR/CAR). These
pellet types were chosen as they were calorically similar but different in terms of palatability
from the chow that was used during extra-experimental feedings. A pilot experiment
determined that carrot flavored pellets were preferred less than chow flavored pellets, which
were preferred less than sucrose pellets.

Pellet type was counterbalanced within groups. Each rat was trained to lever-press by
placing a conc FR1 FR1 schedule in effect for a one-hour session. Here, a single lever-press
on either lever resulted in a pellet delivery. A rat was considered lever-press trained to both
levers if more than 70 reinforcers were earned on each lever in a session. If a rat had emitted
more than 70 responses on one lever, but not the other during any session, it was considered
trained for that lever. On subsequent sessions, the presses on the trained lever were placed
on extinction (no programmed consequences) and only the other lever was programmed for
food reinforcement under an FR1 schedule until the rat emitted more than 70 responses on
that lever. If no levers had been trained within five sessions, handshaping was used to train
responding to both levers. When a rat had been trained to press both levers consistently,
experimental sessions began.

Phase 1: Conc VI VI schedules with Same Reinforcers (CAR/CAR or SUC/SUC)
—After all rats responded reliably to both levers on FR1 schedules, conc VI VI schedules
were arranged with the same pellet type that was used for training (SUC/SUC or CAR/CAR)
on both levers. Pellets were programmed on two levers (i.e., left vs. right) such that each VI
timer for each reinforcer ran independently of the other. The concurrent VI VI schedules
(and programmed ratios of reinforcement) that were used were conc VI 20-s VI 20-s (1:1),
conc VI 12-s VI 60-s (5:1) and conc VI 60-s VI 12-s (1:5). For example, under the conc VI
20-s VI 20-s schedule, for each alternative (i.e., lever), the first lever-press after an average
of 20-s had passed produced a single pellet, though the moment-to-moment deliveries were
unpredictable. These VI schedules were chosen so that an average of six reinforcers per
minute may be earned on each schedule. We subsequently will refer to these schedules by
their programmed ratios of reinforcement. A changeover delay (COD) of 3-s was
implemented in each conc VI VI schedule, so that switching from one lever to the other
would not be adventitiously reinforced [19, 20]. Sessions lasted for 30-min. VI schedule
values were determined by constant probability distributions using the Fleshler and Hoffman
[21] progression, resulting in 20 intervals for each VI schedule.
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Each concurrent schedule was implemented until stability was observed, which was defined
as the last three consecutive sessions in which response ratios for both levers did not show
an increasing or decreasing trend and did not vary by more than 10% from the mean of the
last 3 sessions. Also, total responses could not show an increasing or decreasing trend. All
rats experienced the 1:1 ratio schedule first, but the order of the schedules with 5:1 and 1:5
ratios was counterbalanced across groups and pellet types.

Phase 2: Concurrent Schedules with Different Reinforcers (SUC/CAR or CAR/
SUC)—After Phase 1 was completed, the second type of food pellet was introduced into the
left or right feeder, such that two different reinforcers were available (SUC/CAR)—one
from each lever. Location of the pellet (left vs. right lever) was counterbalanced across
groups. Concurrent sessions were run in a manner that was identical to Phase 1, except the
types of pellets from which to choose were different. All procedures were approved by the
Idaho State University Institutional Animal Care and Use Committee.

2.1.4 Data Analysis
The total number of lever-press responses and reinforcers obtained from each lever for each
pellet alternative in Phase 1 (SUC/SUC or CAR/CAR) and Phase 2 (SUC/CAR or CAR/
SUC) was recorded. Data from the last three stable sessions of each concurrent schedule
were used in the analysis.

The data from Phase 1 provided a baseline for how each rat allocated its behavior when each
of the two concurrent VI schedules provided the same type of pellet. Responses and
reinforcers earned on the left side were recorded as B1 and r1, respectively, and responses
and reinforcers earned on the right side were recorded as B2 and r2, respectively. The ratios
of responses on B1 to the responses on B2 were calculated, log-transformed, and plotted
against the log ratio of reinforcers obtained (r1/r2). Data were fit to Equation 1 using linear
regression. The slope of the resulting lines of fit represented a, the measure of response
sensitivity, and the intercept represented log k, the measure of bias, from the generalized
matching equation. Here, a positive bias value would represent a bias toward the left
alternative; a negative value would represent a bias toward the right alternative.

