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Supervisor:  Timothy Schallert 

 

The pleasurable and euphoric effects of drugs play an important role in drug 

abuse; however, there are no established preclinical models for directly assessing the 

hedonic effects of drugs in rodents. The purpose of this dissertation was to investigate rat 

ultrasonic vocalizations (USVs) as a potential method for measuring positive affective 

states associated with amphetamine reinforcement. USVs are high-frequency social 

signals that rats use to communicate with one another. Calls in the 50-kHz range are 

thought to be a sign of positive affect, since they are elicited by naturally rewarding 

stimuli, and are modulated by mesolimbic dopamine activity. At the time this dissertation 

was begun, the majority of USV research focused on natural rewards, such as sex and 

social interactions, and the USVs associated with repeated exposure to a drug or 

appetitive desire for a drug had not been studied. Therefore, the objective of this 

dissertation was to characterize the production of 50-kHz USVs during repeated 

administration of amphetamine within different paradigms commonly used to study the 

behavioral and motivational effects of stimulants in rats. First, I found that the 50-kHz 

USVs elicited by amphetamine were sensitized by repeated exposure, showing that USV 

expression parallels the sensitization of mesolimbic circuitry that is involved in the 

development of addiction. Second, I found that rats produce conditioned anticipatory 50-
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kHz USVs during exposure to cues that predicted amphetamine, with the magnitude of 

anticipatory calling increasing as drug-cue associations were learned and strengthened. 

Third, I found that the number of unconditioned 50-kHz USVs produced during the initial 

amphetamine exposure predicted the subsequent expression of anticipatory 50-kHz 

USVs, the development of conditioned place preference for an amphetamine-paired 

environment, and corticosterone responses to the drug. Overall, these findings suggest 

that 50-kHz USVs are an expression of behavioral arousal associated with both the 

positive effects of amphetamine itself, and the incentive-motivational states elicited by 

drug-paired cues. In addition, they show that the intensity of the initial 50-kHz USV 

response to amphetamine reflects individual differences in sensitivity to drug 

reinforcement. 
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Chapter 1: Background 

 

Although many people try drugs of abuse such as amphetamine or cocaine at 

some point in their lives, relatively few develop problems with substance abuse and 

addiction. A variety of genetic and environmental factors cause some individuals to be 

more susceptible to drug reinforcement than others, and a major goal of addiction 

research is to identify these predisposing factors in order to mitigate their influence. 

Animal models are important tools for systematically investigating the causes of 

addiction, and any refinements in animal models that allow them to more closely 

approximate human drug experiences can increase their clinical relevance. Currently, the 

majority of methods for testing addiction-related behaviors in rats focus on the amount of 

a drug that rats will voluntarily consume, or on motivation to obtain a drug. However, 

these models cannot directly assess subjective emotional or hedonic effects. Though there 

is substantial evidence that drugs can become addictive even if their effects are not 

entirely pleasant (Berridge and Robinson 1998), an especially positive reaction to a drug 

can represent a risk factor for addiction, since the more a person likes a drug, the more 

likely they are to take it again (De Wit and Phillips 2012; Haertzen et al. 1983; Davidson 

et al. 1993; Lambert et al. 2006). We chose to investigate rat 50-kHz USVs as a potential 

model of the affective and hedonic aspects of drug reward, because 50-kHz USVs have 

been linked to positive affect and appetitive behavior in a number of studies of natural 

reward, and because 50-kHz USVs are influenced by mesolimbic dopamine activity. At 

the time this dissertation was begun, little was known about USVs in relation to drugs of 

abuse (although the background review is current). For example, it was not known how 

USVs were affected by repeated exposure to drugs, whether they increased during 
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anticipation of drugs, or how they compared to other measures of drug reinforcement. 

Therefore, the goal of this dissertation was to characterize USVs with regard to some of 

the most well-established consequences of repeated amphetamine exposure, namely 

behavioral sensitization, conditioned appetitive behavior, and conditioned place 

preference. The overall aim was to help establish USVs as a new behavioral test that can 

provide unique information about the role of affective states in drug reward, and to 

support the inclusion of vocalization behavior in the battery of tests commonly used to 

study normal and aberrant reward learning. 

 

1.1. ADDICTION FRAMEWORK 

 

1.1.2. Classical conditioning 

Classical (or Pavlovian) conditioning is an important principle that underlies 

much of addiction research. In classical conditioning, any stimulus that naturally elicits a 

positive unconditioned response (UR), such as approach or consumption (or in the case of 

drugs, increased activity, intoxication, or positive euphoric effects), is labeled an 

unconditioned stimulus (US). Conditioning involves pairing the US with initially neutral 

features of the environment, termed conditioned stimuli (CS), in a temporally contingent 

manner. As associations are learned, CSs become capable of eliciting motivation to 

obtain the reward, as well as involuntary conditioned responses (CR) that are often 

similar to the effects of the US itself (Pavlov 1927; Day and Carelli 2007). As cues gain 

predictive value through repeated US-CS pairings, rats often learn to approach contexts 

or cues paired with reward, even if reward delivery is independent of any behavioral 

response (Tomie et al. 2008; Flagel et al. 2009; Cunningham et al. 2006). The ability to 
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form associations between predictive environmental events and positive outcomes is an 

essential aspect of learning and survival in natural environments; however, addictive 

drugs are capable of overactivating this system, causing drug-paired cues to attain 

overwhelming and maladaptive motivational significance (Day and Carelli 2007; Everitt 

and Wolf 2002). 

 

1.1.3. Dopamine, reward learning, and sensitization 

The mesolimbic dopamine pathway includes projections from the ventral 

tegmental area (VTA) to the nucleus accumbens (NAc) and prefrontal cortex, and has 

long been considered the primary mediator of drug reward and addiction. Most 

reinforcing drugs share the common property of enhancing dopamine release in the NAc, 

despite differences in their primary mechanism of action (Nestler 2005; Pierce and 

Kumaresan 2006). Amphetamine acts by binding to monoamine transporters in the NAc, 

causing reverse transport of neurotransmitters (primarily dopamine, but also serotonin 

and norepinephrine) from non-vesicular stores into the synaptic cleft (Seiden et al. 1993; 

Kuczenski et al. 1995; Vanderschuren and Kalivas 2000). Dopamine binds to D1 and D2 

receptors on inhibitory GABAergic interneurons, producing excitation and 

neuroplasticity in corticostriatal circuitry that results in the encoding of associative 

memories (Pierce and Kumaresan 2006; Robinson and Kolb 1997). The NAc can be 

divided into two regions, the shell and the core, that play different roles in reinforcement. 

The shell appears to mediate the unconditioned impact of reward, whereas the core is 

involved in the ability of conditioned reinforcers to maintain instrumental action 

(Ikemoto 2007; Kelley 2002, 2004; Aragona et al. 2009; Di Chiara 2002; Day et al. 2006; 

Cacciapaglia et al. 2012).  
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The mesolimbic system normally mediates the reinforcement of natural rewards, 

such as food and sex, by promoting the association of certain actions with positive 

outcomes. Drugs are thought to activate this pathway to an abnormal degree, due to their 

ability to directly stimulate dopamine release above normal physiological levels. For 

example, unexpected rewards elicit dopamine release in the NAc-shell, which acts to 

initiate the formation of associations between environmental cues and reward delivery. 

Subsequent exposure to the cues alone elicits dopamine release in the NAc-core, which 

energizes goal-directed behavior, and drives an animal to perform whatever task may be 

required to obtain the reward (Di Chiara and Bassareo 2007; Bassareo and Di Chiara 

1997, 1999; Ito et al. 2000). In the case of food reward, dopamine responses in the NAc-

shell rapidly habituate with repeated exposure. When food has been repeatedly paired 

with a cue and associations have been learned, dopamine is released in response to the 

cue but not the reward itself (Di Chiara and Bassareo, 2007; Bassareo et al. 2011; Schultz 

1997). However, in the case of drugs that artificially stimulate dopamine release, 

responses in the NAc-shell do not habituate, but instead undergo sensitization. Neural 

sensitization refers to hypersensitivity in the dopamine response to a drug that occurs as a 

result of repeated exposure (Steketee and Kalivas 2011; Vezina 2004; Vanderschuren and 

Kalivas 2000; Kalivas and Stewart 1991). The continuing enhancement of dopamine 

release in the NAc-shell leads to excessive strengthening of drug-cue associations, 

causing cues to attain overwhelming motivational strength. This process of incentive-

sensitization is irreversible, and is thought to result in the exaggerated ability of cues to 

elicit compulsive drug abuse, craving, and relapse, even after long periods of abstinence 

(Robinson and Berridge 1993, 2008; Everitt and Robbins 2005). 
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1.1.4. Common measures of addition-related behavior in rats 

In rats, one of the primary effects of stimulant administration is an increase in 

locomotor activity, exploratory rearing and sniffing, and repetitive stereotyped 

movements, often collectively referred to as “psychomotor” activity (Flagel and 

Robinson 2007; Ferrario et al. 2005; Robinson and Becker 1986). Repeated exposure to 

stimulants produces sensitization in these behaviors, which is a progressive increase in 

the intensity of the psychomotor activity elicited by each drug exposure. The expression 

of behavioral sensitization is dependent upon the sensitized release of dopamine in the 

NAc, and is used as a behavioral indication of the presence of drug-induced brain 

changes relevant to addiction (Vezina 2004; Vanderschuren and Kalivas 2000; Kalivas 

and Stewart 1991; Vezina and Leyton 2009). After multiple drug exposures, rats also 

show increased locomotor activity and rearing during exposure to drug-paired cues alone, 

which is considered a sign of classical reinforcement learning and conditioned motivation 

(Barbano and Cador 2005; Fraioli et al. 1999; Stewart and Vezina 1991).  

Another common test is conditioned place preference (CPP). The CPP paradigm 

is a form of Pavlovian conditioning, in which a drug (US) is repeatedly paired with a 

distinct environment, causing the environment to acquire motivational significance. Rats 

are then allowed to choose between the drug-paired (CS+) environment and a saline-

paired (CS-) environment, and if rats spend more time in the drug-paired environment it 

is considered a sign that the drug is rewarding (Cunningham et al. 2006; Tzschentke 

1998, 2007). 

In the self-administration model, rats are trained to perform an operant task (such 

as pressing a lever) to receive an i.v. infusion of a drug. Rats will readily self-administer 

almost all drugs that are abused by humans, and this model has the notable advantage of 

allowing rats to choose the amount of drug they consume (Yokel 1987; Altman et al. 
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1996). By increasing the number of lever presses required to obtain a drug infusion, it is 

also possible to determine a rat’s level of motivation (i.e. how hard they are willing to 

work for the drug) (Richardson and Roberts 1996; Roberts et al. 2007). Furthermore, the 

reinstatement of drug seeking after extinction is frequently used as a model of relapse. In 

this procedure, lever pressing is extinguished by the cessation of drug reinforcement, but 

can be reinstated by stimuli that are known to trigger relapse in humans, such as stress, 

exposure to a small dose of the drug, or exposure to a non-extinguished cue (Epstein et al. 

2006; Kalivas et al. 2006). 

 

1.1.5. Individual susceptibility to addiction 

Certain individuals are predisposed to addiction by a combination of genetic and 

environmental factors that interact with drug-induced brain changes (Kreek et al. 2005; 

Nestler 2000). Like humans, rats show individual differences in the propensity to self-

administer drugs of abuse, and genetic factors can be studied using selective breeding for 

vulnerability or resistance to drug-taking behavior (Giorgi et al. 2007; Flagel et al. 2010; 

George and Koob 2010). A number of predisposing traits have been identified in both 

selectively-bred lines and standard rat populations. To name a few examples, increased 

vulnerability to addiction has been associated with: heightened locomotor responses to 

novel environments (Piazza et al. 1989; Flagel et al. 2010; Belin et al. 2008), exaggerated 

corticosterone responses to stress (Piazza et al. 1991; Piazza and Le Moal 1998), 

decreased D2 dopamine receptor binding in the ventral striatum (Dalley et al. 2007; 

Volkow et al. 1999), and greater novelty-seeking and impulsivity (Ersche et al. 2010; 

Perry and Carroll 2008; Perry et al. 2005; Dalley et al. 2007). In humans, a pleasurable or 

hedonic response to the initial drug exposure is another risk factor for addiction (De Wit 
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and Phillips 2012), but so far it has not been possible to adequately model affective 

reactions to drugs in rodents.  

