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Abstract
Animals will acquire an operant task using sensory stimuli as a primary reinforcer. Many operant
tasks use sensory stimuli as cues that are paired with other primary reinforcers. Recent studies
have called attention to this potential confound, but there has not been a parametric assessment of
the effect of stimulus variability on operant responding. We found that stimulus variability
increased the amount of operant responding exhibited by mice, a phenomenon observed under
both fixed- and progressive-ratio schedules.
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Introduction
Sensory stimuli are self-administered by numerous species, including rats, mice, and non-
human primates [1, 4, 5, 7, 11, 21]. These non-drug reinforcers are unique in that they are
not driven by vegetative states (such as hunger, thirst, or reproductive drive) [4], and that
they are modulated by some of the same processes as psychostimulants [12, 14]. While this
is an intriguing phenomenon, the fact that some stimuli are reinforcing is a potential
confound when using sensory stimuli as “neutral” cues to pair with primary reinforcers in
studies of operant learning or drug self-administration. Sensory stimuli have been
demonstrated to enhance the self-administration of nicotine [6, 9, 19] and increase the
locomotor response of psychostimulants [16, 18]. Recent reports have called attention to
these synergistic effects as potentially confounding drug self-administration studies [8, 22].
The goal of the current study was to examine the effect of stimulus variability on the ability
of auditory and visual stimuli to support self-administration.
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Materials and Methods
Subjects

Male C57BL/6J mice (Jackson, Bar Harbor, ME; 4 weeks of age at time of experiment)
were housed 4 per cage in a temperature and humidity controlled environment (lights on
1500-0300 h) within AAALAC approved Vanderbilt University Animal Care Facilities with
food and water available ad libitum throughout the experiment. Mice were handled for at
least three days prior to the beginning of experiments. All procedures were approved by the
Vanderbilt University Animal Care and Use Committee.

Apparatus and Behavioral Procedures
Operant training chambers were as described [10, 13, 17], with levers mounted 2.2 cm
above the grid floor and cue lamps (yellow LEDs) mounted 2 cm above them. At the
beginning of each session, both levers were extended, and the house light and exhaust fan
were turned on. Each mouse was assigned either the left or right lever as the active lever,
and the side of the active lever was counterbalanced between mice within each group.
Completion of the required ratio on the active lever resulted in a presentation of one type of
sensory stimulus (see Table 1 for stimulus types), while presses on the inactive lever were
counted but had no programmed consequence. Compound visual/auditory stimuli were as
described [12, 14, 15], where our previous studies used frequency and duration parameters
that were classified as group four in the present study. The stimulus types used in the present
study ranged from no stimuli (type 1) to highly variable stimuli (type 5), which consisted of
flashing cue lights of random frequency and an auditory stimulus provided by activation of
an infusion pump located within the cubicle (no infusion was made). To maximize stimulus
variability, duration of the compound stimuli was also of a value randomly chosen from a
list.

Data Analysis
Data were analyzed by one-way ANOVA using SigmaPlot 11 (repeated measures when
appropriate). Post hoc analyses were performed using the Holms-Sidak test. In the case of
unequal variances, the Kruskal-Wallis ANOVA followed by Dunn’s post hoc tests was
employed. No performance criteria were imposed; therefore all mice were included in
analysis.

Results
To test the effect of stimulus variability on the ability of sensory stimuli to support operant
conditioning, 40 mice were assigned to one of five groups, corresponding to the stimulus
type used in conditioning (Table 1). Mice were tested in 1-hour operant fixed ratio-1 (FR-1)
sessions with no maximum number of reinforcers 5–6 days per week for 12 sessions (Figure
1). To assess levels of operant responding following acquisition, group means of sessions
11–12 were compared (Figure 1B). There was a significant effect of stimulus type on active
lever responding (H = 21.2, p<0.001). Compared to type 1 (non-reinforced) mice, active
lever pressing was significantly greater in animals responding for type 4 (Q=3.3, p<0.001)
and type 5 (Q=3.7, p<0.001) stimuli (Figure 1B). Active lever preference (percent of lever
presses on the active lever) following acquisition was also compared for sessions 11–12
(Figure 1D). Stimulus type had a significant effect on lever accuracy (F(4,34)=13.2,
p<0.001), where accuracy was greater in stimulus types 3–5 (t=4.9–5.9, p<0.001, Figure 1D)
compared to type 1. Thus, under an FR-1 schedule of reinforcement, operant responding
increased with increasing stimulus variability. Further, mice had a significant preference for
the active lever when visual stimuli were flashing and the auditory stimulus was present,
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regardless of stimulus variability. This preference was not observed when the visual
stimulus was not flashing (type 2).