The data from Phase 2 represent matching when two types of food pellets that differ in terms
of sucrose content (i.e., palatability) were available. In Phase 2, though the position of SUC
and CAR was counterbalanced between left and right levers, responses made on the SUC
lever and total number of SUC pellets earned are presented here as B1 and r1, respectively,
and responses made on the CAR lever and total number of CAR pellets earned were
recorded as B2 and r2, respectively, for ease of interpretation. In this case, a positive bias
would represent a bias toward the SUC lever, and a negative bias would represent a bias
toward the CAR lever.

We determined bias parameters from Phase 2 by subtracting the bias value from Phase 1.
For example, if a rat has a bias of 0.03 in Phase 1, this would represent a slight baseline
position bias toward the left lever. If in Phase 2, a bias of 0.18 was found, this would
represent a sucrose bias of 0.15 (0.18–0.03 = 0.15). Positive values represent bias toward
SUC and negative values represent a bias toward CAR.

In Phase 1, bias and sensitivity values were compared between lean rats and obese rats and
compared using a 2-way ANOVA with phenotype (obese vs. lean) and pellet type (SUC/
SUC vs. CAR/CAR) as factors. It was hypothesized that bias values for all animals would be
near 0 and sensitivity values near or < 1 for baseline conditions. We were interested in
whether obese rats would show differences in the sensitivity of their behavior to the
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differing schedules of reinforcement, but we were uncertain in what manner their sensitivity
parameters would differ.

Responses and reinforcers per session were analyzed in two ways. First, the total responses
and reinforcers made under each concurrent schedule (left + right) were compared to
determine whether there were differences in behavior across the three concurrent schedules.
In this case, the total numbers of responses (and obtained reinforcers) for the last three stable
sessions under each of the three concurrent schedules were averaged, resulting in a single
datum for each rat representing responses and reinforcers for each concurrent schedule.
These data were analyzed using a three-way ANOVA with phenotype and pellet type as
between-subjects factors, and concurrent schedule as a within-subjects factor. Second,
responses and reinforcers on each lever (left vs. right) were analyzed and compared. For
example, means were calculated for each rat for responses from the last three stable sessions
made to the VI 12-s lever (left) and the VI 60-s lever (right) of the conc VI 12-s VI 60-s
(5:1) schedule. This was repeated for all three schedules to determine differences in
behavior in schedule component. These data were analyzed using a three-way ANOVA with
phenotype, VI component (VI 12-s vs. VI 20-s vs. VI 60-s), and position (left vs. right) as
factors. For all ANOVAs, Mauchly's W was observed to check for the assumption of
sphericity. When applicable, Greenhouse-Geisser corrections for degrees of freedom was
applied if epsilon was less than 0.75, and the Huynh-Feldt correction was applied if epsilon
was greater than 0.75.

3.1 Results
Note: One rat (L29) completed Phase 1 after completing Phase 2, but there were no
systematic differences in his data compared to other rats' data. Phase 1 data were analyzed
with and without his data, but the results were unchanged. Therefore, the data reported for
Phase 1 includes all rats (lean n=10, obese n=10). There were no group differences in the
number of sessions required for stability across any concurrent schedule.

3.1.1 Phase 1. SUC/SUC and CAR/CAR
Generalized matching—Figure 1 is an illustrative graph that shows generalized
matching data from two rats whose data each represent the means of the groups. One lean
and one obese rat were selected from the CAR/CAR conditions (rats from the SUC/SUC
group are not shown, as they did not have significantly different bias or sensitivity
parameters). Of these two rats, both undermatched, illustrated as a slope of less than 1
(sensitivity for the lean and obese rat were 0.66 and 0.84, respectively). Both also had bias
values around 0, illustrated as a y-intercept near the origin (bias for the lean and obese rat
were 0.00 and 0.05, respectively). In addition, the R2 goodness of fit values of the model
were greater than 0.89. Parameters from the matching equation for all rats are described and
compared in subsequent figures.

