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Abstract
Background—The human personality trait of sensation seeking (SS) indicates an attraction to
novel sensations and experiences, and is associated with greater likelihood of drug abuse. In
rodents, locomotor activity in a novel environment (Loco) has been found to predict drug self-
administration (SA), and has been hypothesized to be a translational model of human SS.
Previously, we reported (Gancarz et al., 2011 [12]) that high responder (HR) animals responded
more than low responder (LR) animals to produce a response contingent light onset. The primary
goal of this paper was a detailed analysis of the association between Loco and light contingent
responding in a large sample of rats (n = 93).

Methods—Male rats were pre-exposed to dark operant test chambers for ten 30 min sessions and
baseline levels of responding (snout poking) were determined. The pre-exposure phase was
followed by 6 sessions during which active responding produced a visual sensory reinforcer (VSR;
5 s light onset) according to a variable interval 1 min schedule of reinforcement. After completion
of the VSR phase, Loco was tested.

Results—The activating effects (total responding) of light were associated with Loco, but the
response guiding effects (proportion of active responding) of the light were not. In addition, HR
rats habituated more slowly in both the VSR and Loco tests than LR rats.

Conclusions—These data indicate that VSR measures aspects of the rodent’s response to novel
sensations and experiences that are not detected by Loco. These data provide some evidence for
the use of light reinforcement as an animal model of SS.
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1. Introduction
Individual differences in the initial locomotor response to an novel locomotor chamber
(Loco) is predictive of self-administration (SA) of cocaine [1,2], amphetamine [3,4], ethanol
[5], morphine [6] and nicotine [7]. In these experiments, rats with high levels of locomotor
activity in a novel environment are identified as high responders (HRs) and SA more drug
than rats with low levels of locomotor activity, identified as low responders (LRs). This
model has been suggested to be an animal model of sensation seeking (SS) [8,9]. The
activity measures obtained using these procedures are referred to in the literature as the
animal’s “response to novelty”.

Animals identified as HR have been reported to differ from LR on a number of behavioral
tasks other than acquisition of drug SA. HR rats have greater preference for the novel arms
of a Y-maze compared to LR rats [8] and spend more time in novel arms of a radial arm
maze [9]. In a dark-light emergence test, where animals are familiarized to a dark
compartment and a guillotine door is removed exposing a novel light compartment, HR rats
visited the novel illuminated compartment more rapidly and more frequently in the initial
exposure period than LR rats [8]. These differences between HR and LR rats in maze
exploration and dark emergence tests only occurred when the compartment was novel.
Taken together, these results suggest HR rats have a greater sensitivity to novel
environmental stimuli, but that differences between HR and LR rats disappear when the
environment becomes familiar. This is of interest, because similar observations have been
reported in humans. For example, human subjects identified as high SS have been reported
to have a greater response to novel environmental stimuli but habituated to the levels of low
SS with repeated presentations of the stimulus [10]. Differential performance on a variety of
different tasks suggests broad sensitivity to novel stimuli and supports the hypothesis that
Loco measures an important underlying trait which may be analogous to SS in humans [11].

We have previously reported that locomotor response to novelty predicts both responding
for a visual sensory reinforcer (VSR) and acquisition of methamphetamine (METH) SA
[12]. The primary goal of this study was to perform a detailed analysis of the association
between Loco and light contingent responding in a large sample of rats. In addition to
comparing overall levels of activation, we also compared the rates of within-session
habitation. The results of the present study are of particular importance when considering
the use of HR and LR classification as an animal model of SS.

We hypothesize that both Loco and operant responding to produce light onset involve
sensory reinforcement, as Loco and VSR have been shown to have similar characteristics.
Previous reviews of sensory reinforcement have classified both exploration of a novel
environment and operant responding to produce light onset as investigatory behaviors
[11,13,14]. In agreement with previous studies, we have found that the highest levels of
activation occur at the beginning of exposure to novel stimulation, followed by both
between- and within-session decreases in responding with repeated testing for both Loco
and VSR [12,15]. In addition, both Loco and VSR responding are increased by non-
contingent systemic injections of psychomotor stimulants [12,15–23]. These commonalities
suggest locomotor activation elicited by a novel test chamber and responding to produce a
novel sensory stimulus may be mediated by common underlying behavioral and
neurophysiological processes.
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2. Methods
2.1. Subjects

Ninety-three Male Holtzman Sprague Dawley rats were used in this experiment. Subjects
weighed approximately 250 g at the start of the experiment and were housed in pairs in
plastic cages (42.5 cm × 22.5 cm × 19.25 cm). Lights were on in the colony room from 6:00
pm to 8:00 am. All behavioral testing occurred 7 days/week during the dark phase of the
light/dark cycle. Food (Harlan Teklad Laboratory Diet #8604, Harlan Inc., Indianapolis, IN)
was continuously available. Access to water was restricted to 20 min following daily testing.
Animals were treated in compliance with the Guide for the Care and Use of Laboratory
Animals and the experiments were conducted in accordance with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at of the University at Buffalo, The
State University of New York.