Of particular interest are individual differences in the tendency to attribute 

incentive salience to cues, often measured as a tendency to approach and engage non-

instrumental cues paired with food reward (i.e. “sign-tracking”), instead of approaching 

the site of food delivery (“goal-tracking”) (Tomie et al. 2008; Flagel et al. 2009). Rats 

that display sign-tracking behavior also show enhanced vulnerability to cocaine 

reinforcement, indicating that a greater sensitivity to cues may be part of an addictive 

phenotype (Flagel et al. 2009). Sign-trackers show greater cocaine self-administration 

(Beckmann et al. 2011; Saunders and Robinson 2010, 2011), greater magnitude of 

psychomotor sensitization (Flagel et al. 2008), and stronger cocaine-induced CPP (Meyer 

et al. 2012) than goal-trackers. The behavior of sign-trackers is thought to result from 

hyper-responsive dopamine activity (Flagel et al. 2010) and from a reduced ability to 

inhibit impulsive behavior (Lovic et al. 2011), which are predisposing factors for 

addiction. 

 

1.2. RAT ULTRASONIC VOCALIZATION 

 

Rats produce high-frequency vocalizations as social signals to communicate with 

one another. Rat calls cannot be heard by humans, but they can be recorded with 

ultrasonic microphones and visualized in a spectrogram (Fig.1.1). There are two primary 

types of USVs: long, flat-frequency calls in the range of 20-30 kHz (termed “22-kHz 

USVs”), and short calls that range from 30-90 kHz, with a typical average frequency of 

45-55 kHz (termed “50-kHz USVs”). There are at least two subtypes of 50-kHz USVs, 
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flat and frequency-modulated (FM); however, the majority of the literature reports counts 

of total 50-kHz USVs, without dividing them into subtypes.  

 

1.2.1. 22-kHz USVs             

22-kHz USVs are associated with negative affect and are thought to reflect a state 

of anxiety or conditioned fear (Brudzynski 2001; Knutson et al. 2002). These calls are 

typically elicited by aversive stimuli such as predatory odors, footshock cues, and social 

defeat (Borta et al. 2006; Burgdorf et al. 2009), and can be reduced by treatment with 

anxiolytic drugs (Miczek et al. 1995). 22-kHz USVs have also been observed during 

withdrawal from cocaine or opiates (Covington and Miczek 2003), and during exposure 

to drugs that are known to be aversive, such as lithium chloride (Burgdorf et al. 2001). 

Furthermore, rats that are predisposed towards high levels of anxiety are more likely to 

make 22-kHz USVs during fear conditioning than rats with low anxiety (Borta et al. 

2006). In most studies of appetitive vocalization, rats rarely produce 22-kHz calls in 

response to the same stimuli that elicit high rates of 50-kHz calling. Since the focus of 

this dissertation is the positive 50-kHz USVs associated with appetitive behavior and 

rewarding drugs, the literature on negative 22-kHz USVs is not discussed at length (see 

Brudzynski 2001, 2005 for reviews).    

 

1.2.2. 50-kHz USVs and natural reward 

50-kHz calls have been elicited by a variety of natural rewards, such as positive 

social interactions in juveniles, mating behavior, and food reward (Knutson et al. 1998, 

2002; Burgdorf and Panksepp 2006). For example, male rats make 50-kHz calls during 

encounters with sexually receptive female rats, and the rate of calling increases with the 
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male’s level of copulatory experience (Bialy et al. 2000; Ciucci et al. 2007; McGinnis 

and Vakulenko 2003). Many studies have examined appetitive 50-kHz USVs during 

“tickling” by the experimenter. Tickling is thought to mimic rough-and-tumble play 

between conspecifics, and for most rats it is reinforcing and capable of eliciting approach 

behavior (Burgdorf and Panksepp 2006; Wöhr et al. 2008; Schwarting et al. 2007). The 

idea that USVs provide a natural method of communication is supported by studies that 

play recorded USVs back to other rats. Playback of 50-kHz USVs, particularly the FM 

variety, elicits approach toward the origin of the sound, whereas playback of 22-kHz 

USVs causes avoidance of the sound (Wöhr and Schwarting 2007). Rats will also self-

administer playback of 50-kHz USVs, but not 22-kHz USVs (Burgdorf et al. 2008), and 

rats will vocalize in response to hearing 50-kHz calls from another rat (Wöhr and 

Schwarting 2009). 

 

1.2.3. 50-kHz USVs and psychostimulant drugs 

Manipulations that directly stimulate mesolimbic dopamine activity can 

dramatically increase the rate of 50-kHz calling above baseline levels. For example, 

USVs are increased by electrical brain stimulation of areas known to support self-

stimulation, such as the VTA, ventral pallidum, and lateral hypothalamus (Burgdorf et 

al., 2001, 2007). 50-kHz USVs are also elicited by systemic injections of 

methylphenidate (Panksepp et al. 2002), amphetamine (Wintink and Brudzynski 2001; 

Wright et al. 2010; Natusch and Schwarting 2010; Ahrens et al. 2009), and cocaine 

(Maier et al. 2012, Barker et al. 2010; Browning et al. 2011; Meyer et al. 2012; Mu et al. 

2009; Williams and Undieh 2010). Similar to the psychomotor activity frequently 

observed in addiction studies, the 50-kHz USVs elicited by stimulants are sensitized by 
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repeated exposure to these drugs, with later exposures eliciting greater responses than the 

first exposure (Ahrens et al. 2009; Mu et al. 2009; Williams and Undieh 2010). The 

effects of systemic amphetamine on USVs require intact glutamate transmission in the 

VTA (Wintink and Brudzynski 2001), and reward-related USVs are attenuated or 

acoustically degraded by lesions of mesolimbic structures, or pretreatment with dopamine 

antagonists (Burgdorf et al. 2007; Ciucci et al. 2007, 2009). Sensitization of 50-kHz 

USVs can also be blocked by the same compounds that prevent the expression of 

psychomotor sensitization, such as dopamine D1 and D2 receptor antagonists (Williams 

and Undieh 2010). Finally, microinjections of amphetamine directly into mesolimbic 

structures increase 50-kHz calling, and amphetamine elicits the greatest number of calls 

(especially the FM subtype) when it is injected into the NAc-shell rather than the NAc-

core, or the dorsal striatum (Thompson et al. 2006; Burgdorf et al. 2001, 2007; 

Brudzynski et al. 2011a).  

 

1.2.4. 50-kHz USVs and addiction-related behavior 

Both 50-kHz USVs and psychomotor activity (locomotion and rearing) are often 

elicited by the same appetitive situations and dopaminergic drugs. However, these 

behaviors often follow different patterns of expression (Browning et al. 2011; Mu et al. 

2009; Natusch and Schwarting 2010; Burgdorf et al. 2001; Brudzynski et al. 2011a; 

2011b), suggesting that USVs are likely modulated in part by different mechanisms than 

those responsible for non-affective behavioral responses to drugs. The USVs elicited by 

amphetamine have been experimentally dissociated from the locomotor effects of the 

drug, as amphetamine injected into the caudate putamen elicits greater locomotor activity 

but fewer USVs than injection into the NAc (Burgdorf et al. 2001), and amphetamine 
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injected into the shell of the NAc elicits more USVs than injection into the core, even 

though both manipulations produce equivalent levels of locomotor activity (Thompson et 

al. 2006). Individual differences in USVs elicited by amphetamine injected into the NAc 

shell are not accompanied by differences in locomotor activity produced by the injections 

(Brudzynski et al. 2011a, 2011b), and although both amphetamine and the atypical 

stimulant caffeine increase locomotor activity, caffeine does not increase 50-kHz calls 

across a wide range of doses (Simola et al. 2009). 

During the expression of CPP, rats have been shown to produce more conditioned 

50-kHz USVs while occupying the side of the chamber previously paired with 

amphetamine or morphine than they produced while occupying the side paired with 

saline (Knutson et al. 1999, Burgdorf et al. 2001). Furthermore, rats that made 50-kHz 

USVs in response to the mu-opioid agonist DAMGO also showed significant CPP for a 

DAMGO-paired environment (Burgdorf et al. 2007), and sign-tracking rats showed 

greater cocaine-induced 50-kHz calling and stronger CPP than goal-tracking rats (Meyer 

et al. 2012). 

USVs have also been recorded during 20 daily sessions of cocaine self-

administration, and cocaine was found to increase 50-kHz calling in both actively self-

administering rats and in yoked rats. The rate of cocaine-induced calling escalated across 

the first few sessions, but decreased in later sessions despite an increase in cocaine 

consumption, which suggests the development of tolerance (Maier et al. 2012). In each of 

these self-administration sessions, USVs were also recorded during a 10-min waiting 

period before rats were allowed access to cocaine. Both self-administering and yoked rats 

showed progressive increases in conditioned 50-kHz USVs during this anticipatory 

period (Ma et al. 2010). Moreover, both cocaine-induced and anticipatory 50-kHz USVs 

were greater when self-administration sessions were resumed after two-day breaks from 
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daily exposure, possibly indicating a heightened positive affect or desire for the drug after 

brief deprivation (Maier et al. 2010, 2012). Others have also studied USVs during 

cocaine self-administration, and found that 50-kHz USVs increased across acquisition 

sessions, and that the number of calls elicited by the first cocaine session correlated with 

the speed of acquisition of stable self-administration (Browning et al. 2011). However, 

one study found that cocaine-induced USVs are dose dependent, with higher doses 

eliciting 50-kHz USVs, and lower doses eliciting primarily short 22-kHz USVs that could 

indicate an aversive response (Barker et al. 2010). 

 

1.2.5. Flat and frequency-modulated 50-kHz USVs 

A number of studies have used spectrographic analyses to separate 50-kHz USVs 

into different subtypes. Several varieties of 50-kHz USVs have been identified (Wright et 

al. 2010); however, the majority of studies separated calls into two categories, FM and 

flat, based on the presence or absence of fluctuations in frequency. We and others have 

shown that FM calls are preferentially increased by amphetamine and cocaine (Ahrens et 

al. 2009; Wright et al. 2010; Brudzynski et al. 2011; Maier et al. 2012; Burgdorf et al. 

2007; Meyer et al. 2012; Simola et al. 2009) and may be more closely linked to positive 

emotional states (Burgdorf et al. 2008, 2010; Wöhr et al. 2008), than flat calls. Lesions or 

pharmacological blockade of mesolimbic dopamine neurons specifically decrease the FM 

calls elicited by reward (Burgdorf et al. 2007), and playback of FM calls is self-

administered, whereas playback of flat calls is not (Burgdorf et al. 2008). An increase in 

flat calls has been observed in situations that are not necessarily appetitive, such as 

transient separation from a cage mate or exposure to the odors of other rats, suggesting 

that these calls may serve a social coordinating function (Wöhr et al. 2008; Burgdorf et 
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al. 2008). However, the communicative value of flat versus FM calls is not well 

understood and warrants further investigation. 

 

1.2.6. Individual differences in USVs 

Rats show stable individual differences in vocalization tendencies that may 

provide information about the role of inherited emotional traits in the susceptibility to 

addiction (Burgdorf et al. 2008, 2009; Schwarting et al. 2007; Mallo et al. 2007; Wöhr et 

al. 2009). For example, rats vary widely in the 50-kHz USVs produced in a housing cage 

without additional manipulation or appetitive stimulation, and these spontaneous calls 

remain stable within individuals across repeated days of testing (Schwarting et al. 2007). 