The top of Figure 2 shows that obese Zuckers exhibited higher sensitivity (a) values than
leans [F(1,16) = 9.43, p = 0.007, ηp

2 = 0.37], and there were no differences between SUC/
SUC and CAR/CAR conditions. Bias values (bottom left) ranged from −0.12 to 0.17 for
lean rats, and from −0.11 to 0.16 for obese rats. There were no main effects of phenotype (p
= 0.27) or pellet type (p = 0.12) on bias values, or an interaction.

Mean position bias values (bottom right) were also analyzed as a function of whether the
schedule with a 5:1 ratio (i.e., conc VI 12-s VI 60-s) or 1:5 ratio (i.e., conc VI 60-s VI 12-s)
was experienced first. There was a main effect of first schedule experienced [F(1,16) = 5.96,
p = 0.027, ηp

2 = 0.27], such that rats that received the 5:1 ratio schedule first (left side is
richer) showed an average position bias to the left, and rats that experienced the 1:5 schedule
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first (right side is richer) showed an average position bias to the right. There was no main
effect of phenotype (p = 0.15).

R2 values, which represent the goodness of fit, were computed for each subject. Values
ranged from 0.69 to 0.99 for lean Zuckers and from 0.91 to 0.99 for obese Zuckers, but were
not significantly different.

Responses and reinforcers—The top of Figure 3 shows a main effect of phenotype on
responses per session across concurrent schedules, with obese Zuckers emitting significantly
more responses than lean Zuckers [F(1,16) = 6.65, p = 0.02, ηp

2 = 0.29]. There were no
main effects of conc VI VI schedule, but there was a significant phenotype X schedule
interaction [F(2,32) = 4.12, p = 0.026, ηp

2 = 0.21]. Separate one-way ANOVAs performed
between groups showed that obese rats emitted more responses than lean rats in the 5:1
[F(1,18) = 4.94, p = 0.039, ηp

2 = 0.22] and 1:5 schedules [F(1,18) = 9.66, p = 0.006, ηp
2 =

0.35], but not the 1:1 schedule. Pellet type was excluded for simplicity, as there were no
main effects of pellet.

The bottom of Figure 3 shows a main effect of phenotype on reinforcers, with obese Zuckers
earning significantly more than lean Zuckers [F(1,16) = 19.19, p < 0.001, ηp

2 = 0.55]. There
was also a main effect of schedule [F(2,32) = 20.54, p < 0.001, ηp

2 = 0.562]. Post hoc
contrasts show that fewer reinforcers were earned under the 1:1 schedule compared to the
5:1 [F(1,16) = 44.57, p < 0.001, ηp

2 = 0.74], and the 1:5 schedule [F(1,16) = 23.68, p <
0.001, ηp

2 = 0.60]. There was a significant phenotype X schedule interaction [F(2,32) =
7.87, p = 0.002, ηp

2 = 0.33]. Separate one-way ANOVAs conducted to examine schedule-
dependent differences between lean and obese Zucker rats showed that obese rats earned
more reinforcers than lean rats for the 5:1 [F(1,18) = 15.06, p = 0.001, ηp

2 = 0.46] and the
1:5 schedules [F(1,18) = 12.09, p = 0.003, ηp

2 = 0.40], but not 1:1.

The top of Figure 4 shows a main effect of phenotype on responses within each schedule
component [F(1,18) = 7.43, p = 0.014, ηp

2 = 0.29], with obese Zuckers emitting more
responses on each component compared to lean rats. There was also a main effect of VI
component [F(1.32,23.69) = 73.47, p < 0.001, ηp

2 = 0.80]. Post hoc contrasts revealed that
responses from the VI 12-s components were significantly higher than VI 20-s [F(1,18) =
30.66, p < 0.001, ηp

2 = 0.63], and VI 20-s was higher than VI 60-s [F(1,18) = 118.5, p <
0.001, ηp

2 = 0.87]. Lever position (left vs. right) was not significant (p = 0.62), and neither
were any interactions with position. There was a significant phenotype X component
interaction [F(1.32,23.69) = 11.84, p < 0.001, ηp

2 = 0.40]. Separate one-way ANOVAs were
performed to examine schedule-dependent differences between lean and obese Zucker rats.
Obese Zucker rats emitted more responses than lean rats under VI 12-s [F(1,18) = 12.15, p =
0.003, ηp

2 = 0.40], but not VI 20-s or VI 60-s.

