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Abstract

Rationale—Novelty and sensation seeking (NSS) predisposes humans and rats to experiment 

with psychostimulants. In animal models, different tests of NSS predict different phases of drug 

dependence. Ultrasonic vocalizations (USV) are evoked by psychomotor stimulants and measure 

the affective/motivation response to stimuli, yet the role NSS has on USV in response to 

amphetamine is not determined.

Objectives—Determine if individual differences in NSS and USV can predict locomotor and 

USV response to amphetamine (0.3, and 1.0 mg/kg) at different exposure lengths.

Methods—Thirty male rats were tested for their response to novelty (IEN), choice to engage in 

novelty (NPP), and heterospecific play (H-USV). Rats were administered non-contingent 

amphetamine or saline for 7 exposures and USV and locomotor activity were measured. After a 

14-day rest, rats were administered a challenge dose of amphetamine.

Results—Regression analyses indicated that amphetamine dose-dependently increased 

locomotor activity and the NPP test negatively predicted treatment-induced locomotor activity. 

The H-USV test predicted treatment-induced frequency modulated (FM) USV, but the strength of 

prediction depended on IEN response.

Conclusions—Results provide evidence that locomotor activity and FM USV induced by 

amphetamine represent different behavioral responses. The prediction of amphetamine-induced 

FM USV by the H-USV screen was changed by the novelty response, indicating that the affective 

value of amphetamine—measured by FM USV—depends on novelty response. This provides 

evidence that higher novelty responders may develop a tolerance faster and may escalate intake 

faster.
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Novelty and sensation seeking (NSS) is a trait in humans that predisposes individuals to 

experiment with drugs of abuse (Zuckerman. 1986). Rodent models of NSS have been 

developed to understand how NSS contributes to increased addiction vulnerability. The 

inescapable novelty test (IEN) challenges an animal with a novel-unavoidable open field and 

the resulting locomotor activity is measured. Higher locomotor activity is interpreted as a 

greater response to novelty (Piazza et al. 1989; Piazza et al. 1990). High novelty responders 

in the IEN test show a greater locomotor response to acute low unit doses of psychomotor 

stimulants when compared to their low responder counterparts (Hooks et al. 1991; Hooks et 

al. 1992; Mathews et al. 2010). High responders also show greater behavioral sensitization 

to psychostimulants than low responders after repeated administrations (Hooks et al. 1992; 

Piazza and Deroche Gamonet. 2013).

To more fully characterize the relationship between novelty and drug use additional NSS 

tests have been examined. The novelty place preference (NPP) test provides rats the choice 

to engage a novel environment. High novelty preferring rats show a propensity to develop 

addiction-like criteria and transition to compulsive cocaine use, while low novelty 

preferring rats do not demonstrate similar behavior (Belin et al. 2011). Interestingly, high 

responding rats in the IEN test do not demonstrate addiction-like criteria and numerous 

experiments have determined that the behavioral responses observed in the IEN and NPP 

tests are not correlated (Bardo et al. 1996; Cain et al. 2005; Cain et al. 2009; Belin et al. 

2011; Bardo et al. 2013) or show a negative correlation (Cain et al. 2004; Beckmann et al. 

2011), suggesting that these tests are measuring different traits or that novelty in rodents is 

multidimensional.

Given the lack of correlation between the tests (Bardo et al. 1996; Cain et al. 2005; Belin et 

al. 2011; Bardo et al. 2013) and the differences in predicting different phases of the drug 

response (Bardo et al. 2013; Piazza and Deroche Gamonet. 2013), the current experiment 

will determine if individual differences in NSS are related to ultrasonic vocalizations (USV). 

USV show great inter-individual variability, while maintaining intra-individual stability 

(Taracha et al. 2012), suggesting they can be used as a tool to understand drug response. 

Research examining USV and drugs of abuse has primarily focused on cocaine and 

amphetamine (Burgdorf et al. 2001; Ahrens et al. 2009; Ma et al. 2010; Barker et al. 2010; 

Wright et al. 2010; Brudzynski et al. 2011a; Brudzynski et al. 2011b; Maier et al. 2012; 

Ahrens et al. 2013), but other research has examined caffeine, ethanol, MDMA, morphine, 

and nicotine (Covington and Miczek. 2003; Simola et al. 2010; Wright et al. 2012; Simola et 

al. 2012; Sadananda et al. 2012).

Twenty-two kHz vocalizations are indicative of a negative affective state, because they are 

evoked by aversive stimuli including predatory presentation (Blanchard et al. 1991), drug 

withdrawal (Mutschler and Miczek. 1998; Covington and Miczek. 2003), tail shock (van der 

Poel, A M et al. 1989), and suboptimal drug reinforcement (Barker et al. 2014) after 

established dependence. Conversely, 50 kHz USV are indicative of positive affective state 

(Knutson et al. 2002) and are induced upon receipt of conditioned and unconditioned 

rewards, including: rewarding brain stimulation (Burgdorf et al. 2000; Burgdorf et al. 2007), 

psychostimulants (see above), and juvenile play with another rat or through experimenter-

administered tickling or heterospecific play (Knutson et al. 1998; Burgdorf and Panksepp. 
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2001; Burgdorf et al. 2005). Researchers using the experimenter tickling procedure or 

heterspecific test (H-USV), tickle rats with fast-finger movements in 15s intervals for 2 

minutes. Tickling reliably evokes 50 kHz USV and is a way to test rats for USV response 

prior to drug administrations (Brudzynski et al. 2011b).