During experimenter tickling, some rats consistently produce high numbers of 50-kHz 

calls and low numbers of 22-kHz calls, while others consistently produce low numbers of 

50-kHz calls and high numbers of 22-kHz calls. Rats that make high numbers of 22-kHz 

USVs in housing-cage or tickling tests also show high levels of anxiety in the elevated 

plus maze and Porsolt swim tests (Burgdorf et al. 2009; Schwarting et a. 2007).  

There appears to be a genetic basis for vocalization tendencies, as breeding for 

high or low numbers of 50-kHz USVs during tickling produces stable lines of high-

calling and low-calling rats. These selectively-bred lines consistently differ in emotional 

traits, reactions to appetitive and aversive stimuli, and in brain neurochemistry. High-

calling lines tend to exhibit less anxiety, less defensive aggression, and a mild increase in 

sucrose preference when compared to randomly bred rats and low-calling lines. 

Conversely, low-calling lines show higher anxiety and less social contact time than high-

calling lines, suggesting a more anxiogenic phenotype (Burgdorf et al. 2009). High-

calling lines also have higher levels of the opioid peptide met-enkephalin and lower 
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levels of cholecystikinin in the brain than low-calling lines (Burgdorf et al. 2009). In 

addition, selectively-bred high-calling rats exhibit enhanced 50-kHz USV sensitization to 

cocaine (Mu et al. 2009), and greater 50-kHz USV responses to amphetamine injected 

into the NAc shell (Brudzynski et al. 2011a), than selectively-bred low-calling rats. 

Within standard populations of laboratory rats, there is evidence that individual 

differences in USVs are related to appetitive responses to drugs, since sign-trackers make 

more FM 50-kHz USVs after cocaine injections than goal-trackers (Meyer et al. 2012), 

and rats that make unconditioned 50-kHz USVs after electrical brain stimulation 

(Burgdorf et al. 2007) or i.v. cocaine (Browning et al. 2011) show greater self-

administration of these rewards than rats that do not vocalize after the first exposure.  
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Figure 1.1. Example spectrograms: Flat 50-kHz USVs, FM 50-kHz USVs, and 22-kHz 
USVs 

 a) Flat 50-kHz USVs 

 

b) Frequency-modulated 50-kHz USVs 

 

c) 22-kHz USVs 

 
 

 
Representative calls for the three categories of USVs. Colors indicate relative level of 

signal intensity (dB). a) Flat calls have a constant frequency in the range of 40-70 kHz. b) 

FM calls refer to any USVs with fluctuations in frequency, despite variation in the exact 

spectrographic structure of calls. c) 22-kHz USVs have a relatively long duration and a 

flat frequency between 20-30 kHz.  
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Chapter 2: Repeated intravenous amphetamine exposure: Rapid and 
persistent sensitization of 50-kHz ultrasonic trill calls in rats 

 

2.1. ABSTRACT 

Short 50-kilohertz (kHz) range frequency-modulated ultrasonic vocalizations 

(USVs) produced by rats and mice are unconditionally elicited by drugs of abuse or 

electrical stimulation that increase dopamine activity in the nucleus accumbens, and it has 

been suggested that they reflect “positive affect” or incentive motivational states 

associated with appetitive behavior. The repeated administration of amphetamine is 

known to not only produce “psychomotor” sensitization, but also to facilitate a number of 

appetitive behaviors, including conditioned drug pursuit behavior. We were interested, 

therefore, in whether amphetamine-induced 50-kHz USVs would also increase with 

repeated drug exposure. USV recordings were made during 5-min sessions immediately 

after a saline infusion, and again 4–5 h later after 1 mg/kg intravenous amphetamine 

exposure. These sessions took place every other day over a 5-day period. A challenge 

dose of 1 mg/kg amphetamine was administered two weeks later to determine whether 

sensitization would persist. The initial amphetamine infusion increased 50-kHz USVs 

relative to the saline infusion. This effect was enhanced over trials and during the 

amphetamine challenge two weeks later. Classification of 50-kHz range call types 

revealed that complex frequency-modulated trill calls were sensitized by amphetamine, 

but not flat 50-kHz calls. It is possible that 50-kHz USV recordings could provide a 

potentially valuable behavioral measure of sensitization linked to enhanced incentive 

salience and increased tendency to self-administer drugs of abuse. 
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2.2. INTRODUCTION 

Repeated intermittent administration of amphetamine or cocaine produces 

enduring neuroadaptations that render the brain hypersensitive to subsequent drug 

exposure at the original dosage. Stimulant drug-induced sensitization is often assessed as 

a progressive increase in psychomotor behavior that can be influenced by drug-associated 

context (Anagnostaras et al. 2002; Robinson and Becker 1986; Robinson and Berridge 

1993; Robinson et al. 1998; Steward and Badiani 1993). Sensitization is accompanied by 

chronic structural, neurochemical and other brain events including increases in dendritic 

arborization and spine density in the nucleus accumbens and frontal cortex (Robinson and 

Kolb 2004) and enhanced reactivity in dopamine neurons that project from the ventral 

tegmental area to the nucleus accumbens and prefrontal cortex (Kalivas and Stewart 

1991; Pierce and Kalivas 1997; Vanderschuren and Kalivas 2000; Vezina 2004; White 

and Kalivas 1998). However, in addition to “psychomotor sensitization” repeated drug 

treatment also enhances the rewarding and/or incentive motivational effects of drugs and 

other rewards, perhaps through the process of “incentive-sensitization” (Robinson and 

Berridge 1993, 2003, 2008). Once produced, both psychomotor and incentive-

sensitization persist long after drug treatment is discontinued, and may contribute to the 

propensity to relapse. Given that repeated treatment with drugs like amphetamine alter 

the operation of brain systems that mediate reward and incentive motivation, other 

indices of activation of such brain systems may also undergo sensitization-like changes as 

a consequence of repeated exposure to such drugs. 

It has been suggested that short frequency-modulated 50-kHz range ultrasonic 

vocalizations (USVs) produced by adult rats reflect a state of positive affect associated 

with appetitive behavior (in contrast to long simple 22-kHz calls that have been 
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associated with negative affect) (Brudzynski 2001; Burgdorf et al. 2000; Knutson et al. 

2002; Sadananda et al. 2008) and 50-kHz USVs are modulated by midbrain dopamine 

activity (Brudzynski 2005; Burgdorf et al. 2001, 2007; Burgdorf and Panksepp 2006; 

Ciucci et al. 2007, 2008). Rats produce 50-kHz USVs in response to unconditioned 

natural rewards such as food or sexual encounters, to acute administration of drugs of 

abuse, as well as to conditioned cues that predict reward (Bialy et al. 2000, Burgdorf et 

al. 2000, 2001, 2007; Knutson et al. 1998, 1999). Acute administration of amphetamine, 

either systemically or directly into the nucleus accumbens, elicits dose-dependent 

increases in 50-kHz USVs that are blocked by dopamine antagonists (Burgdorf et al. 

2001; Thompson et al. 2006; Wintink and Brudzynski 2001). Amphetamine 

microinjection into the shell of the nucleus accumbens elicts a greater increase in 50-kHz 

USVs than injection into the core (Thompson et al. 2006), which is consistent with the 

role of the shell region as an important site for drug self-administration (Di Chiara 2002; 

Di Chiara et al. 2004). Moreover, the number of 50-kHz USVs produced in response to 

an unconditioned reward predicts the subsequent development of pursuit behavior. For 

example, the number of USVs elicited by acute electrical brain stimulation applied to the 

ventral tegmental area or lateral hypothalamus predicts the later acquisition of self-

stimulation behavior, and USVs elicited by an initial injection of the mu-opioid agonist 

DAMGO into the ventral tegmental area predict the development of conditioned place 

preference for DAMGO (Burgdorf et al. 2007). Conversely, dopamine depletion by 

neurotoxin delivery into the ventral tegmental area or medial forebrain bundle reduces the 

number of USVs elicited by a social reward situation (Burgdorf et al. 2007), or degrades 

the acoustic quality of the calls, even when the depletion is unilateral (Ciucci et al. 2007, 

2008). 
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Given that 50-kHz USVs are related to the activation of brain systems known to 

be “sensitized” by repeated amphetamine treatment, and that they are thought to reflect 

the activation of positive appetitive states, also known to sensitize, we hypothesized that 

repeated exposure to amphetamine may increase (sensitize) the ability of amphetamine to 

elicit 50-kHz USVs. Three intravenous (i.v.) infusions of 1 mg/kg amphetamine were 

administered every other day for 5 days, and USVs were recorded for 5 min following 

infusions. An i.v. route of administration was chosen based on evidence that a single, 

rapidly infused i.v. dose of cocaine produces psychomotor sensitization and activation of 

mesocorticolimbic structures (Samaha et al 2004; Samaha and Robinson 2005). To 

determine whether drug-induced changes in USVs persist long-term, a challenge dose of 

1 mg/kg i.v. amphetamine was given two weeks after the last infusion. 
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2.3. METHODS 

 

2.3.1. Animals 

Nine male Long-Evans rats weighing 380–540 g (Charles River) were used in 

both saline and amphetamine trials. Rats were singly housed in standard polycarbonate 

cages with a reversed 12:12 h light:dark cycle, and all testing took place during the dark 

phase of the cycle. Food and water were available ad libitum, and rats were handled daily 

for 5 days prior to surgery as well as throughout the experiment. All experiments were 

approved by the University of Texas Animal Care and Use Committee. 

 

2.3.2. Catheter surgery 

To enable intravenous delivery of amphetamine, jugular catheterization was 

performed. Rats underwent the surgical procedure while anesthetized by a mixture of 

oxygen (0.8 l/min, Airgas Southwest, Corpus Christi, TX) and isoflurane (2.5–4%; 

AErrane, Baxter Healthcare, Deerfield, IL) delivered through a gas delivery system 

(VetEquip Inc., Pleasanton, CA). Rats received the anti-inflammatory agent, Rimadyl (5 

mg/kg, s.c.), post-surgically to alleviate pain. Catheters were constructed from 8.5 cm 

silastic tubing (0.64 mm o.d.) with one end connected to a cannula endpiece (Plastics 

One, Roanoke, VA). The catheter was inserted into the right jugular vein and the cannula 

endpiece was passed subcutaneously to an incision on the head. The catheter was 

anchored to the top of the head with four stainless steel screws and dental acrylic cement. 

For the first week after surgery, catheters were flushed daily with 0.1 ml of 0.9% saline 

that contained 1 U/ml heparin and 67.0 mg/ml Timentin. Animals continued receiving the 
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same solution daily without the Timentin component through the duration of the 

experiment to maintain catheter patency. 

 

2.3.3. USV recordings and drug infusions 

Rats were given three intermittent i.v. infusions of amphetamine during the pre-

exposure phase, followed by a challenge dose of amphetamine two weeks later to test for 

sensitization. To establish baseline rates of vocalization and to test for the expression of 

conditioned vocalization, saline recordings were obtained prior to amphetamine 

recordings. Ultrasonic vocalizations were recorded during the first 5 min after each i.v. 

saline (0.1 ml heparinized saline) or i.v. amphetamine infusion (1 mg/kg in 1 mg/ml 

solution, weight of d-amphetamine sulfate salt; Sigma). All rats received both saline and 

amphetamine on trial days, with saline infusions occurring in the mornings, and 

amphetamine infusions occurring 4–5 h later in the afternoon. Amphetamine and saline 

trials took place every other day over a 5 day period, with Trials 1, 2, and 3 occurring on 

days 1, 3, and 5, respectively, and the two week challenge occurring on day 19. On days 

2, 4, and 6–18 rats were left undisturbed except for the daily flushing of catheters with 

heparinized saline. 