The bottom of Figure 4 shows main effects of phenotype on reinforcers per session [F(1,18)
= 19.02, p < 0.001, ηp

2 = 0.51], with obese rats earning more reinforcers than lean rats.
There was also a main effect of VI component [F(1.17,21.06) = 552.76, p < 0.001, ηp

2 =
0.97] with more reinforcers in the VI 12-s components compared to the VI 20-s components
[F(1,18) = 324.23, p < 0.001, ηp

2 = 0.95], which were significantly higher than the VI 60-s
components [F(1,18) = 919.36, p < 0.001, ηp

2 = 0.98]. There was no effect of position (p =
0.65) or any position interactions. There was also a significant phenotype X component
interaction, [F(1.17,21.06) = 21.01, p < 0.001, ηp

2 = 0.54]. Separate one-way ANOVAs on
each schedule component showed that obese rats earned significantly more reinforcers than
leans under VI 12-s [F(1,18) = 22.41, p < 0.001, ηp

2 = 0.56] and VI 60-s [F(1,18) = 4.41, p
= 0.050, ηp

2 = 0.2], but not VI 20-s.
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3.1.2 Phase 2: SUC/CAR and CAR/SUC
Between Phase 1 and Phase 2, three obese rats were euthanized for various medical reasons.
Of the seven remaining, one rat (F3) only completed two of the three conc VI VI schedules
of Phase 2, so it was excluded from analyses (lean n=10, obese n=6).

Generalized matching—The top of Figure 5 shows mean sensitivity (a) parameters for
lean and obese rats for Phase 2. All rats, regardless of phenotype, exhibited sensitivity
parameters < 1. There was a main effect of phenotype, with higher sensitivity values overall
for obese Zuckers [F(1,14) = 16.32, p < 0.001, ηp

2 = 0.34]. The bottom of Figure 5 shows
bias (computed by subtracting from Phase 1 bias values). There was a significant bias
toward sucrose [F(1,14) = 7.18, p = 0.018, ηp

2 = 0.34]. There was no significant effect of
phenotype, p = 0.95, or an interaction. R2 values for goodness of fit ranged from 0.69 to
0.99 for lean Zuckers and from 0.88 to 0.998 for obese Zuckers, though the means were not
significantly different.

Responses and reinforcers—The top of Figure 6 shows that in Phase 2 obese Zuckers
emitted significantly more responses per session than lean Zuckers across conc VI VI
schedules [F(1,14) = 6.83, p = 0.02, ηp

2 = 0.33]. There was no main effect of schedule, p =
0.11, or an interaction. Obese Zuckers also earned more reinforcers (bottom) than lean
Zuckers [F(1,14) = 17.46, p < 0.001, ηp

2 = 0.56]. There was also a significant main effect of
schedule [F(2,28) = 4.69, p = 0.018, ηp

2 = 0.25]; post hoc contrasts confirmed that more
reinforcers were earned on the 5:1 schedule compared to the 1:1 schedule [F(1,14) = 13.24,
p = 0.003, ηp

2 = 0.49].

The top of Figure 7 shows that obese Zuckers emitted more responses compared to lean rats
across schedule components [F(1,14) = 6.83, p = 0.02, ηp

2 = 0.33], and all rats emitted more
responses to components delivering sucrose compared to carrot [F(1,14) = 5.44, p = 0.035,
ηp

2 = 0.28]. There was a main effect of VI component [F(1.52,21.33) = 77.71, p < 0.001,
ηp

2 = 0.85]. Post hoc contrasts revealed significantly more responses were made to the VI
12-s component than the VI 20-s [F(1,14) = 42.37, p < 0.001, ηp

2 = 0.75], which had more
than the VI 60-s component [F(1,14) = 91.12, p < 0.001, ηp

2 = 0.87]. No interactions with
pellet type were found. A phenotype X component interaction was found [F(1.52,21.33) =
13.33, p < 0.001, ηp

2 = 0.49]. Separate one-way ANOVAs conducted for each component
showed that obese rats emitted more responses than lean rats under VI 12-s [F(1,14) = 9.86,
p = 0.007, ηp

2 = 0.41] and VI 20-s [F(1,15) = 4.64, p = 0.048, ηp
2 = 0.24], but not VI 60-s.