Following the 12 FR-1 sessions, mice were tested on a progressive ratio (PR) schedule of
reinforcement where the ratio was increased in the following pattern: 1, 2, 4, 6, 9, 12, 16, 20,
25, 30, and so on [13, 14] (Figure 2A). Mice remained in the same stimulus group as in the
FR-1 sessions and were tested in 5 daily 2-hour PR sessions. As observed with the FR-1
reinforcement schedule, analysis of the mean number of reinforcers earned for sessions 4–5
revealed a significant effect of stimulus type (F(4,34)=14.6, p<0.001). Unlike the results of
FR-1, however, PR responding for type 3 stimuli was greater than for type 1 (t=3.3, p<0.01).
Responding for type 4 and 5 stimuli was also significantly greater than for type 1 (t=4.9–5.9,
p<0.001). Thus, under fixed and progressive ratio schedules of reinforcement, visual and
auditory stimuli with greater variability elicit greater rates of operant responding.

To test whether mice trained on one stimulus type remained sensitive to changes in stimulus
type, mice that underwent FR-1 and PR sessions with type 5 stimuli were subsequently
tested with all other stimulus types in a Latin square design. Mice were tested in PR operant
sessions using each stimulus type for 4 days, and the mean number of reinforcers earned
during the final 2 sessions for each stimulus type was analyzed (Figure 2B). There was a
significant effect of stimulus type on operant responding within the same animals
(F(4,32)=8.5, p<0.001), indicating that mice remained sensitive to the type of stimulus
following extensive training on type 5 stimuli. Comparison of type 1 to all other types
revealed that, like the between-groups comparison, stimulus types 3–5 all significantly
increased PR responding above type 1 (t=2.9–5.1, p<0.05-0.001; Figure 2B). Therefore,
after FR and PR experience with one stimulus type, mice remained sensitive to alterations in
the stimuli; there was not a significant perseverance of operant responding following initial
experience with type 5 stimuli.

Discussion
In conclusion, we found that stimulus dynamics contribute to the effectiveness of visual and
auditory stimuli to serve as primary reinforcers in an operant learning task. Despite this
finding, we did not observe a significant increase in responding for type 5 stimuli compared
with the type 4 stimuli that we have previously characterized [12, 14, 15]. This may be due
to a ceiling effect of sensory stimuli that can be delivered by the current apparatus (i.e. two
LEDs and a single static audio source). Future studies will employ more dynamic methods
of sensory stimulation to study this phenomenon. Nonetheless, the current findings are
consistent with an earlier study in primates which demonstrated increased preference for
dynamic movie clips over still pictures [4]. These data also reiterate the importance of
evaluating sensory stimuli that are presumed neutral and paired with other primary
reinforcers in operant self-administration procedures [6, 8, 19, 22]. While a simple static
visual cue (type 2) did not influence lever pressing in any of our measures, a static flashing
visual stimulus (type 3) significantly elevated active lever preference under an FR-1
schedule of reinforcement and significantly increased lever pressing under a PR schedule.
Finally, with the emergence of in vivo optogenetic methods, the possibility of unshielded
high-intensity light sources stimulating locomotor activity and/or reward-related processing
must be considered when designing experiments using these methods [20].

Although sensory self-administration may be a form of novelty seeking, there is little data
on how the variability (and presumably the novelty) of sensory stimuli contributes to the
degree of reinforced behavior they elicit. In mice, operant responding was elevated for
higher complexity line drawings [1]. In primates, the variability and complexity of visual
stimuli (i.e. film clips vs. static images) were positively correlated with the degree of self-
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administration [4]. These data are consistent with the present findings and collectively
warrant further investigations into the association between sensory self-administration and
other measures of novelty seeking, such as novelty-induced place conditioning [2, 3].
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Highlights

• Animals will acquire an operant task using sensory stimuli as a primary
reinforcer

• Stimulus variability increases self-administration on fixed and progressive ratio

• Mice remain sensitive to changes in stimulus variability after training
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Figure 1.
Fixed ratio-1 responding for sensory stimuli. A. Active lever pressing during operant
sessions for stimuli with different levels of variability. B. Mean of sessions 10–12 for each
group in A. C. Lever accuracy for operant sessions shown in A. D. Mean lever accuracy of
sessions 10–12 for each group in A. Points and bars represent mean ± SEM. N = 6–9 per
group.
***p<0.001.
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Figure 2.
Progressive ratio responding for sensory stimuli. A. Between-groups comparison: mice were
tested for progressive ratio responding for the same stimulus type as for FR-1. B. Within-
groups comparison: mice that responded for type 5 stimuli in FR-1 sessions were
subsequently tested for PR responding for all 5 stimulus types. Bars represent mean ± SEM.
*p<0.05, **p<0.01, ***p<0.001.
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