2.2. Apparatus
2.2.1. VSR apparatus—Twenty-four locally constructed experimental chambers were
used. The chambers had stainless-steel grid floors, aluminum front and back walls, Plexiglas
sides, and a Plexiglas top. The test chambers were 20 cm × 22 cm × 23 cm (inside
dimensions). The right side wall served as the test panel. The test panel had two snout poke
holes (4 cm diameter) located on either side of a centrally located smaller snout-poke hole
(2.5 cm diameter). The larger snout poke holes were centered 2.5 cm above the floor and 5
cm from the closest side wall of the chamber. Stimulus lights were mounted above the two
large snout poke holes and the smaller center snout-poke hole. The center stimulus light was
positioned directly above the center snout-poke hole, 7 cm from the floor and 11.5 cm from
the side walls. The stimulus lights for the larger snout poke holes were positioned 5.5 cm
above the floor of the chamber and 2 cm from the closest side wall. Snout pokes and head
entries into the snout poke holes were monitored with infrared detectors located 0.5 cm
behind the front panel. A second stimulus light was located in the middle of the back wall of
the test chamber. The front center light was equipped with a 28-V light bulb (SPC
Technology, Model # 1819), white lens cap (Dialight, Model # 081-0135-303). The back
house-light is equipped with a 28-V light bulb (SPC Technology, Model # 1864), covered
by a clear lens cap (Dialight, Model # 081-0135-303). Snout pokes and head entries were
monitored with infrared detectors. The entire apparatus was computer controlled through a
MED Associates interface with MED-PC (version 4). The temporal resolution of the system
was 0.01 s.

2.2.2. Locomotor chamber apparatus—Locomotor activity was recorded by an
infrared motion-sensor system (Hamilton-Kinder) fitted outside a standard plastic cage tub
(42.5 cm × 22.5 cm × 19.25 cm). The tubs used for locomotor testing did not have shavings
in them and clean tubs were used for each test session. Each locomotor chamber was located
in a sound and light attenuating enclosure. Each enclosure was equipped with a wall
mounted fan that provided masking noise and was illuminated by an 8 W light bulb (light
output 450 lm). This arrangement provided a novel environment for locomotor testing. Two
levels of infrared motion sensors were set at 5.5 (for recording horizontal movement) and
15.5 cm above the cage floor (for recording vertical movements). The sensors at the lower
level consist of eight pairs along the long axis and five pairs along the short axis each spaced
5.5 cm apart and were used to determine the position of the animal. The sensors at the upper
level were spaced 5.5 cm apart along the short axis and recorded vertical rearing
movements. The activity-monitoring system monitors each of the beams at a frequency of
0.01 s to determine whether the beams were interrupted. The interruption of any beam not
interrupted during the previous sample was interpreted as an activity score.
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2.3. Procedure
2.3.1. Overall timeline—As is outlined in Table 1, operant responding for light onset was
tested first and locomotor response to novelty was tested second.

2.3.2. Pre-exposure phase—Animals were placed in dark operant chambers for a 10-
day pre-exposure period. Daily sessions were 30 min in duration, during which snout pokes
to either side were recorded, but resulted in no programmed consequences. This phase was
conducted in order to (i) familiarize/pre-expose the rat to the operant chamber, (ii) measure
operant level of responding, and (iii) determine the preferences of individual rats for the left
and right snout poke holes. The information about preference was used to counterbalance
the side assigned to be active during the VSR phase.

2.3.3. VSR phase—Animals were placed in operant chambers for six 30 min test sessions.
The test chambers were dark during testing except when a response contingent visual
stimulus (VS) was presented. The VS consisted of the onset of two stimulus lights. One of
the lights was located on the front control panel above and midway between the two snout
poke holes, and the other light was located in the middle of the back wall of the test
chamber. Onset of the VS combination produced a total of 43 lx light as measured from the
side snout poke hole of the test chamber. Snout pokes into the active alternative resulted in
illumination of the stimulus light for 5 s according to a variable interval (VI) 1 min schedule
of reinforcement. Each snout poke response was operationally defined as interruption of the
infrared beam; additional responses were not recorded until the infrared beam was restored
and re-interrupted. Snout pokes to the inactive alternative had no programmed
consequences. The active alternative was determined by counterbalancing the operant level
of snout pokes during the pre-exposure phase, so that for half of the rats, the active snout
poke hole was the preferred hole during the pre-exposure phase.

The VI 1 min schedule was produced by selecting without replacement from a list of 20
intervals with a mean of 1 min generated using a Fleshler–Hoffman progression [24]. The
first response after the interval elapsed resulted in presentation of the visual stimulus and the
selection of the next VI value from the list. Animals were tested 7 days/week for sixteen
sessions (10 pre-exposure sessions and 6 response contingent light sessions) during the VSR
phase of the experiment.

2.3.4. Locomotor activity in a novel environment—Loco testing occurred the day
following the last day of VSR testing. Subjects were placed into activity monitors for 60
min. Total number of horizontal beam breaks, total number of vertical beam breaks, and
basic movements, (defined as the total number of horizontal and vertical beam breaks)
during the 60 min test period were used as the dependent measures. Loco tests vary in
duration from 5 to 10 min [25], 30 min [26–28], 1 h [2] to 2 h [29,30] in the literature. We
have evaluated both 1 and 2 h Loco durations, and the associations with Loco and VSR were
very similar across both durations (unpublished observations), and therefore the 60 min
duration was used for the analysis.