The bottom of Figure 7 shows obese rats earned more reinforcers than lean rats [F(1,14) =
17.46, p < 0.001, ηp

2 = 0.56]. There were no differences in the number of sucrose vs. carrot
reinforcers earned (p = 0.084). There was also a main effect of component [F(1.19,16.63) =
505.72, p < 0.001, ηp

2 = 0.97] with contrasts revealing more reinforcers in the VI 12-s
component than the VI 20-s [F(1,14) = 268.64, p < 0.001, ηp

2 = 0.95], and more reinforcers
in the VI 20-s component compared to VI 60-s [F(1,14) = 918.78, p < 0.001, ηp

2 = 0.99]. In
addition, there was a phenotype X component interaction [F(1.19,16.63) = 9.43, p = 0.005,
ηp

2 = 0.40]. Separate one-way ANOVAs showed that obese Zucker rats earned more
reinforcers under VI 12-s [F(1,14) = 13.08, p = 0.003, ηp

2 = 0.48] and VI 20-s [F(1,15) =
10.50, p = 0.005, ηp

2 = 0.41], but not VI 60-s.

4.1 Discussion
4.1.1 Phase 1: SUC/SUC or CAR/CAR

The sucrose and carrot-flavored pellets functioned as reinforcers for all rats. Moreover,
behavioral allocation was sensitive to the differences in the relative rates of reinforcement

Buckley and Rasmussen Page 8

Physiol Behav. Author manuscript; available in PMC 2013 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



across the three concurrent schedules. More behavior was allocated and more reinforcers
were earned in the richer component (i.e., VI 12-s) of the concurrent schedules with 5:1 and
1:5 reinforcer ratios compared to the leaner (VI 60-s) component. Under the 1:1 schedule,
behavior was equally distributed to the two VI 20-s components. This finding replicates
other studies that demonstrate matching in standard laboratory rat strains with food, alcohol,
and exercise-based reinforcement [22–25] and is a novel finding for the obese and lean
Zucker strain.

The average sensitivity parameters seen here (0.6 and 0.84) approximate those reported for
various rat strains responding on concurrent VI VI schedules between sessions (e.g., [22–
23]). Average bias parameters also appeared to be within the normal range when the pellets
alternatives were the same. In addition, R2 values ranged from 0.69 to 0.99 for all rats,
meaning that, at the lowest, 69% of the variance in the data was accounted for by the
generalized matching equation, which is also within the normal range for the generalized
matching equation.

Obese Zuckers had significantly higher sensitivity values than lean Zuckers. This suggests
that the relative responding by obese Zuckers was more sensitive to the relative
reinforcement rates of each concurrent schedule, and matched their allocation of responses
more closely to reinforcement rates than lean Zuckers. Bias values, which would indicate
position bias in Phase 1 of the experiment, did not differ between obese and lean Zuckers.
However, rats that experienced the richer schedule on the left (i.e., 5:1) following
completion of the schedule with equal ratios of reinforcement showed a bias toward the left,
and rats that experienced the richer schedule on the right first (i.e., 1:5) showed a bias
toward the right. These values provided us with a baseline position bias that was able to be
controlled for when examining matching in Phase 2, when allocation of behavior was
compared between two qualitatively different reinforcers.

Obese Zuckers emitted significantly more responses and earned more reinforcers per
session, regardless of pellet type, than lean Zuckers. This pattern replicates differences seen
in responding for food under progressive ratio schedules for food in one study [7] as well as
fixed ratios varying from FR1 to FR 50 [11], and from FR1 to FR30 [10]. Further analyses
showed that obese rats had more responses and reinforcers in the conc VI VI schedules with
uneven programmed reinforcement rates (i.e., 5:1 and 1:5) as opposed to when the
programmed reinforcer rates were equal (1:1). Moreover, when behavior in each of the three
components was examined separately, obese rats demonstrated the highest responses and
reinforcers in the schedule with the richest programmed rate of reinforcement (VI 12-s)
compared to lean rats.

Sensitivity can manifest as allocating more behavior to richer sources of reinforcement, less
behavior to leaner sources of reinforcement, or both. The sensitivity differences observed
between lean and obese rats in Phase 1 likely came from the obese rats allocating more
behavior toward the richest source of reinforcement (and thereby earning more
reinforcement), compared to the leans. Lean rats, on the other hand, allocated relatively less
behavior to the richer lever and relatively more to the leaner lever (VI 60-s).