During saline and amphetamine trials, rats remained in their home cages and were 

transferred from the colony room to a recording environment in a separate room. Cage 

tops containing food and water were replaced with a modified cage top holding the 

microphone panel. Discrete social olfactory cues were provided to help animals 

distinguish between saline and amphetamine conditions, as cues associated with a drug 

are known to play an important role in the induction and expression of sensitization 

(Anagnostaras and Robinson 1998; Anagnostaras et al. 2002; Badiani et al. 1997; 
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Robinson et al. 1998). Odor cues consisted of 1-in.-round wooden beads (Craft Works, 

Seattle, WA) that were impregnated with different social odors (for details see Spinetta et 

al. 2008). Odor cues that were distinct for saline vs. amphetamine conditions were 

presented 1 min prior to infusion and remained in the cage throughout the trial, except for 

their brief removal and replacement at the start of saline or drug delivery and every 5 min 

thereafter to prevent sensory adaptation. Infusions were administered by the experimenter 

and the rate of infusion was recorded, with infusion durations for amphetamine ranging 

from 10 to 15 s. A model CM16 ultrasonic microphone (Avisoft, Germany) mounted in a 

Plexiglas panel was placed over the cage as previously described (Ciucci et al. 2007), and 

USVs were recorded for 5 min after infusions. Animals remained in the testing room for 

15 min after recording procedures in an attempt to ensure that environmental cues were 

associated with the peak effects of amphetamine. Two weeks after the third trial, rats with 

intact catheters (n = 5) were again given 0.1 ml heparinized saline and then 1 mg/kg 

amphetamine following the same infusion and recording procedures. 

 

2.3.4. Data analysis and statistics 

Analog USV recordings were digitized with an A/D card (National Instruments, 

USA) at a 200-kHz sampling rate with 16-bit resolution. Sonograms were generated and 

analyzed using SASlab Pro (Avisoft, Germany), with a 512 FFT-length and 75% overlap 

frame setup. A trained observer, blind to treatment conditions, counted the number of 

USVs produced in 5 min following saline and amphetamine, and categorized calls as flat, 

frequency-modulated, or harmonic, based on the presence or absence of rapid 

fluctuations in frequency (“trill” components) or harmonic components (see Fig. 2.1) 

(Burgdorf et al. 2007; Ciucci et al. 2007, 2008; Holy and Guo 2005; Wöhr et al. 2008). 
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All USVs recorded were found to be in the 50-kHz range, with no 22-kHz calls detected. 

Since few harmonic calls (< 2% of total calls) were observed in both saline and 

amphetamine conditions, this call type is not discussed further.  

To examine the effects of repeated amphetamine, each rat’s amphetamine-elicited 

calls were compared to its saline-elicited calls recorded earlier in the day. A 2 x 3 (Drug x 

Trial) repeated-measures ANOVA followed by within-subjects contrasts was used to 

examine amphetamine vs. saline USVs on Trial 2 compared to Trial 1, and on Trial 3 

compared to Trial 1. Recordings from the Challenge day were compared to Trial 1 using 

a 2 x 2 (Drug x Trial) repeated-measures ANOVA. 
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2.4. RESULTS 

 

2.4.1. Amphetamine effects on 50-kHz frequency modulated and flat calls combined  

The initial exposure to amphetamine elicited significantly more 50-kHz USVs 

than saline in 8 of the 9 animals (Fig. 2.2). One rat did not produce USVs in response to 

saline or amphetamine, and was consequently excluded from the study, as the goal of the 

experiment was to examine changes in unconditioned USV responses to amphetamine 

across multiple exposures. However, inclusion of this rat’s data did not change the 

statistical significance of the outcome. In the remaining rats, repeated amphetamine 

elicited a significant increase in 50-kHz USVs compared to the initial exposure, and this 

elevated response was present two weeks after the cessation of drug treatment (Fig. 2.2). 

For the number of 50-kHz USVs (all types) produced in 5 min post-infusion, a repeated-

measures ANOVA revealed a significant main effect of Trial [F(2, 14) = 9.34, p < .01], a 

significant main effect of Drug [F(1, 7) = 40.53, p < .001], and a significant Trial x Drug 

interaction [amphetamine-induced increase in 50-kHz USVs was significantly greater on 

Trials 2 and F(2, 14) = 5.19, p < .05]. Within-subjects contrasts revealed that the 3 

compared to Trial 1 [F(1, 7) = 11.39, p < .05; F(1, 7) = 11.02, p < .05, respectively]. This 

effect was observed two weeks later, as the challenge dose of amphetamine elicited 

significantly more 50-kHz USVs than the initial exposure [Trial, F(1, 4) = 213.89, p < 

.001; Drug, F(1, 4) = 14.55, p < .05; Trial x Drug, F(1, 4) = 12.87, p < .05]. 

 

2.4.2. Amphetamine sensitization of frequency modulated but not flat 50-kHz calls  

The additional 50-kHz USVs elicited by amphetamine were predominantly of the 

frequency-modulated (trill) type, whereas the number of flat 50-kHz USVs was not 
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detectably changed by amphetamine (Figs. 2.3 and 2.4). Repeated amphetamine 

significantly increased the production of frequency-modulated 50-kHz USVs, with a 

significant main effect of Trial [F(2, 14) = 9.28, p < .01], a significant main effect of 

Drug [F(1, 7) = 49.72, p < .001], and a significant Trial x Drug interaction [F(2, 14) = 

5.76, p < .05]. The increase in amphetamine-induced frequency-modulated 50-kHz USVs 

was significantly greater on Trials 2 and 3 compared to Trial 1 [F(1, 7) = 16.15, p < .01; 

F(1, 7) = 11.86, p < .05, respectively], and this effect persisted with the amphetamine 

challenge [Trial, F(1, 4) = 147.69, p < .001; Drug, F(1, 4) = 13.44, p < .05; Trial x Drug, 

F(1, 4) = 14.37, p < .05].  

Conversely, the number of flat calls remained unchanged on all test days, 

including the two-week challenge (Fig. 2.4). No significant effects of repeated 

amphetamine were observed in the first three trial days [Trial, F(2, 14) = 1.68, p = .222; 

Drug, F(1, 7) = 3.76, p = .094; Trial x Drug, F(2, 14) = 1.58, p = .241], nor following the 

amphetamine challenge [Trial, F(1, 4) = 2.9, p = .164; Drug, F(1, 4) = .64, p = .468; Trial 

x Drug, F(1, 4) = .06, p = .811]. As expected, 22-kHz long flat calls linked to aversive 

states were never observed. 

 

2.4.3. Amphetamine sensitization of locomotor activity  

Repeated exposure to amphetamine also increased locomotor activity, measured 

as the percentage of time spent rearing (Fig. 2.5). A 2 x 2 (Trial x Drug) repeated-

measures ANOVA revealed that the amphetamine-induced increase in rearing was 

significantly greater in pre-exposure Trial 3 compared to Trial 1 [Trial, F(1, 7) = 47.19, p 

< .001; Drug, F(1, 7) = 9.45, p < .05; Trial x Drug, F(1, 7) = 6.87, p < .05]. Behavior was 

not videotaped on the two-week challenge day. 
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Figure 2.1.  Examples of 50-kHz USVs  

 
 
Example sonograms of (a) frequency-modulated “trill” 50-kHz call, and (b) flat 50-kHz 

call. Colors indicate relative level of signal intensity (dB). Audio samples of 50-kHz calls 

(slowed down 20x) can be heard at the lab website: www.schallertlab.org. 
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Figure 2.2.  Sensitization of total 50-kHz USVs (FM and flat combined) 

 
 
Repeated amphetamine increased the production of 50-kHz USVs. Results are mean ± 

SEM of number of 50-kHz USVs recorded in 5 min after i.v. infusions of saline and 

amphetamine. In Trial 1, acute amphetamine elicited more 50-kHz USVs than the 

preceding saline infusion (†paired samples t-test, t = 3.18, p < .05, two-tailed). In Trial 2 

and Trial 3 amphetamine elicited a greater increase in 50-kHz USVs than Trial 1 (*p < 

.05; N = 8). Two weeks after Trial 3 (day 19), a challenge dose of amphetamine elicited a 

greater increase in calls than Trial 1 (#p < .05; n = 5).
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Figure 2.3.  FM subtypes are sensitized by amphetamine  

 
 
Frequency-modulated 50-kHz USVs are increased by repeated amphetamine. Results are 

mean ± SEM of the number of 50-kHz USVs categorized as frequency-modulated (trill 

type calls). In Trial 1, amphetamine elicited more frequency-modulated calls than saline 

(†paired samples t-test, t = 3.28, p <.05, two-tailed). Re-exposure to amphetamine in 

Trials 2 and 3 elicited a greater increase in frequency-modulated 50-kHz USVs than Trial 

1 (*p < .05, **p < .01; N = 8). Two weeks after Trial 3, a challenge dose of amphetamine 

elicited a greater increase in frequency-modulated calls than the initial exposure (#p < 

.05; n = 5). 
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Figure 2.4.  Flat subtypes are not sensitized by amphetamine 

 
 
Flat 50-kHz USVs were not significantly increased by the initial exposure to 

amphetamine or by multiple exposures to amphetamine. Results are mean ± SEM of the 

number of 50-kHz USVs categorized as flat. 
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Figure 2.5.  Sensitization of rearing behavior 

 
 
Figure shows mean ± SEM of percentage of time spent rearing in 5 min post-infusion. 

More rearing behavior was elicited by amphetamine in Trial 3 compared to Trial 1 (*p < 

.05, N = 8). 
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2.5. DISCUSSION 

The results of this study indicate that (1) i.v. amphetamine elicits 50-kHz USVs, 

(2) repeated intermittent treatment with amphetamine facilitates (sensitizes) its ability to 

elicit 50-kHz USVs, and (3) this effect persists for at least two weeks. To our knowledge, 

this is the first report both of USVs elicited by intravenous amphetamine, as well as 

changes in USV responses across repeated drug treatments (although see Chehayeb et al. 

2007). The development of amphetamine sensitization is supported by ratings of 

locomotor activity. Re-exposure to amphetamine increased the amount of time rats spent 

engaged in rearing and upward exploratory sniffing, behaviors that have been reported to 

sensitize to psychostimulants (Nordquist et al. 2008). Although there are no rearing data 

from the amphetamine challenge, previous studies have found that locomotor 

sensitization persists for weeks or months after the discontinuation of drug treatment 

(Nordquist et al. 2008; Paulson et al. 1991). 

That repeated treatment increased the ability of amphetamine to elicit 50-kHz 

USVs is consistent with the modulatory role of dopamine on the rate and quality of 50-

kHz USV production (Burgdorf et al. 2001, 2007; Thompson et al. 2006; Wintink and 

Brudzynski 2001). Frequency-modulated call types may be particularly sensitive to 

dopamine activity and appetitive states. For example, an elevated ratio of trill calls to flat 

calls has been observed in situations that elicit approach behavior, and lesions of 

midbrain dopamine neurons or pre-treatment with dopamine antagonists selectively block 

the frequency-modulated calls evoked by a reinforcing stimulus, without affecting flat 

50-kHz calls or aversive 22-kHz calls (Burgdorf and Panksepp 2006; Burgdorf et al. 

2007). Furthermore, situations that elicit 50-kHz USVs but are not considered “reward-
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related” (such as exposure to a novel environment or brief separation from a cage mate) 

elicit primarily flat 50-kHz calls (Wöhr et al. 2008). 