2.4. Data analysis
2.4.1. Dependent variables—The primary measure of Loco was basic movements. The
primary dependent measures for VSR were total responding (active + inactive responding)
and the relative frequency of active responding. The total responses measure indicates the
increasing and/or possible decreasing effects of the light on responding (or activating effects
of light onset). The relative frequency of active responses (defined as: active responses/total
responses) is a measure of preference (or “guiding effects of light onset”) for the response
alternative that produced the visual stimulus. The relative frequency indicates the proportion
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of snout pokes into the side that produced response contingent light onset. We have
previously discussed the rationale for the use of relative frequency of active responses as a
dependent measure for VSR [12,15] (see Section 4).

2.4.2. Data analysis—The data were analyzed using two different approaches: In the first
data analysis approach, we determined correlation coefficients between: (i) Loco and VSR
using Pearson’s correlations tests. The two-tail alpha level used to identify significant
association was p < 0.05.

The second analysis used an ‘extreme groups’ approach in which animals were divided into
groups that differed with respect to Loco using one-third splits. In this analysis, animals that
scored in the highest third on Loco were determined as HR (n = 30) and animals that scored
in the lowest third on Loco were determined as LR (n = 30). Animals in the middle third
were not used for this ‘extreme groups’ analysis. This division was made to produce distinct
populations of animals based on Loco. We [12], and others [1,31,32], have previously used
an extreme group approach to study Loco as a predictor of drug SA. A two-factor mixed
analysis of variance (ANOVA) with one factor being the grouping variable (HR or LR) and
the other factor being days of acquisition were used for repeated measure comparisons in
acquisition of VSR. Post hoc t-tests with Bonferroni corrections were conducted to elaborate
upon significant F-tests. For all statistical tests an alpha criterion of p = 0.0083 (calculated as
alpha level/number of time points = (0.05)/6) was used.

2.4.3. Within-session performance of HR and LR groups—In order to examine
habituation in the Loco and VSR tasks, the within-session pattern of responding was
analyzed. For Loco, data from the 1 h test session was divided into six 10 min epochs (i.e.,
0–10 min, 10–20 min, etc.). For VSR, the data from the 30 min session was similarly
divided in to six 5 min epochs. Each epoch was the number of locomotor counts (or snout
pokes) that occurred in the specified epoch. These data were analyzed using a using a mixed
two-factor repeated measures ANOVA with group (HR or LR) as the independent variable
and epoch as the repeated measure.

The higher initial levels of Loco and VSR responding in the HR rats made it difficult to
compare the rates of habituation between the HR and LR. In order to control for differences
in the absolute rate of responding, a second analysis of the within-session data was done on
the proportion of total responding that occurred in each epoch. In this analysis, the number
of activity counts (or responses) that occurred in each epoch was divided by the total activity
counts (or responses) that occurred in the test session. Since the proportions must sum to
1.0, this analysis describes how the animals distributed their responding across the test
session independently of the absolute rates of responding allowing a direct comparison of
the rates of habituation between HR and LR. These data were analyzed using a using a
mixed two-factor repeated measures ANOVA with group (HR or LR) as the independent
variable and epoch as the repeated measure. Post hoc t-tests with Bonferroni corrections
were conducted to elaborate upon significant F-tests. For all statistical tests, an alpha
criterion of p = 0.0083 (calculated as alpha level/number of time points = (0.05)/6) was
used.

3. Results
3.1. VSR performance in all animals

Fig. 1a shows total responding during the pre-exposure and VSR phases. Total responses
were significantly greater on Day 1 of pre-exposure compared to total responses on Day 10
of pre-exposure testing [t(92) = 12.701, p < 0.01]. This comparison indicates that the operant
level of responding decreased across days during the pre-exposure phase. A second within-
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subject t-test indicates that there was a significant increase in responding between the
average of Days 9 and 10 of habitation and the average of Days 1–6 of VSR testing [t(92) =
−9.936, p < 0.05] indicating that introduction of the response contingent light stimulus had
activating effects on snout poke responding (Fig. 1a).

A one-way ANOVA on total responses revealed a significant change in total responses
across days of VSR testing [F(5, 460) = 10.561, p < 0.05]. Follow-up paired samples t-tests
revealed a significant difference between Days 1 and 3 [t(92) = −4.608, p < 0.05] and
between Days 3 and 6 of VSR testing [t(92) = 6.364, p < 0.05]. This pattern of results
reveals that total responses increased from Days 1 to 3 of VSR and then decreased from
Days 3 to 6. The peak in total responding occurred on Day 3 of testing.