4.1.2 Phase 2: SUC/CAR or CAR/SUC
In Phase 2, allocation to two pellets types that were calorically similar, but different in
palatability, were compared. Sensitivity values were again higher for obese Zuckers than
lean Zuckers. No differences in sensitivity were found between Phase 1 and Phase 2. There
was a bias toward sucrose for both groups, but level of bias did not differ between lean and
obese rats, suggesting that obese Zucker rats do not prefer sucrose more than leans; rather,
they simply exhibit more sensitivity in responding to larger sources of reinforcement. These
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observations are also supported from data on responses and reinforcers, which showed no
differences for carrot vs. sucrose, but did show that obese rats made more responses and
reinforcers compared to lean rats across all concurrent schedules and schedule components.
The strongest differences between groups (i.e., effect size), though, appeared in the richest
schedule component (VI 12-s).

4.1.3 General Discussion
The present experiment extends free-feeding research on Zucker rats by identifying
behavioral patterns underlying eating behavior in a choice situation. The results of this
experiment contribute to the literature by demonstrating robust and stable differences in
sensitivity to reinforcement rates in obese vs. lean Zuckers. In both phases of the
experiment, obese Zucker rats exhibited higher sensitivity to relative reinforcement rates
than leans, which coincided with earning more reinforcers, especially when richer schedules
were available. The lean rats exhibited sensitivity parameters than were in the lower range of
what is typically reported with rats, which may be related to their phenotype. A study that
directly compares strains using the same procedure would be required to determine whether
lean Zuckers' behavior is less sensitive to larger reinforcer ratios than more typical strains of
rats.

When seeking food in any choice situation, an effective strategy is to exhibit high sensitivity
to overall rates of reinforcement, such that the amount of food that is obtained is maximized.
If behavior is not sensitive to rates of reinforcement, either by allocating too many responses
to a lean source of reinforcement or too few to a rich source of reinforcement, few
reinforcers overall will be earned. The lean Zuckers demonstrated greater undermatching in
both phases of the study, meaning their responding was less sensitive to the richer sources of
reinforcement than obese rats. Their pattern of emitting proportionately more responses on
the lean side and too few on the rich side likely resulted in earning fewer reinforcers. On the
other hand, because the obese Zuckers matched better, they were able to obtain more of the
reinforcers from the rich side, and thus increased the total amount of food earned in the
session.

Higher reinforcement rates could have also contributed to the higher sensitivity values seen
in the obese Zuckers. In five of six schedules (two in Phase 1 and all three in Phase 2), obese
rats earned more reinforcers. Alsop and Elliffe [26] found that as reinforcer rates increased,
sensitivity values systematically increased. However, the range of reinforcer rates used in
this study was much larger than the range in reinforcer rates between the lean and obese rats
used in the present study, so it is unclear whether the differing reinforcer rates were related
to the different sensitivity parameters seen here. Future studies that manipulate the rate of
reinforcement could determine the extent to which this factor affects differences in
sensitivity to reinforcement in lean and obese Zucker rats.

Though a relation between obesity and sensitivity to reinforcement is evident from this
study, no causal statements, in terms of direction, can be made. One possibility is that being
obese makes one more likely to be more sensitive to differences in food densities.
Alternatively, having more experience with food, because of a heightened sensitivity to
reinforcement rates, can facilitate overeating and therefore obesity. Another possibility is
that other conditions which contribute to obesity may also contribute to increasing
sensitivity to changes in relative reinforcement. More research that examines the direction of
causality may help elucidate this question.