The finding that 50-kHz USVs are sensitized by repeated amphetamine suggests 

that these calls may possibly provide a valuable behavioral measure of key processes 

underlying addiction. In particular, USVs may provide insight into the development of 

incentive-sensitization, as they are suggested to reflect affective states associated with 

appetitive behavior, and are influenced by prior experiences and associative learning. For 

example, both male and female rats emit large numbers of 50-kHz USVs during sexual 

encounters (Barfield et al. 1979; Ciucci et al. 2007, 2008; McGinnis and Vakulenko 

2003). Male rats also vocalize in response to the odors of estrous females, and greater 

numbers of odor-elicited calls are associated with previous sexual experience and 

increased sexual motivation (Bialy et al. 2000; Ciucci et al. 2007). Juvenile rats emit 50-

kHz calls during social interactions and play with conspecifics, as well as in response to 

cues that predict access to conspecifics (Knutson et al. 1998), and rats previously exposed 

to amphetamine or morphine emit 50-kHz calls when placed in the drug-associated 

context (Knutson et al. 1999). The appetitive states produced by drugs of abuse have been 

suggested to activate dopamine mediated incentive-salience processes, and strengthen the 

associations between drug-related cues and motivation to obtain the drug (Robinson and 

Berridge 1993, 2003, 2008). Thus, the relationship between 50-kHz USVs and 

emotional/motivational states may provide unique insights into changes in incentive-

motivation that occur with chronic drug exposure. 
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Chapter 3: Individual differences in the conditioned and unconditioned rat 1 
50-kHz ultrasonic vocalizations elicited by repeated amphetamine exposure. 2 

 3 

3.1. ABSTRACT 4 
 5 

Rationale: The 50-kHz ultrasonic vocalizations (USVs) produced by adult rats are 6 

thought to be a sign of positive affect associated with appetitive behavior, and may reflect the 7 

positive reinforcing value of drugs such as amphetamine and cocaine. Objective: To determine 8 

whether the rats that made high numbers of unconditioned 50-kHz USVs when exposed to 9 

amphetamine (“high callers”) also displayed strong anticipatory (conditioned) appetitive 10 

behavior when exposed to drug-paired cues. Methods: In Experiment 1, rats underwent multiple 11 

Pavlovian pairings of amphetamine (1 mg/kg) with a distinctive environment. During each 12 

pairing, USVs were recorded prior to, and immediately after, delivery of amphetamine. 13 

Experiment 2 examined the influence of different drug-administration environments 14 

(conditioning chambers vs. home cages) on USV production, and Experiment 3 examined the 15 

relationship between amphetamine-induced USVs and conditioned place preference. Results: 16 

Individual differences in the number of 50-kHz USVs elicited by amphetamine were used to 17 

categorize rats as high callers or low callers. Both groups made anticipatory and drug-induced 18 

50-kHz USVs during home-cage drug administration; however, only high callers made 19 

anticipatory and drug-induced 50-kHz USVs in the conditioning chambers, and only high callers 20 

showed conditioned place preference. Conclusions: These findings suggest that USVs can reveal 21 

environment sensitive traits involved in drug-related appetitive motivation. 22 
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3.2. INTRODUCTION 1 

Rat ultrasonic vocalizations (USVs), the high-frequency calls that rats use to 2 

communicate, have recently gained attention as a possible behavioral expression of the 3 

emotional and motivational states produced by drugs of abuse. Adult rats produce two main 4 

types of USVs, 50-kHz and 22-kHz calls, as social signals that communicate positive and 5 

negative affective states. Calls in the 22-kHz range are generally considered a sign of negative 6 

affect or warning, since they are observed in situations that cause anxiety and distress, such as 7 

exposure to predatory threats, footshock, social defeat, and withdrawal from addictive drugs 8 

(Burgdorf et al. 2009; Covington and Miczek 2003; Brudzynski 2001). Calls in the 50-kHz range 9 

are thought to be an expression of positive affect and appetitive behavior, since they increase in 10 

response to rewarding stimuli, and are associated with positive emotional tendencies (Knutson et 11 

al. 2002; Burgdorf and Panksepp 2006; Burgdorf et al. 2009). There are different subtypes of 50- 12 

kHz USVs, and it seems that frequency-modulated “trill” calls are more closely related to 13 

positive affect than flat calls (Burgdorf et al. 2010); however, much of the literature refers to 14 

counts of total 50-kHz USVs without identifying subtypes. 15 

Rats often produce spontaneous 50-kHz calls at relatively low rates in the absence of any 16 

discernible social or appetitive stimuli (Wöhr et al. 2008; Schwarting et al. 2007); however, 17 

manipulations that stimulate mesolimbic dopamine activity can dramatically increase the rate of 18 

50-kHz calling above baseline levels. For example, increased 50-kHz USVs have been elicited 19 

by microinjections of amphetamine into the nucleus accumbens, particularly the shell region 20 

(Thompson et al. 2006; Burgdorf et al. 2007; Brudzynski et al. 2011a), and by electrical brain 21 

stimulation of areas known to mediate reward and support self-stimulation (Burgdorf et al. 22 

2007). Acute systemic administration of amphetamine or cocaine has also been shown to elicit 23 

50-kHz USVs (Maier et al. 2012, Barker et al. 2010; Wintink and Brudzynski 2001; Wright et al. 24 

2010; Natusch and Schwarting 2010), and this effect is persistently sensitized by repeated 25 

exposure to these drugs (Ahrens et al. 2009; Mu et al. 2009; Williams and Undieh 2010). Fifty- 26 
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kHz calls are also elicited by cues that predict a variety of natural rewards, such as positive social 1 

interactions (Knutson et al. 1998), and exposure to sexually receptive female rats, which increase 2 

with the male’s level of copulatory experience (Bialy et al. 2000; Ciucci et al. 2007; McGinnis 3 

and Vakulenko 2003). Conditioned 50-kHz calls have been observed during expression of CPP 4 

for an environment paired with cocaine, amphetamine, or morphine (Knutson et al. 1999; Meyer 5 

et al. 2012; Burgdorf et al 2007), and during a 10-min period of conditioned anticipation prior to 6 

cocaine self-administration (Ma et al. 2010, Maier et al. 2010). 7 

Several studies have found stable individual differences in 50-kHz calling, which have 8 

been linked to emotional dispositions and sensitivity to reward (Burgdorf et al. 2009; Schwarting 9 

et al. 2007; Wöhr et al. 2009). For example, rats that have been selectively bred for high rates of 10 

50-kHz calling exhibit lower anxiety levels (Burgdorf et al. 2009), more robust 50-kHz USV 11 

sensitization to cocaine (Mu et al. 2009), and greater 50-kHz USV responses to amphetamine 12 

injected into the nucleus accumbens shell (Brudzynski et al. 2011a), than rats that have been 13 

selectively bred for low levels of 50-kHz calling. Also, rats that show an increase in 14 

unconditioned 50-kHz USVs after a rewarding stimulus such as electrical brain stimulation 15 

(Burgdorf et al. 2007) or cocaine (Browning et al. 2011), show greater self-administration of 16 

these rewards than rats that do not vocalize after the first exposure. 17 

Given the link between USVs and the affective states associated with reward, it is 18 

possible that 50-kHz USVs could identify rats that, after an initial experience with a drug of 19 

abuse, are consequently more likely to show appetitive motivation when exposed to drug-paired 20 

cues. In the present study, we observed USVs during exposure to amphetamine, and found 21 

individual differences in the number of 50-kHz USVs elicited by amphetamine. The goal of the 22 

first experiment was to determine the relationship between unconditioned 50-kHz USVs elicited 23 

by amphetamine itself, and the conditioned 50-kHz USVs produced during anticipation of 24 

amphetamine. Since vocalization can also be influenced by environmental characteristics 25 

(Natusch and Schwarting 2010), we conducted a second experiment to determine whether 26 

changing the drug-administration environment could alter USV responses to amphetamine. In a 27 



 36 

third experiment, we used conditioned place preference (CPP) to determine whether the number 1 

of 50-kHz USVs elicited by amphetamine could predict attraction to a drug-paired environment. 2 
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3.3. METHODS 1 

 2 

3.3.1. Animals 3 

A total of 59 adult male Sprague-Dawley rats were used (Charles River). Rats were drug- 4 

naive and weighed 320-520 g at the start of experiments. Rats were housed two per cage upon 5 

arrival to the colony. Rats in Experiments 1 and 2 were singly housed after surgery, and rats in 6 

Experiment 3 were switched to single housing one week prior to the experiment. Rats were kept 7 

in standard polycarbonate cages with pine bedding, food, and water available ad libitum.  All 8 

animals were maintained on a reverse 12-hr light/dark cycle, with all testing taking place during 9 

the dark phase of the cycle. For at least one week prior to the start of procedures, rats were 10 

handled for 5 min daily. All procedures were approved by the University of Texas Institutional 11 

Animal Care and Use Committee. 12 

 13 

3.3.2. Surgery 14 

In Experiments 1 and 2, jugular catheters were surgically implanted to enable intravenous 15 

(i.v.) drug delivery. Rats were anesthetized by a mixture of isoflurane (2.5–4%; AErrane, Baxter 16 

Healthcare, Deerfield, IL) and oxygen (0.8 l/min, Airgas Southwest, Corpus Christi, TX) 17 

administered through a gas delivery system (VetEquip Inc., Pleasanton, CA). Catheters were 18 

constructed from 8.5 cm silastic tubing (0.64 mm o.d.) and a cannula endpiece (Plastics One, 19 

Roanoke, VA), and were inserted into the right jugular vein and run subcutaneously to an 20 

incision at the top of the head, where they were affixed with four stainless steel screws and 21 

dental acrylic cement. The anti-inflammatory agent Rimadyl (5 mg/kg, s.c.) was administered 22 

post-surgically to alleviate pain. Rats were allowed to recover from surgery for one week before 23 

the beginning of experiments. During this first week catheters were flushed daily with 0.1 ml of 24 

0.9% saline that contained 1.0 U/ml heparin and 67.0 mg/ml of the antibiotic Timentin. 25 
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Thereafter, catheters were flushed daily with 0.1 ml heparinized saline (without the Timentin 1 

component) for the duration of experiments. At the end of experiments, catheter patency was 2 

tested by administering i.v. infusions of 20 mg/kg ketamine hydrochloride. Any rats that failed to 3 

become ataxic within 20 s were excluded and are not reported in this study. 4 

 5 

3.3.3. Drugs  6 

Rats received either 1 mg/kg d-amphetamine sulfate (expressed as the weight of the salt; 7 

Sigma-Aldrich, St. Louis, MO) dissolved in sterile 0.9% saline at a volume of 0.5 ml/kg, or an 8 

equivalent volume of 0.9% saline. In Experiments 1 and 2, amphetamine and saline were 9 

delivered i.v. at a rate of 0.1 ml/10-15 s, and in Experiment 3 they were injected intraperitoneally 10 

(i.p.). 11 

 12 

3.3.4. Experiment 1 13 

 14 

Apparatus  This experiment took place in standard one-lever operant conditioning 15 

chambers (28 cm x 22 cm x 21 cm) housed in sound-attenuating boxes (Med-Associates, St. 16 

Albans, VT). Chambers were equipped with house lights, stimulus lights, and ultrasonic 17 

microphones with a frequency detection range of 10-kHz to 100-kHz (PCB Piezotronics, 18 

Buffalo, NY). Microphones were mounted on the side of the chambers 14.5 cm from the floor. 19 

The microphone output was digitized with an A/D card (National Instruments, Austin, TX) at a 20 

200-kHz sampling rate with 16-bit resolution. Locomotor activity was measured with three sets 21 

of photocells: two positioned 5 cm from the chamber walls, and one in the center of the chamber. 22 

 Horizontal beam breaks were recorded with MED-PC software (Med Associates, St. Albans, 23 

VT). Infusions were delivered through i.v. tethers mounted on single channel swivels above the 24 

chambers (Med Associates, St. Albans, VT). 25 

 26 
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Procedures  We recorded USVs before and after noncontingent i.v. infusions of 1 

amphetamine or saline administered in the conditioning chambers. This experiment began with 2 

four days of habituation to the chambers, in which baseline rates of vocalization and locomotor 3 

activity were recorded. In habituation sessions, rats were placed in the chambers for 30 min, but 4 

were not tethered and the chamber lights were not illuminated. The 25 rats in this experiment 5 

were randomly assigned to receive amphetamine (n = 16) or saline (n = 9), and underwent 15 6 

drug-exposure sessions occurring once every 2-3 days (i.e. on Mondays, Wednesdays, and 7 