Fig. 1b shows the relative frequency of active responding during the pre-exposure and VSR
phases. A within-subject t-test comparing the average of Days 9 and 10 of pre-exposure with
the average of Days 1–6 of VSR revealed a significant increase in relative frequency of
active responding during VSR testing [t(92) = −11.051, p < 0.05]. These data indicate that
the rats responded more to the active alternative that produced the visual stimulus onset. A
one-way ANOVA for relative frequency of active responding revealed a significant change
in relative frequency of active responding across the 6 sessions of VSR testing [F(5, 460) =
3.001, p < 0.05]. Follow-up paired t-tests revealed a significant difference between Days 1
and 3 of VSR testing [t(92) = −3.493, p < 0.05]. No significant difference was detected
between Days 3 and 6 of VSR testing.

Fig. 1a shows that introduction of response contingent light onset caused an increase in total
responding, while Fig. 1b shows that the relative frequency of active responding increased
from below 50% during pre-exposure (the non-preferred side was made active) to
approximately 70% during the VSR phase. Taken together, the increase in total responding
and the increase in the proportion of active responses indicate that the active responding was
increased more than inactive responding indicating that the visual stimulus was a reinforcer.
If the active alternative was not differentially increased, and both active and inactive
responding were effected to the same degree, then the relative frequency of active
responding would have remained unchanged while the total responding was increased.

Furthermore, changes in the pattern of the relative frequency of active responding differed
from the pattern of changes observed for total responding. The relative frequency of active
responding increased across Days 1–3 of testing and then remained high. In contrast, total
responding increased across Days 1–3 of testing and then decreased indicating a separation
between total responding and the relative frequency of active responding as measures of
VSR.

3.2. Association between locomotor response to novelty and VSR
Loco was compared to the average of Days 1–3 of VSR testing because Days 1–3
encompassed the ‘acquisition’ period with increases in responding peaking at Day 3 of
testing (see Fig. 1a). No correlation was observed between Loco (Number of Beam Breaks:
Mean (M) = 1399.24 ± 36.27, SD = 347.93) and number of responses emitted during Days 9
and 10 of pre-exposure (M = 35.66 ± 2.35485, SD = 22.58; r = 0.11, p > 0.05, Fig. 2a). In
contrast, Loco predicted the total responses emitted (M = 64.26 ± 3.345, SD = 32.09; r =
0.42, p < 0.01, Fig. 2b) during the VSR phase. There was no correlation between Loco and
relative frequency of active responding (M = 0.66 ± 0.01, SD = 0.146; r = −0.01, p > 0.05,
Fig. 2c).
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3.3. Extreme locomotor groups performance on VSR
3.3.1. Pre-exposure—There was a significant main effect of test session [F(9, 522) =
20.926, p < 0.05] on total responses during pre-exposure. There was no significant effect of
group or of the interaction of group and time. Total responding during the pre-exposure
phase, when there were no programmed consequences to either hole, was not different
between animals identified as HR and LR rats (Fig. 1c). An a priori t-test was conducted on
total responses during Day 1 of pre-exposure (when the experimental chamber was novel)
and there is a non-significant trend (p = 0.07) for HR rats to have greater total responses
than LR rats. There were no significant effects of time or group during pre-exposure for
relative frequency of responding to the alternative that would be designated as active during
the VSR phase. HR and LR rats were also not different in allocation of responses to the
snout poke hole that would be designated as the active alternative during the VSR phase
(Fig. 1d). Taken together, these results show that HR and LR groups were not different in
basal levels of responding in the operant chamber during pre-exposure testing. The absence
of a difference in snout poke responses between HR and LR rats on the first day of the pre-
exposure phase indicates that exploring the snout poke hole is only one aspect of the
experimental chamber during the first day of pre-exposure, when the entire experimental
chamber is novel. HR rats may be directing their behavior towards different aspects of the
experimental chamber that do not result in differences in total recorded snout poke
responses.

3.3.2. VSR—There was a significant main effect of test session [F(5, 290) = 7.100, p <
0.05] on total responses during the VSR phase. There was also a significant main effect of
Loco group on total responses [F(1, 58) = 20.858, p < 0.05]. The interaction between test
session and Loco group was not significant. Follow-up t-tests revealed that HR rats had
significantly greater total responses than LR rats on Days 1 [t(58) = −3.823, p < 0.0083], 2
[t(58) = −4.639, p < 0.0083], 3 [t(58) = −4.462, p < 0.0083], 5 [t(58) = −2.957, p < 0.05],
and 6 [t(58) = −3.604, p < 0.05]. On Day 4 of testing, there was a non-significant trend that
HR rats had significantly greater total responses than LR rats [t(58) = −2.559, p = 0.013].
This result indicates HR rats were more activated than LR rats by the response contingent
light (Fig. 1c).

There was a trend for a main effect of test sessions on relative frequency of responding to
the active alternative [F(5, 290) = 2.038, p = 0.073]. There were no other significant effects
of relative frequency. These results show that there were no differences between HR and LR
groups on preference for the visual stimulus reinforcer (Fig. 1d).