There are some limitations to this study. First, in order to obtain the most representative
matching function, about five different conc VI VI schedules that vary in reinforcer ratios
are typically used. Because of the amount of time that was required to obtain stability on
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each schedule, the length of the study was long in relation to the lifespan of the obese
Zucker rat, which can be significantly shorter than lean rat (~450 days for obese Zuckers,
compared to about 660 for leans; [27]). In addition, obese Zucker rats experience obesity-
related health issues similar to those of humans, including hypertension [2] and insulin
resistance [28], which may further reduce their lifespan, making three concurrent schedules
a necessity. Indeed, in the present study, three obese rats developed health problems and
were euthanized—the majority occurred toward the end of the experiment. The three
concurrent schedules, however, included one in which the relative number of reinforcers
was identical (1:1) and the other two (1:5 and 5:1) allowed for discrimination between the
differing rates of reinforcement. Further, the 1:5 and 5:1 schedules allow for a symmetrical
experience on both levers. If obese Zuckers had longer life-spans, we would have
incorporated two additional concurrent schedules with larger ratios of reinforcement (e.g.,
1:10 and 10:1). Another option would be to replace the 1:5 and 5:1 ratios with these larger
ratio schedules. While it is possible that further differences in matching could be detected in
the obese and lean Zucker rats with additional concurrent schedules, we still observed order
in their behavior in a manner that matching would predict.

A second potential limitation of the study may be the level of deprivation used. Both groups
of rats were food deprived an equivalent amount of time before each experimental session.
They were allowed to free-feed for an equal amount of time after experimental sessions, and
during this time they ate about 2.3% of their body weights in food. While this deprivation
method has been used in other studies with Zuckers [7,10,11], it is unclear whether hours of
deprivation affects food reinforcer efficacy differently in lean and obese Zucker rats. A
study that manipulates level of deprivation could help elucidate this relation.

For future studies, it would be interesting to expand the range of reinforcers to foods that
vary in both caloric content and palatability, to further examine the differences between food
choices in the obese Zucker. If obesity in general is related to higher overall sensitivity to
reinforcement rates regardless of palatability or caloric content, then perhaps the most
effective intervention would be to ensure that food choices are as healthy as possible, and
low in calories. This research could clarify some of the underlying behavioral (and
potentially physiological) mechanisms involved in obesity that would produce possible
interventions.
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Highlights

1. Behavioral allocation to different densities and types of food reinforcement was
compared in obese and lean Zucker rats.

2. Allocation was characterized using the generalized matching equation.

3. Obese Zucker rats were more sensitive to differing densities of food than lean
Zucker rats.

4. Obese Zucker rats did not demonstrate stronger preference for high-sucrose food
options.
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Figure 1.
Two illustrative matching lines from Phase 1. Regression lines were fit using individual data
from two rats-- one lean (closed symbols, dashed line) and one obese (open symbols) from
the CAR/CAR condition. Fitted lines to the matching equation are also shown: The
generalized matching equations for each respective rat are shown to the right, along with R2

values.
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Figure 2.
Mean sensitivity (top) and bias (bottom) parameter values for lean and obese Zuckers in the
CAR/CAR (gray) and SUC/SUC pellet (black) condition in Phase 1. Bottom right shows
mean bias values as a function of which schedule with an uneven ratio was experienced first
(5:1 or 1:5 ratio). Lean rats are shown in black; obese in gray. Error bars = 1 SEM.
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Figure 3.
Mean total responses (left + right) emitted per session (top) and mean total reinforcers (left
+ right) earned per session (bottom) in Phase 1 by reinforcement ratios. Lean rats = black;
obese rats = gray. Error bars = 1 SEM, * p < 0.05, ** p< 0.01
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Figure 4.
Mean number of responses (top) and reinforcers (bottom) per session in Phase 1 by VI
component for lean and obese rats. The left lever is shown in black; right lever in gray. Error
bars = 1 SEM. *p< 0.01, **p < 0.05
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Figure 5.
Mean sensitivity (top) and bias (bottom) values in Phase 2 (CAR/SUC and SUC/CAR) for
lean and obese Zuckers. Values > 0 indicate a bias toward sucrose. Lean rats are shown in
black; obese in gray. Error bars = 1 SEM.

Buckley and Rasmussen Page 19

Physiol Behav. Author manuscript; available in PMC 2013 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Mean number of responses (top) and reinforcers (bottom) per session in Phase 2 by
concurrent schedule for lean and obese rats. Error bars = 1 SEM. *p < 0.05, **p < 0.01
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Figure 7.
Mean responses (top) and reinforcers (bottom) per session, for VI 12-s levers (left), VI 20-s
levers (center) and VI 60-s levers (right) in Phase 2. The carrot lever is shown in dark gray;
the sucrose lever is in light gray. Error bars = 1 SEM. * p< 0.01, **p< 0.05
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