Fridays). The day on which rats started the first session was staggered so that 2-day breaks 8 

between amphetamine sessions were spread evenly across the conditioning phase, and no 9 

differences in behavior were found after a 2-day break compared to a 1-day break. Each session 10 

began with an anticipatory period in which rats were tethered in the operant conditioning 11 

chambers for 10 minutes prior to infusions, and the conditioned USVs and locomotor activity 12 

elicited by the context alone were recorded. Depending on their group, rats then received a single 13 

i.v. infusion of amphetamine or saline, and locomotor activity and USVs were recorded for 14 

another 20 min. During the first 9.5 min of the anticipatory period, all lights in the chamber were 15 

off. In the last 30 s of this anticipatory period, a stimulus light was illuminated to signal the 16 

impending infusion. When the infusion began at 10 min, the stimulus light turned off and the 17 

house light was illuminated for the remaining 20 min. 18 

 19 

3.3.5. Experiment 2 20 

 21 

Apparatus  In this experiment, USVs were recorded with CM16 ultrasonic microphones 22 

(Avisoft Bioacoustics, Berlin, Germany), and microphone output was digitized with an 23 

UltraSoundGate system (Avisoft Bioacoustics) at a sampling rate of 250 kHz and a 16-bit 24 

resolution. Phase I: conditioning chambers  Following the same methods as Experiment 1, a 25 

separate group of 14 rats were recorded in operant conditioning chambers during four 26 
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habituation sessions, followed by three drug-exposure sessions in which they received 1 mg/kg 1 

i.v. amphetamine. Phase II: home cages  Amphetamine was administered to all rats in their 2 

home cages. Home cages were placed in custom-made sound-attenuating cabinets equipped with 3 

house lights and stimulus lights. Cage tops were modified to allow USV microphone placement 4 

and passage of i.v. drug delivery tubing. Phase II began with two days of habituation to the 5 

home-cage recording environment, in which USVs were recorded for 30 min with lights off. Rats 6 

received 1 mg/kg amphetamine during the next 15 sessions, which were spaced every 2-3 days. 7 

Infusions were delivered after a 10-min delay, with anticipatory USVs recorded in the first 10 8 

min, and amphetamine-induced USVs recorded in the last 20 min. A stimulus light was 9 

illuminated during the last 30 s of the anticipatory period, and a house light was illuminated from 10 

the start of amphetamine delivery until the end of the session. 11 

 12 

3.3.6. Experiment 3  13 

 14 

Apparatus This experiment took place in custom-made acrylic boxes with two side 15 

compartments (each 26.6 cm x 27.6 cm x 31 cm), one with white walls and smooth black acrylic 16 

floors, and one with black walls and textured white acrylic floors. Two removable walls and a 17 

central grey compartment separated the black and white sides. During baseline and test sessions, 18 

video cameras were mounted over the boxes, and raters blind to condition counted the number of 19 

seconds spent in each side. CM16 ultrasonic microphones were mounted in clear acrylic lids 20 

placed over the compartments, and microphone output was collected with the Avisoft 21 

UltraSoundGate system at a sampling rate of 250 kHz and a 16-bit resolution. 22 

 23 

Procedures Amphetamine-induced conditioned place preference (CPP) was examined in 24 

a separate group of 20 drug-naive rats. To determine initial bias toward the black or white sides, 25 

15-min baseline sessions were conducted. Rats were placed in the center grey compartment with 26 
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the walls raised 8 cm, allowing access to both sides of the apparatus. Conditioning sessions were 1 

subsequently conducted on four consecutive days. On days 1 and 3, saline (i.p.) was paired with 2 

the initially preferred side, and on days 2 and 4, amphetamine (1 mg/kg, i.p.) was paired with the 3 

initially non-preferred side. Rats were placed in the compartments immediately after injections 4 

and remained there for 30 min. The expression of CPP was tested the day after the last 5 

conditioning session, following the same procedures as baseline sessions. USVs produced during 6 

conditioning sessions were recorded with one microphone placed over the appropriate side. 7 

USVs produced during baseline and test sessions were recorded with two microphones at once, 8 

one over the black side and one over the white side. At the start of sessions, a brief tone was 9 

played that was audible in the video recordings and visible in the spectrogram. This tone served 10 

to synchronize video and USV recordings, so that it was possible to determine which side the 11 

rats occupied when they made individual USVs. 12 

 13 

3.3.7. USV analysis 14 

USVs were recorded with Avisoft-RECORDER software, and analyzed with Avisoft- 15 

SASlab Pro software (Avisoft Bioacoustics, Berlin, Germany). Spectrograms were generated 16 

with a 512 FFT-length and 75% overlap window (100% frame, Hamming window), and the 17 

"Automatic parameter measurement" feature in SASlab Pro was used to detect and label 18 

ultrasonic sounds in the range of 20-100 kHz. Trained raters examined the automatically labeled 19 

elements in the spectrogram window to ensure accurate detection of USVs, which were required 20 

to be visible and distinct from background noise, to have a “whistle-like” sound when played in 21 

the audible range (11.025 kHz), and to resemble previously identified call types (Wright et al. 22 

2010). USVs that fell between 30-95 kHz were considered 50-kHz calls, and flat USVs that fell 23 

between 20-30 kHz were considered 22-kHz calls (Wright et al. 2010; Brudzynski 2001). For 24 

counts of USVs, recordings were randomly assigned to one of four raters that were blind to the 25 

experimental condition. To determine inter-rater reliability, each of the four raters counted USVs 26 
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the same 12 randomly selected files. The average inter-rater correlation was .995, and individual 1 

correlations ranged from .989 to .998. In selected recordings, 50-kHz USVs were separated into 2 

flat or frequency modulated (FM) categories based on the presence or absence of sinusoidal 3 

fluctuations in frequency (Ahrens et al. 2009; Simola et al. 2009), and call subtype classification 4 

was performed by two raters with high inter-rater reliability (Cohen’s Kappa = .89). Since 5 

Experiment 1 used different recording equipment than Experiments 2 and 3, we conducted a 6 

comparison by recording rats with both systems at once (seven rats for two days). We found that 7 

the PCB Piezotronics/National Instruments system detected 80 ± 4% of the total 50-kHz USVs 8 

(88 ± 5% of the flat calls and 72 ± 5% of the FM calls) detected by the Avisoft Bioacoustics 9 

system. The detection of 22-kHz USVs could not be compared because they were not produced 10 

in these recordings. All experiments used exclusively one system or the other. 11 

 12 

3.3.8. Group assignments  13 

Rats were categorized as “high callers” or “low callers” based on whether or not their 14 

first exposure to amphetamine elicited an increase in 50-kHz USVs compared to their individual 15 

baselines. Rats often make spontaneous calls for the first ~5 min after placement in a testing 16 

environment (Schwarting et al. 2007; Wöhr et al. 2008; Knutson et al. 1998), so in Experiments 17 

1 and 2 we used the USVs produced in the first 10 min of Session 1 as a drug-free within-session 18 

baseline. For each rat, we compared the number of post-injection calls made in min 11-30 to the 19 

number of pre-injection calls made in min 0-10, and calculated two values: the difference in call 20 

numbers and the factor increase (with zeros replaced by ones). Rats were categorized as high 21 

callers if amphetamine elicited an increase of at least 50 calls or a factor increase of 5, and rats 22 

that did not meet these criteria were categorized as low callers. These cutoffs were chosen by 23 

examination of within-session variability in spontaneous calling during a total of 156 habituation 24 

sessions, and represent the 98th percentile for each of the measures.  25 



 43 

Experiment 3 did not include multiple days of habituation in the testing environment, so 1 

baseline variability could not be determined. Instead, we calculated differences in 50-kHz USVs 2 

/ 30 min between the first amphetamine trial and the first saline trial, and identified rats that were 3 

judged to show clear high responses (> 300 calls) or clear low responses (< 1 call), and the 4 

remaining rats (differences of 2-94 calls) were assigned to high- or low-caller groups by a 5 

median split of call differences. In Experiment 3, this method happened to produce the same 6 

group assignments as a median split alone, but it allowed for the possibility of unequal group 7 

sizes. The production of 22-kHz USVs was also taken into consideration when determining 8 

groups, as high callers, but not low callers, were required to produce only 50-kHz USVs during 9 

the first amphetamine exposure. Two rats were excluded from Experiment 2 because they 10 

produced high numbers of 22-kHz USVs in addition to high numbers of 50-kHz USVs starting 11 

immediately after amphetamine delivery in Session 1. 12 

 13 

3.3.9. Statistics   14 

In Experiments 1 and 2, locomotor activity and USV counts were compiled in separate 15 

pre-injection and post-injection sets. Data were analyzed with separate two-way (group x 16 

session) repeated-measures ANOVAs. Unless otherwise indicated, ANOVAs included 16 17 

sessions: one baseline value (the average of habituation sessions) plus 15 drug-administration 18 

sessions. Tukey’s post hoc tests were used to determine group effects in data averaged across all 19 

sessions included in the ANOVAs. To determine linear trends, pre-injection data from each 20 

group were examined separately with one-way between-subjects ANOVAs including the 15 21 

drug-administration sessions. USV data sets from all three experiments failed Levene’s test for 22 

homogeneity of variance, so data transformations were performed prior to statistical analysis. 23 

Square-root transformations were used for Experiments 1 and 2; however, in Experiment 3 the 24 

unequal variance was more extreme and a logarithmic transformation was appropriate. Data lost 25 

due to equipment error (1.3% of USV data and 2.8% of locomotor activity data) were replaced 26 
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using a linear regression method that predicted missing values based on existing data from the 1 

animal. Statistical procedures were conducted with SPSS for Windows (version 19), and all 2 

results are presented as mean ± SEM. 3 

 4 
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3.4. RESULTS 1 

 2 

3.4.1. Experiment 1: The relationship between unconditioned and conditioned 50-kHz 3 
USVs 4 

 5 

50-kHz USVs  Amphetamine-treated rats in this experiment split into high callers (n = 8) 6 

and low callers (n = 8). The time course of USV production within the 30-min sessions is shown 7 

in detail for Sessions 1, 5, 10, and 15 (Fig. 3.1). When calls were counted in the first 5 min post- 8 

injection (corresponding to min 11-15 of sessions), the high callers showed an increase in 9 

amphetamine-induced calling with repeated exposure. A 2 x 4 repeated-measures ANOVA 10 

comparing high callers and the saline group in min 11-15 showed significant group and 11 

interaction effects [session F(3, 45) = 1.83, n.s.; group F(1, 15) = 14.57, p < .01; interaction F(3, 12 

45) = 4.86, p < .01], and within-subjects contrasts were significant when Sessions 5, 10, and 15 13 

were compared to Session 1 (ps < .05). When the low callers were compared to the saline group 14 

(min 11-15) there were no significant effects [session F(3, 45) = .63, n.s.; group F(1, 15) = .05, 15 

n.s.; interaction F(3, 45) = 2.72, n.s.]. 16 

During the anticipatory period (min 0-10), the high callers made more 50-kHz USVs in 17 

later sessions than the low callers and saline group (Fig. 3.2a). There were significant main and 18 

interaction effects [session F(15, 330) = 2.58, p < .001; group F(2, 22) = 5.24, p < .05; 19 

interaction F(30, 330) = 3.09, p < .001], and post hoc comparisons showed that the high callers 20 

made more 50-kHz USVs than both the low-caller and saline groups (ps < .05), and that the low 21 

callers did not differ from the saline group. Within-subjects contrasts were used to compare each 22 

of the 15 sessions to average habituation values. Contrasts between the high callers and the saline 23 

group were significant (p < .05 or less) in all sessions from 7 to 15, with the exception of 24 