3.4. Extreme locomotor groups within-session performance on Loco and VSR
3.4.1. Within-session Loco performance—An analysis of the within-session pattern
of locomotor activity was performed for the HR and LR groups (Fig. 3a). There was a
significant main effect of epoch [F(5, 290) = 327.79, p < 0.05] and Loco group [F(1, 58) =
280.70, p < 0.05]. No interactions between epoch and Loco group were observed. Follow-up
t-tests revealed HR rats had greater locomotor activity at epochs 1 [t(58) = −5.45, p <
0.0083], 2 [t(58) = −8.15, p < 0.0083], 3 [t(58) = −6.51, p < 0.0083], 4 [t(58) = −3.70, p <
0.0083], 5 [t(58) = −5.28, p < 0.0083], and 6 [t(58) = −5.25, p < 0.0083]. These data indicate
HR rats had greater locomotor activity compared to LR rats across the entire test session.

In order to compare the within-session decline in locomotor activity for HR and LR groups,
the within-session declines in responding shown in Fig. 3a were plotted as a proportion of
total locomotor activity that occurred in each of the six 10 min epochs (Fig. 3c). There was
an interaction between epoch and Loco group [F(5, 290) = 20.16, p < 0.05]. HR responder
rats had a smaller proportion of activity counts at epoch 1 [t(58) = 8.135, p < 0.0083], but
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greater proportion of activity counts at epochs 5 [t(58) = −2.88, p < 0.0083] and 6 [t(58) =
−3.18, p < 0.0083]. These data indicate the HR rats distributed their activity more evenly
across the session, and habituated more slowly to the novel locomotor chamber than LR
counterparts.

3.4.2. Within-session VSR performance—An analysis of the within-session pattern of
total VSR responses (Days 1–3) parallel to the one performed for locomotor activity for the
HR and LR groups (Fig. 3b) was carried out. There was a significant main effect of epoch
[F(5, 290) = 63.56, p < 0.05] and Loco group [F(1, 58) = 29.74, p < 0.05]. The interaction
between epoch and Loco group was not significant. Follow-up t-tests revealed HR had
greater total responding for light onset at epochs 1 [t(58) = 3.91, p < 0.0083], 2 [t(58) = 3.00,
p < 0.0083], 3 [t(58) = 3.33, p < 0.0083], 4 [t(58) = 4.47, p < 0.0083], 5 [t(58) = 5.10, p <
0.0083], and 6 [t(58) = 3.61, p < 0.0083]. These data indicate HR rats had greater total light
responses compared to LR rats across the entire test session.

In order to compare the within-session decline in VSR responding for HR and LR groups,
the within-session declines in responding were calculated as a proportion of total responding
as was described above for locomotor activity, except that the data were plotted as 5 min
rather than 10 min epochs. There was an interaction between epoch and Loco group [F(5,
290) = 8.06, p < 0.05]. HR rats had a smaller proportion of total responses at epochs 1 [t(58)
= −3.11, p < 0.0083] and a trend at epoch 2 [t(58) = −2.64, p = 0.012], but a greater
proportion of total responses at epochs 4 [t(58) = 3.16, p < 0.0083], 5 [t(58) = 4.40, p <
0.0083] and a trend at epoch 6 [t(58) = 2.34, p = 0.023]. The results were similar to those
obtained for locomotor activity. The results indicate the HR rats distributed responding more
evenly across the session and habituated more slowly to the response contingent light than
LR rats (Fig. 3d).

4. Discussion
The results indicate that there were consistent individual differences in reactivity to sources
of novel stimulation. Rats identified as HRs in the locomotor test demonstrated greater
reactivity in both the locomotor and light reinforcement tests compared to rats identified as
LRs (Figs. 1c and 2b). HR rats also demonstrated slower habituation of locomotor activity
and operant responding for light onset than LR rats (Fig. 3c and d). Presumably, decreases in
activity in the Loco procedure and operant responding for light onset in the VSR reflect
decreases in novelty as novel stimuli become familiar. These results support the hypothesis
that locomotor activity in a novel environment and operant responding for light onset share
some common behavioral and neural processes.

The results of the current study replicate and extend the results of a previous study with a
smaller number of subjects [12]. As is shown in Table 2, there were a number of
methodological differences between the previously reported Gancarz et al. study and the
current experiment: (i) number rats tested, (ii) strain of rat tested, (iii) testing time of day,
(iv) order of testing, (v) number of pre-exposure sessions, and (iv) water restriction.
Replication of the major findings of the previous study despite many methodological
differences supports the robustness of the relationship between Loco and VSR.

An important feature of the current manuscript is the use of total responses and relative
frequency of active responding as the dependent measures of VSR performance. The use of
these two measures allows for a differentiation to be made between overall changes in
responding induced by the novel stimulus and preference for the novel stimulus. For
example, an animal may increase from a baseline of 100 active and 10 inactive responses to
200 active and 20 inactive responses. This represents a substantial increase in the absolute
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rate of active responding. However, the relative frequency of active responding (active/total)
is .91 in both cases, indicating that there was no selective increase in active responding
(preference). Rather, both active and inactive responding was increased in proportionally
equivalent manner. This example illustrates the importance of using total responses and
relative frequency of active responses as dependent measures in order to differentiate
between the response activating (total responding) and response guiding (relative frequency
of active responding) effects.