Fifty kHz USV also reflect dose dependent differences in cocaine self-administration 

(Barker et al. 2010) and are specifically sensitive to differences in optimal cocaine satiation 

(Barker et al. 2014) and sucrose satiation (Coffey et al. 2013), suggesting USV are an 

indicator of subjective reinforcer magnitude and affective motivation. The magnitude of 

conditioned place preference induced by cocaine and amphetamine is positively correlated 

with 50 kHz USV (Burgdorf et al. 2007; Meyer et al. 2012; Ahrens et al. 2013), providing 

strong evidence that the incentive value of a reinforcer can be measured with USV and that 

the incentive value may be related to the initial affective assessment of a reinforcer.

Research suggests that breeding for high USV calling does alter locomotor response to 

amphetamine, (Brudzynski et al. 2011a), but other research has generally determined that 

locomotor sensitization and affective sensitization are separate (Taracha et al. 2012; Ahrens 

et al. 2013; Taracha et al. 2014). However, traditional locomotor sensitization paradigms 

usually administer 5–7 systemic drug injections (Kalivas and Stewart. 1991; Hooks et al. 

1991; Arndt et al. 2014), while USV sensitization paradigms follow a two injection protocol 

(TIPS) spaced 7 days apart (Taracha et al. 2014). Importantly, when amphetamine is 

administered systemically USV sensitization only occurred in high vocalizer rats. In another 

article, individual differences in USV sensitization were not observed in the TIPS protocol 

and were only observed only after daily repeated injections (Taracha et al. 2012).

Taken together, the research suggests that individual differences in NSS and USV are 

related to the propensity for psychostimulant addiction. The current study aimed to 

determine if individual differences in NSS or affective response induced by the H-USV test 

(tickling) could collectively or uniquely predict locomotor and USV response to 

amphetamine in a prolonged behavioral sensitization paradigm. In addition, many NSS and 

USV experiments typically use median splits or similar techniques to create artificial groups 

which can create Type I or II error (Irwin et al. 2003; Cain et al. 2005; De Coster et al. 

2011). Therefore, hierarchical regression analyses were used to maintain the continuous 

scaling of the NSS and USV responses to understand if these tests could collectively or 

uniquely predict locomotor and USV response to acute and chronic amphetamine or saline.

Methods

Animals

Thirty adolescent male Sprague-Dawley rats were purchased from Charles River 

Laboratories. Rats were 30 days old on arrival and were individually housed in a 

temperature and humidity controlled colony room. Rat cages were housed in standard 

transparent polyurethane cages with Carefresh® bedding with food and water available ad 

libitum for the duration of the experiment. After arrival rats were handled daily with 

experimentation beginning 10 days after arrival. Rats were maintained on a 12:12 light:dark 

cycle with lights on from 7:00–19:00. All experimentation occurred in the light cycle. The 
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procedures were approved by the Kansas State University Institutional Animal Care and Use 

Committee and the Guide for the care and Use of Animals (National Research Council, 

2011).

Drugs

d-amphetamine sulfate (Sigma, St. Louis, MO) was dissolved in 0.9% saline and was 

administered at 0.3 & 1.0 mg/kg doses (i.p.) in a 1 ml/kg volume. The doses tested were 

chosen to produce locomotor activity without producing stereotyped behaviors (Pijnenburg 

et al. 1975) and to allow for observation of individual differences in response to novelty 

because these differences are most robust at low unit doses (Hooks et al. 1992; Cain et al. 

2005).

Apparatus

The inescapable novelty test (IEN) was conducted in activity chambers measuring 46.6 × 

46.6 × 46.6 cm. Each chamber was constructed of transparent plexiglass walls and plastic 

flooring covered with pine shavings. A 16 × 16 photocell array surrounded the locomotor 

chamber and was 2.54 cm above the plastic flooring. Each photocell was spaced 2.54 cm 

apart (Coulbourn Instruments, TruScan 2.01) and measured the amount of horizontal 

movement in centimeters. The horizontal movement was recorded in 5-minute blocks of 

time for each session and summed to yield a total distance traveled. A white noise generator 

(70 dB) was used to create background noise to mask external sounds.

The novelty place preference test (NPP) was conducted in a three compartment preference 

chamber constructed of Plexiglas. Each end compartment measured 29 × 23 × 45 (L×W×H) 

cm. The walls of one compartment were white and the floor was made of wire mesh (13 × 

13 mm). Pine shavings were placed in the litter tray located beneath the wire mesh floor. 

The walls of the other end compartment were black and the floor was made of 15 metal rods 

(6 mm in diameter) spaced 2 cm apart center to center. Compressed pellet bedding was 

placed in the litter tray located beneath the metal rod floor. The smaller center compartment 

was 19 × 23 × 45 (L×W×H) cm. Its walls and floor were painted grey and constructed 

entirely of Plexiglas. The walls that separated the three compartments were replaced on the 

test day with similarly painted walls that had a 10.5×10.5 cm opening at the bottom center to 

allow access to all compartments.

The heterospecific test (H-USV) and all ultrasonic recording were conducted in a separate 

room, and each animal was tested individually. During the heterospecific test, the recording 

chamber was comprised of a standard transparent shoebox cage. The cage floor was 

covered with Carefresh® litter bedding. During amphetamine training sessions, the 

recording chamber was comprised of a standard opaque shoebox cage. In addition to the 

cage color difference, the cage floor was covered with compressed pellet bedding to provide 

an additional contextual cue.