Sessions 9 and 10. Contrasts between the low callers and the saline group were not significant at 25 

any point. When groups were examined with separate 1 x 15 ANOVAs, the high callers showed 26 
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a significant linear trend [F(1, 119) = 37.0, p < .001], whereas the low callers and saline group 1 

did not [F(1, 119) = 1.26, n.s.; F(1, 134) = .96, n.s.; respectively].  2 

In the 15 amphetamine sessions, the high callers made significantly more post-injection 3 

50-kHz USVs than the low callers and the saline group (Fig. 3.2b). A 3 x 16 repeated-measures 4 

ANOVA of calls in min 11-20 showed significant main effects [session F(15, 330) = 5.12, p < 5 

.001; group F(2, 22) = 9.43, p < .001] and a significant interaction [F(30, 330) = 3.73, p < .001]. 6 

Post hoc tests showed that high callers made significantly more USVs than the low callers and 7 

the saline group (ps < .01), and that low callers did not differ from the saline group.  8 

 9 

FM and flat 50-kHz USVs subtypes  To examine FM and flat subtypes of 50-kHz USVs, 10 

we took short samples of recordings from Sessions 1, 5, 10, and 15, and categorized all 50-kHz 11 

USVs produced during the sampled time periods as FM or flat (Fig. 3.3). Within-group 12 

comparisons of FM versus flat calls were performed with 2 x 4 repeated-measures ANOVAs, 13 

with both session and call type as within-subjects factors. Anticipatory calls were sampled from 14 

the last 30 sec of the pre-injection period. The high callers appeared to make slightly more FM 15 

calls than flat calls during this period; however, there were no significant differences in call types 16 

across the four sampled sessions [session F(3, 48) = .98, n.s.; call type F(1, 16) = 1.10, n.s.; 17 

interaction F(3, 48) = .59, n.s.], or when Session 15 was examined separately [t(7) = 1.83, n.s.] 18 

(Fig. 3.3a). Amphetamine-induced 50-kHz USVs were sampled from the first 5 min post- 19 

injection (min 11-15 of sessions). Within the high-caller group, amphetamine elicited more FM 20 

calls than flat calls, with significant main effects [session F(3, 21) = 3.10, p < .05; call type F(1, 21 

7) = 5.78, p < .05] but a non-significant interaction [F(3, 21) = 1.87, n.s.] (Fig. 3.3d). No 22 

significant effects were seen in the low callers or the saline group during the anticipatory period 23 

or the post-injection period (statistical results not shown).  24 

 25 

Locomotor activity  Data from one of the saline rats were lost due to equipment failure, 26 

so statistical tests included n = 8 in this group. When locomotor activity was counted for the 27 
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entire 10-min anticipatory period, no significant effects were observed (Fig. 3.4a) [session F(15, 1 

315) = 1.30, n.s.; group F(2, 21) = .33, n.s.; interaction F(30, 315) = 1.44, n.s.]. However, the 2 

high callers showed an increase in conditioned activity compared to the saline group during the 3 

last 30 sec of the anticipatory period, when the cue light was illuminated (Fig. 3.4b). A 3 x 15 4 

repeated-measures ANOVA of the last 30 sec (not including habituation sessions) showed 5 

significant group and interaction effects [session F(14, 294) = 1.10, n.s.; group F(2, 21) = 3.96, p 6 

< .05; interaction F(28, 294) = 1.53, p < .05]. Post hoc comparisons showed significant 7 

differences between the high callers than the saline group (p < .05), but no significant differences 8 

between the low callers and the high callers, or the low callers and the saline group.  9 

In the post-injection period (min 11-30), both high callers and low callers showed 10 

significantly greater locomotor activity than the saline group (Fig. 3.4c), with significant main 11 

effects [group F(2, 21) = 14.75, p < .001; session F(15, 315) = 3.46, p < .001] and a significant 12 

interaction [F(30, 315) = 3.17, p < .001]. Post hoc comparisons showed that both high callers 13 

and low callers were significantly greater than the saline group (ps < .001) and did not differ 14 

from one another. The only point when locomotor activity was significantly greater in high 15 

callers than low callers occurred in Session 1 [t(14) = 2.49, p < .05].  16 

 17 

3.4.2. Experiment 2: Influence of the drug-administration environment on 50-kHz USVs. 18 

 19 

50-kHz USVs in conditioning chambers  Within the conditioning chambers, 20 

amphetamine-treated rats split into high callers (n = 6) and low callers (n = 6). Calls produced 21 

during habituation were averaged across the four sessions, and there were no significant group 22 

differences during min 0-10 of habituation [t(10) = 1.51, n.s.] or min 11-20 of habituation [t(10) 23 

= 2.21, n.s.] (Figs. 3.5a, 3.5b). The three amphetamine sessions were examined with independent 24 

t tests comparing high callers to low callers, and paired t tests comparing the three sessions to 25 

average habituation values within each group. Bonferroni-corrected p values are reported, and 26 
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individual t values are not shown. During the pre-injection period (min 0-10), the high callers 1 

made significantly more calls in Session 3 than the low callers (p < .01). However, within the 2 

high-caller group, the comparison of calls in Session 3 to average habituation calls was not 3 

significant (Fig. 3.5a). During the post-injection period (min 11-20), the high callers showed 4 

increases in 50-kHz USVs in Sessions 2 and 3 (but not Session 1) that were significant when 5 

compared to the low callers (ps < .01), and when compared to their habituation calls (ps < .05) 6 

(Fig. 3.5b). 7 

 8 

50-kHz USVs in home cages  When rats were switched to home-cage drug 9 

administration, both high callers and low callers showed an increase in anticipatory 50-kHz 10 

USVs in later sessions compared to baseline values (average min 0-10 of the two home-cage 11 

habituations sessions) (Fig. 3.5c). A 2 x 16 repeated-measures ANOVA of pre-injection calls in 12 

min 0-10 showed a significant effect of sessions [F(15, 150) = 6.60, p < .001], and non- 13 

significant group [F(1, 10) = 1.18, n.s.] and interaction effects [F(15, 150) = 1.00, n.s.]. When 14 

groups were analyzed with separate 1 x 15 ANOVAs, significant linear trends were seen in both 15 

high callers [F(1, 89) = 16.38, p < .001] and low callers [F(1, 89) = 12.74, p < .001]. With paired 16 

t tests (uncorrected) comparing each amphetamine session to baseline, the high callers showed 17 

significant increases (ps < .05) in Sessions 6, 8, 12, 14, and 15, and the low callers showed 18 

significant increases (ps < .05 or less) in Sessions 8-15. 19 

In the post-injection period, both groups produced more 50-kHz USVs in amphetamine 20 

sessions compared to baseline values (average min 11-20 of the two home-cage habituation 21 

sessions) (Fig. 3.5d). A 2 x 16 repeated-measures ANOVA showed a significant effect of 22 

sessions [F(15, 150) = 2.93, p < .001] and non-significant group [F(1, 10) = 1.62, n.s.] and 23 

interaction effects [F(15, 150) = .72, n.s.]. The first time amphetamine was delivered in home 24 

cages, 5 of the 6 low-caller rats met the criteria for a high-caller response, producing more calls 25 

in min 11-30 than in min 0-10 (increases of 160-1360 calls). When individual amphetamine 26 

sessions were compared to baseline with paired t tests (uncorrected), the high callers showed 27 
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significant increases (ps < .05) in 11 of the 15 sessions, and the low callers showed significant 1 

increases (ps < .05 or less) in 13 of the 15 sessions. FM and flat call types were examined in the 2 

first 5 min of the post-injection period and during the last 30 sec of the anticipatory period, in 3 

home-cage Sessions 1, 5, 10, and 15. The results followed the same patterns as experiment 1, 4 

with amphetamine eliciting predominately FM calls, and anticipation of amphetamine eliciting 5 

equal numbers of flat and FM calls (data not shown). An overall positive correlation between 6 

amphetamine-induced USVs and anticipatory USVs is shown in Fig. 3.6. 7 

 8 

3.4.3. Experiment 3: Conditioned place preference in high callers and low callers 9 

 10 

50-kHz USVs The 50-kHz USVs produced during amphetamine and saline pairings are 11 

shown for high callers (Fig. 3.7a) and low callers (Fig. 3.7b). High callers produced significantly 12 

more 50-kHz USVs / 30 min than low callers in both the first amphetamine pairing [t(18) = 7.04, 13 

p < .001] and the second amphetamine pairing [t(18) = 4.90, p < .001]. To examine conditioned 14 

50-kHz USVs made during the test for CPP expression, we counted calls per minute produced 15 

while rats occupied the either the white or black sides. During the test session, there were no 16 

within-group differences in USVs produced in the amphetamine-paired side versus the saline- 17 

paired side: high callers [amph-paired = 14.3 ± 6.6; saline-paired = 11.7 ± 4.2; t(9) = .39, n.s.], 18 

low callers [amph-paired = 4.4 ± 3.0; saline-paired =  5.5 ± 3.2; t(9) = 1.32, n.s.]. However, the 19 

high callers made significantly more 50-kHz USVs per min in the amphetamine-paired side than 20 

the low callers [t(18) = 2.47, p < .05]. 21 

 22 

Conditioned place preference On the test day, high callers spent a significantly greater 23 

percentage of time in the amphetamine-paired side of the chamber than low callers [t(18) = 3.18, 24 

p < .01] (Fig. 3.7c, d). During baseline sessions, there was no significant difference between 25 

high and low callers in percent of time spent in non-preferred side [high 33.4 ± 3.4; low 30.7 ± 26 
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3.5; t(18) = .54, n.s.]. When CPP was calculated as within-group changes in time spent in the 1 

amphetamine-paired side during testing compared to baseline (analyzed with paired t tests), there 2 

was no difference in the low callers [t(9) = 1.56, n.s.] and a significant increase in the high 3 

callers [t(9) = 5.33, p < .001]. Only one rat (a low caller) produced 22-kHz USVs after 4 

amphetamine, and this rat also showed a reduction in time spent in the amphetamine-paired side 5 

during CPP testing compared to baseline.  6 

 7 

3.4.4. 22-kHz USVs  8 

Amphetamine-treated rats in Experiments 1 and 2 also produced 22-kHz USVs. These 9 

were seen in 10% of all recordings, and were generally produced by the same rats in multiple 10 

sessions. No saline-treated rats produced 22-kHz USVs. In Experiment 1, six rats (three high 11 

callers, three low callers) made 22-kHz USVs in more than one session, though high callers did 12 

not begin to produce 22-kHz calls until after the first amphetamine exposure. Five of the 12 rats 13 

included in Experiment 2 made 22-kHz calls in more than one session. Within the chamber 14 

sessions three of these rats were high callers and two were low callers, although it should be 15 

noted that the low callers made as many 50-kHz USVs as the high callers during the home cage 16 

sessions, and are therefore considered high callers in the analyses below. Within this subset of 11 17 

rats, 22-kHz calling typically occurred for less than 5 min of the 30 min sessions, and did not 18 

follow any discernable patterns within or across sessions. 19 

In high caller rats, the production of 22-kHz USVs was independent of 50-kHz USVs. To 20 

examine this effect, data from Experiment 1 (15 amphetamine sessions) and Experiment 2 (15 21 

home-cage amphetamine sessions) were combined. Two groups were identified: high callers that 22 

made 22-kHz USVs in more than one session (n = 8), and high callers that did not make 22-kHz 23 

USVs (n = 11). These two groups did not differ in the number of 50-kHz USVs produced in pre- 24 

injection min 0-10 [session F(14, 238) = 8.96, p < .001; group F(1, 17) = 1.57, n.s.; interaction 25 

F(14, 238) = .928, n.s.] or post-injection min 11-20 [session F(14, 238) = 1.58, n.s.; group F(1, 26 



 51 

17) = .90, n.s.; interaction F(14, 238) = .54, n.s.]. These groups also did not differ in numbers of 1 

FM and flat 50-kHz calls (averaged across Sessions 1, 5, 10, and 15) made in the last 30 sec of 2 

the anticipatory period [FM calls t(17) = 1.34, n.s.; flat calls t(17) = 1.37, n.s.], or in the first five 3 

min post-injection [FM calls t(17) = 1.21, n.s.; flat calls t(17) = .79, n.s.]. The rats that produced 4 

22-kHz calls typically made them in some sessions but not others, so within this group we 5 

compared average counts of 50-kHz USVs from recordings that contained 22-kHz USVs and 6 

those that did not. Counts were analyzed with paired t tests, and included only the rats that had 7 

recordings both with and without 22-kHz calls in the specified time period. No significant 8 

differences were found [min 0-10, t(10) = 1.43, n.s.; min 11-20, t(6) = 1.29, n.s.], showing that 9 

rats did not produce fewer 50-kHz USVs on the days when they also produced 22-kHz USVs.  10 
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Figure 3.1. Individual differences in the 50-kHz USVs elicited by amphetamine. 