4.1. Association between locomotor response to novelty and visual stimulus
reinforcement

The difference between animals in the HR and LR groups cannot be explained by
differences in general basal activity. In this large sample, there were no significant
correlations between Loco and total responses during the last two sessions of the 10-day
session pre-exposure period of the VSR test. The association found between Loco and VSR
reflects individual differences in each animal’s reaction to a source of novel stimulation
since the association between snout poking and Loco emerged only following introduction
of the novel response contingent light.

Both locomotor response in a novel environment and VSR are investigatory behaviors in
rats. One of the initial studies of operant responding for a visual reinforcer was an effort by
Girdner [33], to arrange a situation in which an organism could make a precisely measured
operant response that would produce novel environmental change [see, 34 p. 111]. Girdner
considered the response measured in this situation as being analogous to locomotor and
orienting investigatory responses which expose organisms to novel environmental change.
Tapp [13] has pointed out that the activity in novel environments is directed at specific
aspects of the environment which evoked similar stereotyped response patterns across rats.
An advantage of the VSR procedure for measuring investigatory behavior over Loco is that
the source of novel stimulation (light onset) is precisely identified. In accord with Tapp, the
view point of Girdner described above, and others [14,35–39], we have suggested [15] that
stimulus-directed behaviors which create the general activity measured in a novel locomotor
chamber may, in part, reflect responses reinforced by novel sensory stimulation.

Although locomotor activity in a novel environment and operant responding for light onset
may share some common behavioral and neural processes, the association between them is
only partial, suggesting that there are other behavioral and neural processes involved which
the two tests do not share in common. For example, an unexpected result of this study was
that while total VSR responding was correlated with Loco, preference for the active
alternative (as indicated by relative frequency of active responding) was not correlated with
Loco. This result confirmed the results of a previous study in which we also did not find a
significant relationship between relative frequency and Loco [12]. These results indicate that
the activating effects of the light (total responses), but not response guiding effects of the
light (relative frequency of active responding), are related to locomotor reactivity in a novel
environment.

The present results indicating a significant positive association between VSR and Loco are
different from results previously reported by Bardo and co-workers, who found no
significant positive association between locomotor response to novelty and approach to
novel places and objects [26–28]. Bardo and coworkers characterize locomotor response in a
novel environment as “inescapable novelty” emphasizing that locomotor activity measured
in a novel enclosure may reflect attempts to escape which are associated with stress related
HPA-axis activation [40,41]. According to Bardo and co-workers, “free-choice” measures of
novelty seeking such as approach to novel objects or places (in comparison to familiar
objects and places) does not include an escape component and is not associated with stress
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related HPA-axis activation [41,42]. Thus, according to these investigators, the absence of a
positive association between “free-choice” measures of novelty seeking and Loco may be
explained by the fact that there is no escape component in “free-choice” novelty tests.

One way to reconcile the results indicating that VSR shares some common behavioral and
neural processes with Loco and that “free-choice” novelty tests do not, is to hypothesize that
novelty has both activating and response guiding effects. Increased locomotor activity in a
novel environment primarily reflects the response activating effects of novelty, whereas the
free-choice novelty tests measure mainly response guiding effects. This interpretation is
consistent with the results of the present study indicating a positive association between
Loco and the absolute rate of responding for novel light onset (activating effects) but no
association of Loco with the relative frequency of active responding (guiding effects). This
hypothesis predicts that the relative frequency of active responding in the VSR procedure
should be positively associated with the “free-choice” novelty tests used by Bardo and co-
workers.

Further support for the concept of separate activating and guiding effects of novel stimuli is
provided by the effects of systemic injections of amphetamine on the Loco, VSR and “free-
choice” novelty tests. Amphetamine increases locomotor activity [43]. We have reported
that amphetamine increases the absolute rate of VSR responding (activating effect) without
altering the relative frequency of active responding (response guiding effect) [15]. Bardo et
al. have reported that amphetamine does not alter preference for novelty in “free-choice”
novelty tests [44]. One possible implication of these results is that the activating effects of
novelty are increased by amphetamine and that the response guiding effects of novel stimuli
are not. To summarize, VSR has several potential advantages over the Loco novelty test as a
measure of sensation-seeking. First, in the VSR procedure, the source of novel stimulation is
precisely identified and its availability can be easily manipulated. In contrast, the precise
sources of novelty in the Loco procedure are unspecified and cannot be independently
manipulated. Second, the VSR procedure produces two unrelated measures of novelty
seeking: (i) absolute rate of responding indicating the response activating effects and (ii) the
relative frequency of active responding indicating the response guiding effects. In contrast,
the Loco procedure provides only a single locomotor activity measure which may be more
sensitive to response activating effects of novelty than the response guiding effects of
novelty. An important unanswered question is the association between the absolute and
relative frequency of active responding obtained using the VSR procedure with approach to
novelty in “free-choice” novelty procedures. We hypothesize that the relative frequency of
responding in the VSR procedure will be positively associated with “free-choice” measures
of novelty. It is possible that the Loco procedure is most sensitive to the response activating
effects of novelty and that the “free-choice” novelty procedures are most sensitive to the
response guiding effects of novelty while, the VSR procedure is sensitive to both the
response activating and response guiding effects of novelty.