Ultrasonic equipment and analysis

USV were recorded using an ultrasonic microphone (Ultramic 200K) and recording software 

SEAwave (Sound Emission Analyzer). USV of all call types and frequencies were counted 
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automatically and scored similar to Ahrens et al. (2009) and Burgdorf et al. (2007). The 

Ultramic 200K and recording software interfaced with a separate computer that 

automatically saved the sound file for subsequent analysis. AviSoft SASLab Pro 

Bioacoustics sound analysis software was used to generate a spectrogram, and score the 

parameters of each USV ranging from 18–100 kHz and duration of 10 ms. A trained 

researcher blind to experimental conditions scored the shape of the USV as flat, or 

frequency modulated (FM) (Garcia et al. 2015). During shape analysis all USV were 

verified using the playback function of SASLab. Operational definitions are as follows: Flat 

USV had no visual modulations. Simple FM USV had 1 or 2 modulations, change in 

frequency that did not have trill or step-trill components. FM USV were operationally 

defined as having 3 or more modulations and included trill USV, and step-like USV that had 

trills at the beginning or end of the call. Modulations were operationally defined as having a 

greater than ~3kHz change in frequency. The parameter values were copied into Microsoft 

Excel and categorized into 22 kHz (20–28 kHz) and 50 kHz (35–100 kHz) based on peak 

frequency. Calls in the range of 28,001–34,999 were not classified and not included in 

statistical analysis. The number of unclassified was ~3–5% depending on the animal. The 

present study examined over 30,000 USV calls. The H-USV screen is designed to probe for 

50 kHz USV, and as a result, minimal 22 kHz USV were observed. Simple FM USV (1 or 2 

modulations) did not predict amphetamine-induced USV. Therefore, the analyses for 22 kHz 

and simple FM USV are not presented or discussed further.

Procedure

All rats (N= 30) received all tests in the same order: IEN, NPP, H-USV. The order of tests 

was determined by prior research that used regression statistical models (Cain et al. 2005). 

The first day the rats were tested for their response to novelty with the IEN test. Rats were 

placed inside of the chamber for 30 minutes, and total distance traveled (cm) was recorded 

by the computer. The next day rats were tested for their preference for novelty with the NPP 

test. Rats were individually placed and restricted to either the white or black end 

compartments of the place preference chamber for 30 minutes for two consecutive days. On 

the test day, the rats were placed in the neutral grey center and allowed access to habituated 

and novel side for 15 minutes. Time spent on each the habituated and novel side was 

recorded and a preference ratio was calculated [time novel / (total time - minus the grey)]. A 

rat was considered to be in a compartment when both front paws were in a compartment. 

The rats were tested for their affective response to rewarding stimuli using the H-USV test. 

Rats were individually transported to a separate room and placed inside an arena where 

ultrasonic recordings occurred. Rats were then ‘tickled’ for 15s followed by 15s of no 

stimulation. This cycle repeated for two minutes for three consecutive days. On the 4th day, 

the procedure was identical, but the microphone recorded USV of all call types.

After all tests were completed, rats were block randomized to either the saline or 

amphetamine (0.3 or 1.0 mg/kg) conditions, such that the higher and lower NSS rats and 

USV callers were equally distributed across all treatment groups. Rats were transported to a 

holding room adjacent to the USV recording room. Rats were injected (intraperitoneally i.p) 

with their respective treatment and placed back in their homecage for 15 minutes. After 15 

minutes, the injected rat was transported to the recording room and placed in the arena with 
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a cage lid. The number and shape of USV were recorded for two minutes (15–17 min. post 

injection). After USV recording was finished, the rat was transported to the activity 

chambers and total distance traveled (cm) was recorded for 60 min. This procedure was 

completed for a total of 7 treatments over 14 days. Ultrasonic recording occurred on Days 1, 

7, and Challenge day. Days 2–6 the microphone was on, but did not record USV. This was 

intentionally done because of the laborious nature of scoring USV. After the 7th treatment all 

rats went on a 14-day break and were not administered any drug, and handling was limited 

to bedding/cage changes. Then, all rats were given a challenge dose of amphetamine (0.3 or 

1.0 mg/kg) to test for behavioral and affective sensitization. Rats previously administered 

saline were divided equally across the amphetamine treatments, such that half received the 

0.3 mg/kg and half received 1.0 mg/kg. USV and locomotor activity were recorded as 

previously described.

Analyses

To facilitate comparison with previous literature, we calculated and presented the mean ± 

SEM locomotor and USV responses for each test session and conducted ANOVAs to 

determine if treatment-induced differences existed regardless of individual differences. To 

examine the relationship between NSS, H-USV, and the response to amphetamine, we used 

hierarchical regression because each of the independent variables (IEN, NPP, and H-USV) 

are continuous. When independent variables are continuous the appropriate analysis is a 

regression, because it does not require median splitting that is required to accommodate 

ANOVA. Median splitting can result in the introduction of Type I or Type II error (Maxwell 

et al. 1993; Irwin et al. 2003; De Coster et al. 2011). Regression allows for multiple 

continuous or categorical variables to be entered together to predict a dependent variable. 

Therefore, total distance traveled (IEN), place preference ratio (NPP) and FM USV counts 

(H-USV) were used to predict locomotor activity and USV after their respective treatments. 

All FM USV presented in results were the 50 kHz variety. Two separate regressions were 

conducted for each test session. The first determined if the IEN, NPP, and H-USV tests 

predicted the locomotor response to amphetamine or saline. The second determined if the 

IEN, NPP, and H-USV tests predicted amphetamine or saline-induced FM USV calling. All 

hierarchical models entered the IEN, NPP, and H-USV tests in the first step. For the second 

step, saline was selected to be the comparison group, and the low and high doses were tested 

against the saline group to determine if they could add more prediction to the overall model. 

Finally, all two-way interactions were tested independently and if significant, were probed 

using simple slope analyses. The simple slope determines if the slope is significantly 

different from zero. Meaningful models were assessed with R2, which represents the total 

variance accounted for in the dependence variable by the predictor variables. Significant R2 

change was determined by F statistic and p<.05. β coefficients are an estimate of effect size 

in standard deviations (Nakagawa and Cuthill. 2007; Nathans. 2012). Significant β 

coefficients above .40 (in absolute value) are considered strong effects, and generally 

statistically significant at p<.05. Positive or negative values simply describe the direction of 

the effect. All significance was set at p ≤ .05. The bivariate correlations between IEN, NPP, 

and number of USV in response to H-USV are described in another manuscript (Garcia et al. 

2015).
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Results

Locomotor and affective response to acute amphetamine: Session 1

Predicting Total Distance Traveled (cm)—The overall model accounted for a 

significant amount of variance in total distance traveled in response to the first treatment (R2 

= .28, p < .05). There was a main effect of NPP, such that higher novelty preferring rats 

showed less distance traveled on session 1, demonstrating a significant negative relationship 

(β = −.48, p < .01; see Fig. 1). There was no effect of IEN and H-USV, meaning they did not 

predict the total distance traveled to treatment on the first session. Entry of treatment 

condition in the 2nd step accounted for significantly more variance (R2 = .76, p < .001). 

There was a main effect of drug, such that the low and high doses increased distance 

traveled. The drug effects were positive relationships (β = .51, p < .001; β = .89, p < .001), 

indicating that rats in the low dose and high dose groups traveled .51 and .89 standard 

deviations more than the saline treated rats. All possible 2-way interactions were tested 

independently by entry into the model and then the interaction term was removed for a 

subsequent interaction tests. When predicting total distance traveled on session 1 none of the 

interactions significantly increased the model’s prediction of the dependent variable (Table 

1).

Predicting FM USV—The next regression model accounted for a significant amount of 

variance in FM USV in response to the first treatment, (R2 = .56, p < .001). There was no 

effect of IEN and NPP tests as evidence by no predictive relationship with FM USV in 

response to acute amphetamine or saline treatment. There was a main effect of the H-USV 

test, indicating higher FM USV callers in the H-USV screen vocalized more during session 

1. This effect of H-USV test was positive, (β = .67, p < .001). In the 2nd step, the high and 

low dose of amphetamine were entered to determine if they changed FM USV called 

compared to saline. There was no main effect of drug, indicating the low or high dose did 

not change the number of FM USV when compared to saline, (β = −.02, p >.05; β = .04, p 

> .05). Importantly, tests of interactions in the third step revealed marginally significant 

interactions between drug and H-USV test (R2 = .66, p = .06). Specifically, the low 

amphetamine dose interacted with the H-USV test, such that higher callers during the H-

USV test vocalized less when given the low dose of amphetamine, and FM USV calling was 

not affected by the saline or high dose of amphetamine (figure not shown). Figure 2 shows a 

non-significant interaction of the IEN × H-USV tests to depict how the relationship changed 

across repeated injections. All other 2-way interactions were entered into the model but were 

not significant (Table 2).

Locomotor and affective response to repeated amphetamine: Session 7

Mean locomotor activity (cm)—Analysis of the mean distance traveled (cm) during 

each locomotor session revealed that amphetamine-induced locomotor activity increased 

with repeated amphetamine injections with the highest amphetamine dose resulting in 

greatest distance traveled (Fig 3).

Predicting Total Distance Traveled (cm)—The IEN, NPP or H-USV tests did not 

account for a significant amount of variance, (R2 = .09, p > .05). Entry of the drug treatment 
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did account for a significant amount of variance, (R2 = .74, p < .001), indicating a main 

effect of the low and high doses of amphetamine. Each dose significantly increased 

locomotor activity compared to the saline treated rats (β = .51, p < .001; β = 1.04, p < .001). 

All 2-way interactions were tested and none resulted in a significant amount of additional 

variance accounted for when added to the model. The low dose differentially affected high 

preferring and low preferring rats but this was not significant (Fig 4; Table 3).

Mean number of FM USV—FM USV varied as a function of amphetamine dose and 

generally decreased with repeated injections (Fig 5).

Predicting FM USV—The IEN, NPP, and H-USV tests accounted for a significant amount 

of variance when predicting FM USV on Session 7 (R2 = .44, p < .005). There was not a 

main effect of IEN or NPP, meaning the effect was entirely driven by the H-USV. There 

was a main effect of the H-USV test. The H-USV test positively predicted FM USV(β = .62, 

p < .001), suggesting the higher FM USV vocalizers in the H-USV test remained the higher 

vocalizers throughout chronic treatment. In the next step, drug was entered into the 

regression model and showed that both the low and high dose of amphetamine reduced FM 

USV when compared to saline, but this was not a significant reduction (β = −.22, p = .22; β 

= −.35, p = .07). Tests of interactions showed that the IEN and H-USV tests interacted and 

significantly increased the amount of explained variance in FM USV after 7 exposures (R2 

= .63, p = .01). Specifically, the strength of the H-USV’s relationship with treatment-

induced FM USV decreases as the IEN response increases (β = −.35, p = .01; Fig 6 and 

Table 4), but only when the rats received repeated administrations of the high dose. Probing 

this interaction using simple slope analyses revealed that at high levels of the IEN response 

the relationship between H-USV test and treatment-induced FM USV remained the same. 

More importantly, when the IEN response was low, the H-USV test showed a stronger 

significant positive relationship with amphetamine-induced FM USV (p < .05), but this 

relationship was dependent on repeated administrations of the high dose of amphetamine. 

No other 2-way interactions were significant.

Locomotor and affective response during sensitization test: Challenge Session

Mean locomotor activity (cm)—Analysis of the mean distance traveled (cm) during the 

sensitization test revealed that high dose of amphetamine resulted in more amphetamine-

induced locomotor activity than the low dose of amphetamine. However, we did not observe 

a significant difference between the rats given their first injection of amphetamine versus the 

rats given their challenge injection (Fig 7).

Predicting Total Distance Traveled (cm)—On the challenge session the IEN, NPP, 

and H-USV tests did not predict amphetamine-induced locomotor activity, (R2 = .10, p > .