4.2. Operant and Pavlovian processes and novelty
An alternative way to view the differences between the VSR, “free-choice” and Loco
novelty tests is in terms of the distinction between operant and Pavlovian processes.
Although both “free-choice” and VSR tests involve approach to novelty, VSR is an operant
processes in which a response is emitted to produce novel light onset. “Free-choice” tests,
however, appear to rely more on Pavlovian conditioning, because the stimulus/location is
presented non-contingently resulting in elicitation of an approach response. That being said,
it is possible to speculate that approach responses in the “free-choice” novelty procedures
are operant responses which are reinforced by interactions with the novelty. The Loco
procedure can also perhaps be best described as a Pavlovian procedure, although the
stimulus (novel locomotor chamber) and elicited response (movements) are defined in a
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relatively non-specific fashion in comparison to the VSR and “free-choice” novelty tests. As
was described for “free-choice” novelty procedure, a portion of the responses causing
movement in the Loco procedure could be operant.

Only the VSR procedure allows a clear distinction to be made between operant and
Pavlovian conditioning. The response guiding effects indicated by the relative frequency of
active responding clearly fit the definition of operant responding. In contrast, the activating
effects indicated by non-specific increases in total responding may be the result of both
operant and Pavlovian processes. Operant and Pavlovian processes may play distinct roles in
the production and reaction to novel stimuli. This distinction may be important in describing
sensation seeking phenotypes.

4.3. Sensory reinforcement and SA
The finding that locomotor activity in a novel environment is a predictor of operant
responding for light onset has implications for Loco as a predictor of drug SA. Although it
has been frequently demonstrated that light onset and offset can be primary reinforcers [for
reviews see, 13,14,34,45], the potential primary reinforcing effects light are often not taken
into account in SA procedures where the onset (or offset) of a light is paired with drug
delivery. In these studies, changes in illumination are often used to indicate a time-out
period when drug is unavailable and/or to act as a conditioned reinforcer in studies of cue-
induced reinstatement. In studies using light as a cue, it is possible that prediction of SA by
Loco is related to the ability of Loco to predict VSR [for example, see, 12]. A further
complication is that there is evidence that systemic administration of methamphetamine
[15], D-amphetamine [16–20], and nicotine [21,22] increase responding for visual
reinforcers.

A number of studies have indicated that the primary reinforcing effects of light stimuli play
a role in rodent SA studies. Deroche-Gamonet et al. [46] demonstrated that the presence of a
VS enhanced acquisition of cocaine SA. Furthermore, a series of experiments [47–55] have
shown that the rate of nicotine SA is greater when nicotine infusions are accompanied by
light onset. One conclusion drawn from this work is that nicotine enhances responding for
VSRs. SA studies offer important information regarding sensitivity to the reinforcing
properties of drugs of abuse. However, inclusion of potentially reinforcing sensory stimuli
without proper controls may weaken the conclusions that can be drawn from these
experiments.

4.4. SS and habituation
Zuckerman [56–58] has theorized that high SS should be initially more responsive to novel
stimuli but that this responsiveness should habituate more rapidly. In the present study, HR
rats were more reactive to novel stimulation and sustained this reactivity for a longer period
of time within the test session than LR rats, indicating that they habituated more slowly.
Slower habilitation was found for both locomotor response to novelty and light contingent
responding (Fig. 3c and d).

Evidence indicating faster habituation in high human SS is mixed. Neary and Zuckerman
[10] showed that high SS exhibit an enhanced skin conductance response to a novel visual
stimulus presentation compared to low SS. As was the case for the present study, no basal
differences of arousal existed prior to stimulus presentation. Differences in skin conductance
were no longer detectable with repeated presentation of the visual stimulus, presumably
because it had become familiar. Presentations of additional novel stimuli resulted in the
same behavioral and physiological pattern as the initial novel stimulus. However, these
authors observed no differences in the rate of habituation between high and low SS.
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There is also some evidence that high SS habituate more rapidly. Eye blink responses
elicited by acoustic startle stimuli have been reported to habituate more rapidly in
participants that scored high on the SS [59]. Furthermore, there is evidence that high SS
engaging in extreme sports show no overall differences in P3a amplitude from low SS as
measured by event-related potentials in a three-stimulus oddball task. Yet, high SS exhibit a
greater decline in P3a amplitude across trials, presumably as the task becomes more familiar
compared to low SS counterparts [60]. There is also evidence that high SS exhibit
qualitatively different event-related brain potential responses after seeing a novel visual
stimulus, and there is some indication that habituation to the repeated visual stimulus may be
localized to the ventral prefrontal cortex [61]. In summary, there are indications of
differences in habituation between high and low SS, but the nature of these differences is
unclear.

A contributing factor that may account for different results between studies is a lack of
experimental control in human studies. The experiments in rats described in this paper were
conducted in highly controlled environments designed to eliminate competing stimulation.
In the case of the VSR experiment, the animals were pre-exposed to the test environment for
10 days ensuring that the animals were very familiar with contextual stimuli during the test
phase except for the novel light onset. In the absence of interference from competing
contextual stimuli, the relative novelty of light onset may have been sustained for a longer
period.