05). However, entry of the drug in step 2 revealed a main effect of drug as evidenced by the 

significant amount of explained variance, (R2 = .49, p < .005). There was no main effect of 

repeated low dose, indicating the repeated low dose did not increase locomotor activity 

when compared to the rats that were treated with repeated saline and challenged with the 

low dose of amphetamine, (β = .32, p > .05). Rats previously administered saline but given 

the high dose displayed greater locomotor activity than the acute low and repeated low dose 
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groups, (β = .62, p < .005). Similarly, the repeated high dose increased locomotor activity 

when compared to repeated low dose and acute low dose treated rats (β = .83, p < .001). 

However, rats treated with the repeated high dose did not display greater locomotor activity 

when compared to the saline-treated rats tested with the high dose for the first time. All 2-

way interactions were tested and did not reveal any significant interactions when predicting 

locomotor response on the challenge session (Fig 8; Table 5).

Mean number of FM USV—FM USV: The number of FM USV varied as a function of 

amphetamine dose and history with the rats given their first injection of the high dose of 

amphetamine vocalizing the most (Fig 9).

Predicting FM USV—When predicting FM USV on the challenge session, entry of the 

IEN, NPP, and H-USV tests accounted for a significant amount of explained variance, (R2 

= .32, p < .05). There was no effect of NPP test, suggesting no relationship with FM USV. 

However, the IEN test showed a marginally significant negative relationship, (β = −.32, p = .

06), suggesting higher novelty responders emitted less FM USV. There was a main effect of 

the H-USV test, such that higher vocalizers in the H-USV test remained high throughout the 

challenge session. The H-USV effect was positive, (β = .45, p < .01). Entry of the drug in the 

second step revealed no main effect of drug and did not result in more explained variance, 

(R2 = .46, p > .05), suggesting that the acute low, repeated low, acute high, and repeated 

high doses did not change FM USV differently (See Table 6). All 2-way interactions were 

tested. Similar to the interaction on the 7th exposure, the IEN and H-USV tests accounted for 

more explained variance in FM USV on the challenge session as evidenced by a significant 

interaction, (R2 = .60, p = .01). The interaction of the IEN and H-USV negatively predicted 

amphetamine-induced FM USV, (β = −.38, p = .01), suggesting that the relationship 

between the H-USV test and amphetamine-induced FM USV decreases as novelty response 

increases. Using simple slopes to probe this interaction revealed similar slope changes 

observed in session 7. The H-USV test’s relationship with amphetamine-induced FM USV 

did not change at high levels of the IEN response, but showed a significant positive 

relationship at low levels of IEN response (Fig 10). No other 2-way interactions were 

significant.

Discussion

Our data provide strong support that the IEN, NPP, and H-USV tests can uniquely predict 

the locomotor and affective response to a low and high dose of amphetamine. Furthermore, 

behavioral sensitization appears to occur across different domains. Locomotor sensitization 

and affective sensitization, as measured by FM USV, are distinct processes and suggests 

each can be researched to understand individual differences in amphetamine response.

Generally, when median split statistical techniques are used, high responders in the IEN test 

show greater locomotor activity in response to low-unit doses of amphetamine, when 

compared to their low responding counterparts (Hooks et al. 1991). The latter effect was not 

observed in the current study. This is consistent with previous research using regression 

analyses to examine the relationship between inescapable novelty and amphetamine self-

administration (Cain et al. 2005). However, in the current study the NPP test showed a 
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negative predictive relationship with treatment-induced locomotor activity, such that the 

highest novelty preferring rats showed the least locomotor activity in response to treatment 

in Session 1. Interestingly, when chronic amphetamine was administered, the NPP test no 

longer predicted treatment-induced locomotor activity, suggesting that NPP individual 

differences are most robust early in drug training and diminish with prolonged drug 

exposure. The H-USV test did not predict locomotor activity early or late in drug training. 

This result is consistent with other research suggesting that USV are not related to cocaine 

or amphetamine-induced locomotor activity (Taracha et al. 2012; Ahrens et al. 2013; 

Taracha et al. 2014). This result was not observed in the current experiment even when 

regression was used for statistical analysis and provides strong evidence that locomotor 

activity and USV in response to psychomotor stimulants are uncorrelated behaviors.

The low (0.3 mg/kg) and high (1.0 mg/kg) doses increased locomotor activity above the 

saline-treated rats, and the high dose increased locomotor activity above the low dose. In the 

challenge session the repeatedly-treated amphetamine rats failed to demonstrate increased 

locomotor activity above the previously saline-treated rats. This null effect was observed 

across the low and high dose of amphetamine, and suggests that true locomotor sensitization 

was not observed. The research methods used in the present study are widely used to induce 

locomotor sensitization. The doses in the present study were chosen to maximally activate 

individual differences in NSS and USV. The low dose was not sufficient to induce 

locomotor sensitization, but was chosen because the greatest differences in high and low 

responders are observed at that dose (Hooks et al. 1992). We also had a relatively low 

sample size in the acute amphetamine conditions and this could have impacted our ability to 

observe true sensitization. Importantly, we did observe an increase in locomotor activity 

between sessions 1 and 7 for the high dose, indicating that amphetamine-induced 

hyperactivity did increase with repeated amphetamine exposure.

With repeated exposure to psychomotor stimulants 50 kHz USV can sensitize. Sensitization 

occurs with an overall increase in the total number of USV (Brudzynski et al. 2011b) or a 

shift from flat USV to FM or trill USV (Ahrens et al. 2009; Ahrens et al. 2013; Taracha et 

al. 2014). A number of studies have determined that USV undergo a rapid sensitization 

when administered psychomotor stimulants intravenously (Ahrens et al. 2009). A two 

injection protocol (TIPS) does not induce USV sensitization, likely suggesting that systemic 

administration is slower and may be a different process (Taracha et al. 2012). More likely, 

TIPS sensitization protocol is specific to high vocalizing rats, indicating individual 

differences in initial amphetamine response is important for the development of USV 

sensitization (Taracha et al. 2014). The overwhelming evidence from this research and 

previously cited works indicates that locomotor and affective sensitization are distinct 

behaviors and warrants additional research to understand how these processes may be 

related to addictive-like behavior or drug response (Ahrens et al. 2013; Taracha et al. 2014).

The H-USV test uniquely predicted treatment-induced FM USV throughout the duration of 

the experiment. This suggests that FM USV observed during the H-USV test are a reliable 

measure that persists throughout repeated drug training. The persistence of the H-USV test 

predicting FM USV throughout the drug training is in contrast to the NPP test predicting 

locomotor activity acutely, suggesting that some individual difference traits are important 
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early in drug exposure and diminish, while other traits persist throughout prolonged drug 

exposure.

NSS may be important trait that moderates drug response early in drug exposure. Later, after 

prolonged exposure an affective response to the drug may be a more reliable predictor as 

evidenced by the strengthened interaction between the IEN test and H-USV test after 

repeated drug exposure. Although NPP did not show any relationship with treatment-

induced FM USV, the response to the IEN test changed the H-USV test’s predictive 

relationship with treatment-induced FM USV. Early in drug training, the IEN test response 

has little influence on FM USV in response to the respective treatment. However, the 

influence of the IEN response became stronger with repeated treatments, specifically at the 

high dose. After repeated treatments, when the IEN response was high, the H-USV 

relationship was marginally positive. Most importantly, when the IEN response was low, the 

H-USV test’s predictive validity was much stronger, suggesting that low novelty responders 

found the high dose more rewarding than high novelty responders. This was only observed 

in the high dose and not after repeated administrations of the low dose of amphetamine or 

saline. This interactive relationship was strengthened after a 14-day withdrawal from the 

drug and provides evidence that the response to novelty moderates affective/motivational 

response to amphetamine.

This result is consistent with research that suggests that NSS may be a trait that is implicated 

in compulsive drug taking. Early in drug taking, the NSS trait may not change the 

reinforcing value of a drug and higher and lower NSS rats experience it similarly. However, 

after prolonged exposure, the reinforcing value of the drug may be changed differently in 

higher and lower NSS rats. For lower NSS rats, the reinforcing value of the drug is 

unchanged and remains a sufficient reinforcer, but in higher NSS rats the reinforcing value 

of the drug is blunted, but only after repeated exposure. This is important, because it 

provides evidence that higher NSS rats may experience tolerance faster, and require more 

drug to experience a reinforcing effect, which correlates with escalation of intake and a 

behavioral marker of drug dependence (Piazza and Deroche Gamonet. 2013). This is in 

corroboration with recent research suggesting that high vocalizers in the initial response to 

amphetamine develop tolerance (Taracha et al. 2014). Other research has also identified 

high NPP rats as more susceptible to transition to compulsive drug taking (Belin et al. 2011). 

Therefore, the transition to compulsive drug taking is likely moderated by NSS and provides 

evidence that the transition to drug dependence in higher NSS rats may be due to a blunted 

amphetamine value driven by tolerance.

FM 50 kHz USV were dose-dependently changed by amphetamine and NSS; albeit 

negatively. During session 1 higher vocalizing rats called less when administered the low 

dose, suggesting the initial affective response was lower. After repeated administrations the 

low dose did not change FM USV but the high dose decreased FM USV from session 1 to 

session 7, likely suggesting tolerance (Taracha et al. 2014). This finding is different from 

other findings (Ahrens et al. 2009; Taracha et al. 2012), but those studies either used 

intravenous self-administration or only observed FM USV sensitization in high USV callers 

and not low USV callers. This failure to see similar relationships is likely not due to the use 

of regression because regression and ANOVA are derived from the General Linear Model 
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and yield comparable results. Regression is appropriate when independent variables are 

continuous because regression reduces the introduction of error by experimenter-created 

groups, making regression the more powerful analysis for continuous variables (De Coster et 

al. 2011). Another explanation for amphetamine’s failure to dose-dependently increase FM 

50 kHz USV is that the number of FM 50 kHz USV in response to saline was high. The 

average number of calls for the saline-treated rats was 254 and 283 for sessions 1 and 7, 

respectively. This number is considerable higher than other published literature. Although 

the experimenters provided contextually distinct environments for the H-USV test and 

locomotor sessions, it is possible that the rats failed to discriminate the environments. 

Interestingly, if this is true, it would provide strong support that the incentive value from the 

H-USV test was attributed to the context (Garcia et al. 2015). Furthermore, it would suggest 

that the saline-treated rats did not extinguish their anticipatory USV response even after 7 

sessions without tickling. Therefore, future research needs to explore the relationship 

between FM 50 kHz USV, contextual conditioning, and incentive salience to determine if 

the affective response to rewarding stimuli is more resistant to extinction procedures.

The current study demonstrated that both NSS and FM 50 USV are important for 

understanding rat drug response, albeit separate responses. It appears the choice to engage a 

novel environment may be important early in psychostimulant abuse, and the response to 

forced novelty likely moderates the affective response, as measured with FM USV in a dose 

dependent manner. This provides evidence that the subjective rewarding value of stimulant 

drugs may be differently assessed in low and high novelty responders, and supports that 

NSS generally, promotes addictive-like behavior during early and late amphetamine 

exposure.
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Fig. 1. 
Session 1. The mean +/− SEM total distance traveled (cm) in response to saline (n=10), low 

(0.3 mg/kg; n=10) or high (1.0 mg/kg; n=10) dose of amphetamine at the mean and 

1SDabove and below the mean of the NPP response (x-axis). Both amphetamine doses 

increased locomotor activity compared to saline-treated rats, p<.001, and the NPP test had a 

significant negative relationship with locomotor activity, p<.01. The slopes are not 

significantly different from one another.
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Fig. 2. 
Session 1. The mean +/− SEM total number of frequency modulated 50 kHz USV at low 