4.5. Conclusions: VSR as an animal model of SS
VSR has construct validity as a measure of SS. Both VSR and the thrill and adventure
seeking subscales of SSS-V involve novelty. In present experiment, VSR was tested in an
environment that was made familiar through pre-exposure, so that when the response
contingent light was finally available it was both surprising (unexpected) and novel. Light
reinforcement also has face validity. In the VSR paradigm, rats approach the novel stimulus
by performing an operant response. Human SS also actively approach novel stimuli. In both
rats and humans, voluntary interaction with the novel stimulus appears to be motivated by
degree of interest in investigating or exploring novel events. Another similarity between
VSR in rats and SS in humans is that both are characterized by individual variation which is
consistent across different contexts. HR rats are different from LR rats in Loco [31], VSR
[12], maze exploration [8,9] and drug SA [1–7]. Similarly, high human SS are different from
low SS on gambling [62], extreme sports [60] and drug abuse [58]. The value of VSR as a
non-human animal model of SS lies in its translational utility. Using behavioral tasks to
measure psychological constructs such as SS in both human and non-human animals allows
the development of behaviorally based operational definitions of SS. Development of an
operational definition in non-human animals will help advance research into the underlying
neural and behavioral determinants of SS.
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Loco locomotor response to novelty

SS sensation seeking

HR high responder

LR low responder

SA self-administration

VI variable interval

METH methamphetamine
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Fig. 1.
Performance across all days of VSR testing. In each plot, performance during the pre-
exposure phase is shown to the left of the dashed line, and performance in the VSR phase is
shown to the right of the dashed line. Data are averages (±SEM) across all 16 test sessions.
The left column (a and b) shows performance of all animals (n = 93) tested on VSR. The
right column (c and d) shows performance in animals identified as high (HR) and low (LR)
locomotor responders during VSR testing. The closed circles are animals identified as HR
responders (n = 30), the open squares are animals identified as LR responders (n = 30). (a)
This plot shows that there was a decline in responding during pre-exposure and an increase
in responding during the VSR phase. VSR responding increases from session 11 to 14 of
testing with peak performance occurring on the third test session of VSR (test session 14).
(b) This plot shows relative frequency of active responding across pre-exposure and VSR
phases. The response contingent light increased the relative frequency of active responding.
(c) This plot illustrates total responses across pre-exposure and VSR phases for HR and LR
rats. There is no difference in total responses between HR and LR rats during pre-exposure.
HR rats have significantly greater total responses across all days of VSR testing. (d) This
plot illustrates relative frequency to the active alternative across pre-exposure and VSR
phases for HR and LR rats. There were no differences in relative frequency to the active
alternative in HR and LR rats for pre-exposure or light reinforced phases. (*) indicates a
significant difference between HR and LR rats at p < 0.0083.
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Fig. 2.
Scatterplots showing associations between Loco and total responses of pre-exposure and
VSR testing in all animals (n = 93). (a and b) Locomotor scores are represented on the X-
axis, and total responding during pre-exposure or VSR is represented on the Y-axis. (a) A
scatterplot of locomotor movements in 1 h exposure to novel environment and total
responses made during last 2 days of pre-exposure testing (i.e., dark chamber with no
programmed consequences for snout pokes). There is no association between pre-exposure
and Loco. (b) A scatterplot of locomotor movements in 1 h exposure to novel environment
and total responses made during the first 3 days of VSR testing. There is a significant
positive association between Loco and performance on VSR testing. (c) A scatterplot of
locomotor movements in 1 h exposure to novel environment and relative frequency of active
responses made during the first 3 days of VSR testing. There is no association between pre-
exposure and Loco.
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Fig. 3.
Within-session performance during Loco and VSR testing in HR and LR rats. The closed
circles are animals identified as HR rats (n = 30), the open squares are animals identified as
LR rats (n = 30). (a) Data are within-session locomotor activity in 10 min epochs. HR rats
have significantly greater locomotor activity at each 10 min epoch. (b) Data are within-
session total responding in 6 min epochs. Data are mean (±SEM) total responses from Days
1 to 3 of VSR testing. HR rats have significantly more responses at each 6 min epoch. (c)
Data are the mean (±SEM) of the proportion of locomotor activity in each 10 min epoch. (d)
Data are the mean (±SEM) of the proportion of total responses in each five min epoch. (*)
indicates a significant difference in between HR and LR rats at p < 0.0083.
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Table 1

Overall timeline of behavioral testing.

Phase Days

Light reinforcement testing

Pre-exposure to operant chamber 1–10

Response contingent light onset 11–17

Locomotor response to novelty 18
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Table 2

Comparison of methodological differences of current study with previous Gancarz et al. [12,15] study.

Current study Gancarz et al. [12,15]

Number of rats 93 30

Strain Sprague Dawley Long Evans

Time of testing Dark cycle Light cycle

Order of testing VSR tested first Loco tested first

Pre-exposure 10 sessions 6 sessions

Water restriction Yes No
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