(−1SD;), mean, and high (+1SD) levels of inescapable novelty response at the mean and 

1SD above and below the mean of the H-USV test response (x-axis). The H-USV response 

had a significant positive relationship with FM USV, p<.001 (n=30). The slopes of the lines 

are not significantly different from one another.
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Fig. 3. 
Session locomotor data. Mean +/− SEM total distance traveled in response to saline (n=10), 

low (0.3 mg/kg amphetamine (n=10) or high (1.0 mg/kg amphetamine (n=10) by session 

number (x-axis). ANOVA indicated all treatments affected total distance traveled 

differently, F(2, 27)=46.41, p<.001. Significant differences between all doses across all 

sessions, p<.01 Paired t-test comparing session 1 to session 7 revealed a decrease in saline-

treated, no change in low dose, and an increase in high dose treated rats, p’s<.05.
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Fig. 4. 
Session 7. The mean +/− SEM total distance traveled (cm) in response to saline (n=10), low 

(0.3 mg/kg; n=10) or high (1.0 mg/kg; n=10) dose of amphetamine at the mean and 1SD 

above and below the mean of the NPP response (x-axis). Repeated amphetamine at the low 

and high dose significantly increased locomotor activity compared to saline, p<.001. The 

slopes of the lines are not significantly different from one another, suggesting only a dose-

dependent effect.
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Fig. 5. 
Mean +/− SEM Total FM USV counts for Session 1 and 7 for saline treated (n=10), Low 

dose 0.3 mg/kg (n=10), and High dose 1.0 mg/kg (n=10). Paired t-test revealed that saline 

and low dose treated rats did not change FM USV calling, but the high dose decreased FM 

USV from session 1 to session 7, p<.05.
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Fig. 6. 
Session 7. The mean +/− SEM total number of frequency modulated 50 kHz USV at low 

(−1SD), mean, and high (+1SD) levels of inescapable novelty response at the mean and 1SD 

above and below the mean of the H-USV test response (x-axis). The H-USV test’s 

prediction of treatment-induced FM USV depended on the IEN response. Higher IEN 

responders vocalized less, p<.01. This interaction was only observed after repeated 

administrations of the high dose of amphetamine and not the low dose, p<.05.
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Fig. 7. 
The mean +/− SEM total distance traveled during challenge session. All rats administered 

amphetamine. Acute Low (Ac Low; n=5), Repeated Low (Rep Low; n=10), Acute High (Ac 

High; n=5), Repeated High (Rep High; n=10). ANOVA indicated that the high dose 

increased locomotor activity compared to the low dose, but there were no effects of repeated 

compared to acute treatment for either dose tested, p>.05.
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Fig. 8. 
Challenge session. The mean +/− SEM total distance traveled (cm) in response to acute low 

(Ac-Low; n=5), repeated low (Rep-Low; n=10), acute high (Ac-High; n=5) or repeated high 

(Rep-High; n=10) doses of amphetamine. Regression lines are plotted at the mean and 1SD 

above and below the mean of the NPP response (x-axis). The high dose increased distance 

traveled compared to the low dose but there was not a difference between acute and repeated 

for either dose of amphetamine tested. None of the tests predicted distance traveled.
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Fig. 9. 
Mean +/− SEM total FM USV counts for the Challenge session. All rats administered 

amphetamine: Acute Low (Ac Low; n=5), Repeated Low (Rep Low; n=10), Acute High (Ac 

High; slash pattern; n=5), Repeated High (Rep High; n=10). There was no dose dependent 

effect and no effect of repeated treatment.
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Fig. 10. 
Challenge session. The mean +/− SEM total number of frequency modulated 50 kHz USV at 

low (−1SD), mean, and high (+1SD) levels of inescapable novelty response at the mean and 

1SD above and below the mean of the H-USV test response (x-axis). The H-USV test’s 

prediction of treatment-induced FM USV depended on the IEN response. Higher IEN 

responders vocalized less, p<.01.
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Table 1

Hierarchical regression analysis predicting total distance traveled in response to the first day of treatment. 

Interactions were entered independently, such that interactions were tested then removed from the model. R2 

describes the total variance in the dependent variable accounted for by the independent variables in each step. 

β is a standardized measure of effect size in standard deviation units. β’s greater than .40 (absolute value) are 

considered strong effects are typically statistically significant. The t test, tests if the β is significantly different 

from zero.

Step and predictor variable R2 β t

Step 1 .28*

IEN .18 1.05

NPP −.48 2.86**

H-USV FM .09 0.55

Step 2 .76***

Low 0.3 mg/kg .51 4.25***

High 1.0 mg/kg .89 6.90***

Step 3

Low 0.3 mg/kg × IEN .79 .20 1.27

High 1.0 mg/kg × IEN .22 1.75

Low 0.3 mg/kg × NPP .77 −.18 1.34

High 1.0 mg/kg × NPP −.15 0.57

Low 0.3 mg/kg × H-USV FM .77 .10 0.56

High 1.0 mg/kg × H-USV FM −.02 0.11

IEN × NPP .77 −.14 1.08

IEN × H-USV FM .77 .09 0.89

NPP × H-USV FM .76 −.08 0.66

*
p < .05;

**
p < .01;

***
p < .001
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Table 2

Hierarchical regression analysis predicting FM 50 kHz USV in response to the first day of treatment. 

Interactions were entered independently, such that interactions were tested then removed from the model. See 

Table 1’s description for the interpretation of R2, β, and t.

Step and predictor variable R2 β t

Step 1 .56***

IEN −.24 1.82

NPP −.18 1.35

H-USV FM .67 5.12***

Step 2 .56

Low 0.3 mg/kg −.02 0.12

High 1.0 mg/kg .04 0.23

Step 3

Low 0.3 mg/kg × IEN .65 .01 0.03

High 1.0 mg/kg × IEN −.34 2.05^

Low 0.3 mg/kg × NPP .63 −.25 1.44

High 1.0 mg/kg × NPP .14 0.42

Low 0.3 mg/kg × H-USV FM .66 −.48 2.09*

High 1.0 mg/kg × H-USV FM −.08 0.37

IEN × NPP .56 .07 0.37

IEN × H-USV FM .59 −.19 1.37

NPP × H-USV FM .57 −.10 0.59

^
p = .053;

*
p < .05;

**
p < .01;

***
p < .001

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garcia and Cain Page 28

Table 3

Hierarchical regression analysis predicting total distance traveled in response to the seventh day of treatment. 

Interactions were entered independently, such that interactions were tested then removed from the model. See 

Table 1’s description for the interpretation of R2, β, and t.

Step and predictor variable R2 β t

Step 1 .09

IEN .03 0.15

NPP −.26 1.36

H-USV FM .14 0.72

Step 2 .74***

Low 0.3 mg/kg .51 4.11***

High 1.0 mg/kg 1.04 7.77***

Step 3

Low 0.3 mg/kg × IEN .77 −.03 0.18

High 1.0 mg/kg × IEN .19 1.39

Low 0.3 mg/kg × NPP .77 −.16 1.19

High 1.0 mg/kg × NPP .06 0.22

Low 0.3 mg/kg × H-USV FM .75 −.01 0.04

High 1.0 mg/kg × H-USV FM .09 0.46

IEN × NPP .75 −.14 1.06

IEN × H-USV FM .74 −.03 0.25

NPP × H-USV FM .74 −.01 0.09

*
p < .05;

**
p < .01;

***
p < .001
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Table 4

Hierarchical regression analysis predicting FM 50 kHz USV in response to the seventh day of treatment. 

Interactions were entered independently, such that interactions were tested then removed from the model. See 

Table 1’s description for the interpretation of R2, β, and t.

Step and predictor variable R2 β t

Step 1 .44**

IEN −.24 1.61

NPP .02 0.16

H-USV FM .62 4.22***

Step 2 .52

Low 0.3 mg/kg −.22 1.29

High 1.0 mg/kg −.35 1.90

Step 3

Low 0.3 mg/kg × IEN .58 −.10 0.46

High 1.0 mg/kg × IEN −.31 1.72

Low 0.3 mg/kg × NPP .54 −.18 0.94

High 1.0 mg/kg × NPP −.35 0.93

Low 0.3 mg/kg × H-USV FM .53 .04 0.15

High 1.0 mg/kg × H-USV FM .15 0.57

IEN × NPP .54 .18 1.02

IEN × H-USV FM .63 −.35 2.67**

NPP × H-USV FM .52 −.04 0.25

*
p < .05;

**
p < .01;

***
p < .001
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Table 5

Hierarchical regression analysis predicting total distance traveled in response to the challenge day of 

treatment. Interactions were entered independently, such that interactions were tested then removed from the 

model. See Table 1’s description for the interpretation of R2, β, and t.

Step and predictor variable R2 β t

Step 1 .10

IEN −.08 0.44

NPP −.29 1.52

H-USV FM .05 0.27

Step 2 .49**

Repeated Low 0.3 mg/kg .32 1.50

Acute High 1.0 mg/kg .62 3.17**

Repeated High 1.0 mg/kg .83 3.56**

Step 3

Repeated Low 0.3 mg/kg × IEN .51 −.11 0.29

Acute High 1.0 mg/kg × IEN −.12 0.42

Repeated High 1.0 mg/kg × IEN .10 0.36

Repeated Low 0.3 mg/kg × NPP .50 −.18 0.59

Acute High 1.0 mg/kg × NPP −.08 0.24

Repeated High 1.0 mg/kg × NPP −.11 0.13

Repeated Low 0.3 mg/kg × H-USVFM .57 −.20 0.69

Acute High 1.0 mg/kg × H-USV FM −.14 0.66

Repeated High 1.0 mg/kg × H-USV FM .20 0.71

IEN × NPP .50 −.19 0.92

IEN × H-USV FM .48 .01 0.07

NPP × H-USV FM .48 −.05 0.24

*
p < .05;

**
p < .01;

***
p < .001
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Table 6

Hierarchical regression analysis predicting FM 50 kHz USV in response to the challenge of treatment. 

Interactions were entered independently, such that interactions were tested then removed from the model. See 

Table 1’s description for the interpretation of R2, β, and t.

Step and predictor variable R β t

Step 1 .32*

IEN −.32 1.98^

NPP −.10 0.59

H-USV FM .45 2.78**

Step 2 .46

Repeated Low 0.3 mg/kg .05 0.23

Acute High 1.0 mg/kg .34 1.71

Repeated High 1.0 mg/kg −.09 0.37

Step 3

Repeated Low 0.3 mg/kg × IEN .53 −.15 0.41

Acute High 1.0 mg/kg × IEN .07 0.27

Repeated High 1.0 mg/kg × IEN −.31 1.18

Repeated Low 0.3 mg/kg × NPP .47 −.14 0.43

Acute High 1.0 mg/kg × NPP −.29 0.82

Repeated High 1.0 mg/kg × NPP −.67 0.45

Repeated Low 0.3 mg/kg × H-USVFM .51 −.17 0.55

Acute High 1.0 mg/kg × H-USV FM .17 0.76

Repeated High 1.0 mg/kg × H-USV FM .07 0.22

IEN × NPP .46 .06 0.30

IEN × H-USV FM .59* −.38 2.75**

NPP × H-USV FM .46 −.12 0.62

^
p = .059;

*
p < .05;

**
p < .01;

***
p < .001
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