 
 

Figure shows calls per 30 sec (mean + SEM) during Sessions 1, 5, 10, and 15, in high 

callers (n = 8), low callers (n = 8), and the saline group (n = 9). Sessions began with a 

waiting period in the conditioning chambers, with i.v. infusions of amphetamine or saline 

delivered at 10 min. a) Amphetamine-treated rats were divided into high-caller and low-

callers groups based on the number of 50-kHz USVs made in Session 1. b), c), d) In 

Sessions 5, 10, and 15, the high callers made more 50-kHz USVs in the first 5 min post-

injection than they did in Session 1, * p < .05. The high callers also made more 

anticipatory 50-kHz USVs during the 10-min waiting period than the low callers and the 

saline group, and anticipatory calls were strongest during the 30-sec illumination of the 

cue light immediately prior to amphetamine delivery, indicated by the shaded bar. + p < 

.05, +++ p < .001, independent t tests comparing high callers and saline.  
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Figure 3.2. Conditioned and unconditioned 50-kHz USVs associated with repeated 
amphetamine exposure. 

 

 
Figure shows 50-kHz USVs (mean + SEM) across habituation sessions (h1-h4) and 15 

amphetamine sessions in high callers (n = 8), low callers (n = 8), and the saline group (n 

= 9). a) During the anticipatory period, the high callers made significantly more 

conditioned 50-kHz USVs than the low callers and the saline group. b) In the post-

injection period, high callers produced more 50-kHz USVs than low callers and the saline 

group in all 15 sessions. 
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Figure 3.3. Conditioned and unconditioned 50-kHz USVs: Flat and FM call subtypes. 

 

 
Frequency-modulated (FM) and flat 50-kHz USVs (mean + SEM) produced by high 

callers (n = 8), low callers (n = 8), and saline rats (n = 9) in Experiment 1. Samples of 50-

kHz USVs were taken from Sessions 1, 5, 10, and 15. a), b), c) Top panels show 

anticipatory 50-kHz USVs produced during the 30-sec illumination of the cue light, and 

there were no significant differences between anticipatory FM and flat calls in any group. 

d), e), f) Bottom panels show 50-kHz USVs the first 5 min post-injection. In high callers, 

amphetamine elicited more FM calls than flat calls. When later sessions were compared 

to the first session, the high callers showed a significant increase in FM calls, but not flat 

calls, * p < .05 paired t tests. 
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Figure 3.4. Locomotor activity in high callers and low callers. 

 
 

Locomotor activity in high callers (n = 8), low callers (n = 8), and saline rats (n = 8) in 

Experiment 1. Figure shows counts of photobeam breakages (mean + SEM) across 

habituation sessions (h1-h4) and amphetamine sessions. a) When locomotor activity was 

counted for the entire 10-min anticipatory period, there were no significant differences. 

b) In the last 30 sec of the anticipatory period, locomotor activity was significantly 

greater in high callers than the saline group. c) During the post-injection period, both high 

callers and low callers showed significant increases in activity compared to the saline 

group. 
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Figure 3.5. Influence of the drug-administration environment on 50-kHz USVs. 

 
 

Figure shows 50-kHz USVs (mean + SEM) produced by high callers (n = 6) and low 

callers (n = 6) in Experiment 2. Left panels show calls made in habituation sessions (h1-

h4) and amphetamine sessions (1-3) within conditioning chambers: a) In the pre-injection 

period, there were no significant differences. b) In the post-injection period, high callers 

made significantly more amphetamine-induced 50-kHz USVs than low callers. Right 

panels show calls produced in habituation sessions (h1-h2) and amphetamine sessions (1-

15) within the home cages: c) In the pre-injection period, both high callers and low 

callers showed a significant increase in anticipatory calls across sessions. d) In the post-

injection period, both high callers and low callers made signicantly more 50-kHz USVs 

in amphetamine sessions than in habituation sessions. 
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Figure 3.6. Correlation between unconditioned and conditioned 50-kHz USVs. 

 

 

 
Figure shows 50-kHz USVs / 10 min (square-root transformed values), made by rats in 

Experiment 1 (Exp1 High and Exp1 Low) and Experiment 2 (Exp2 High and Exp2 Low). 

Amphetamine-induced USVs were taken from min 11-20 of Session 1, and anticipatory 

USVs were taken from min 0-10 of Session 15. In rats from Experiment 2, this refers to 

home-cage Sessions 1 and 15, in which low callers showed similar USV responses as 

high callers. Overall, there was a significant positive correlation between amphetamine-

induced calls and anticipatory calls, Pearson’s r = .622, p < .001. Correlations were also 

significant when each experiment was considered separately (Experiment 1: Pearson’s r 

= .503, p < .05; Experiment 2: Pearson’s r = .669, p < .05).
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Figure 3.7. Amphetamine conditioned place preference in high callers and low callers. 

 

 
In Experiment 3, high callers (n = 10) spent more time in the amphetamine-paired 

environment than low callers (n = 10). Top graphs show post-injection 50-kHz USVs / 5 

min (mean + SEM) during the four conditioning trials (two saline and two amphetamine), 

in a) high callers, and b) low callers. c) There was a significant correlation between the 

50-kHz USVs produced during the first 30-min amphetamine trial (displayed as log-

transformed values) and the percent of time spent in the amphetamine-paired side during 

testing, Pearson’s r = .454, p < .05. d) Preference for the amphetamine-paired side was 

greater in high callers than low callers, ** p < .01. 
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Figure 3.8. Heat map of 50-kHz calling intensity. 

 

 

 
 

Rows represent calls produced by individual rats in Sessions 1, 5, 10, and 15, with 

amphetamine or saline delivered at 10 min. Colors show the highest (red) to lowest (dark 

blue) numbers of calls in 30-sec bins. 
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3.5. DISCUSSION 

In this study, we found stable individual differences in the number of 50-kHz 

USVs elicited by amphetamine, and we separated rats into high-caller and low-caller 

groups based on their initial, unconditioned 50-kHz USV response to amphetamine. We 

found that with repeated exposure in a non-home environment, the high callers, but not 

the low callers, made conditioned 50-kHz USVs during anticipation of amphetamine, and 

showed conditioned place preference for the context paired with amphetamine. Since 50-

kHz USVs are associated with dopamine-mediated appetitive behavior and incentive 

motivation (Ma et al. 2010; Maier et al. 2010, 2012; Ciucci et al. 2007; Burgdorf et al. 

2007) and have been postulated to reflect positive emotional states (Knutson et al. 2002; 

Burgdorf and Panksepp 2006), the present findings suggest that 50-kHz calling can 

identify rats that are susceptible to the rewarding and reinforcing effects of amphetamine, 

and are likely to react to drug-paired cues.   

Several different varieties of 50-kHz USVs have been identified (Wright et al. 

2010), and there is evidence that calls with frequency-modulated components may be 

more closely linked to positive emotional states than calls with flat frequencies (Burgdorf 

et al. 2008, 2010; Wöhr et al 2008). In the first experiment, we found that high callers 

made more FM calls than flat calls after amphetamine administration, which is consistent 

with previous studies that examined the 50-kHz USVs elicited by amphetamine and 

cocaine (Ahrens et al. 2009; Wright et al. 2010; Brudzynski et al. 2011a; Maier et al. 

2012; Burgdorf et al. 2007; Meyer et al. 2012; Simola et al. 2009). We expected high 

callers to make more FM calls than flat calls during the last 30 seconds of the anticipatory 

period, since the production of appetitive FM 50-kHz USVs prior to play and mating has 

been positively correlated with the reward value of these stimuli (Burdgorf et al. 2008). 
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This was not confirmed, however; high callers made similar numbers of FM and flat calls 

during anticipation of amphetamine. 

In contrast to USVs, the locomotor activity elicited by amphetamine did not differ 

substantially between high callers and low callers. In a number of studies, stimulant-

induced locomotion has been shown to follow different patterns of expression than 

stimulant-induced 50-kHz USVs (Browning et al. 2011; Mu et al. 2009; Natusch and 

Schwarting 2010; Burgdorf et al. 2001; Brudzynski et al. 2011a; 2011b), which suggests 

that USVs are modulated in part by different mechanisms than those responsible for non-

affective behavioral responses to drugs. In Experiment 1, the high callers, but not the low 

callers, were more active than the saline group during the 30-second illumination of the 

cue light prior to amphetamine delivery. This is likely a sign of appetitive behavior in the 

high callers, since conditioned increases in activity are frequently observed in 

environments paired with amphetamine or cocaine (Ma et al. 2010; Anagnostaras et al. 

2002; Fraioli et al. 1999), and have been shown to escalate toward the end of a fixed-

interval anticipatory period (Barbano and Cador 2005). In the post-injection period, both 

high- and low-caller groups showed consistent amphetamine-induced increases in 

locomotor activity compared to the saline group. In the first drug-exposure session, 

locomotor activity to amphetamine was greater in high callers than low callers, which 

could potentially be a sign of increased sensitivity to drug reward, since high initial 

locomotor responses to non-contingent cocaine have been shown to predict greater 

cocaine seeking during subsequent self-administration sessions (Schramm-Sapyta et al. 

2011). However, in the remaining 14 sessions there were no significant differences in 

locomotor activity between the high- and low-caller groups. Levels of amphetamine-

induced locomotion remained fairly stable across the 15 sessions, and did not show the 

sensitized increase in activity that was expected based on the literature (Mu et al. 2009; 
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Robinson and Berridge 1993; Vanderschuren and Kalivas 2000). This was likely due to 

equipment limitations, since our photobeam array measured primarily horizontal activity, 

and psychomotor sensitization often manifests as an increase in rearing or focused, 

stereotypic movements (Flagel and Robinson 2007; Ferrario et al. 2005) that may not 

have been captured. 

Systemic amphetamine has previously been shown to produce a robust increase in 

50-kHz USVs (Ahrens et al. 2009; Wintink and Brudzynski 2001; Simola et al. 2009; 

Natusch and Schwarting 2010), and the fact that less than half of the rats in Experiment 1 

made amphetamine-induced calls warranted further investigation. Therefore, in 

Experiment 2 we tested the role of the drug-administration environment in the production 

of 50-kHz USVs. Despite habituation sessions, the conditioning chambers and testing 

procedures may have remained relatively unfamiliar and possibly stressful for some rats, 

and stressful environments have been shown to elicit aversive reactions to the same 

activity in the nucleus accumbens that provokes appetitive behaviors within a familiar 

home environment (Reynolds and Berridge 2008). In Experiment 2, we found that low 

callers made more 50-kHz USVs, both before and after injections, when amphetamine 

exposure took place in home cages rather than conditioning chambers. Previous studies 

have shown that individual differences are not observed when rats receive amphetamine 

in their home cages (Ahrens et al. 2009), and that the presence of bedding in a cage 

(versus no bedding) can increase the number of calls elicited by amphetamine (Natusch 

and Schwarting 2010), suggesting that the comfort produced by familiar surroundings can 

alter the behavioral effects of the drug. However, the present findings contradict other 

recent studies in which USVs were recorded during cocaine exposure in operant 

conditioning chambers, and rats did not show individual differences in calling (Ma et al. 

2010; Maier et al. 2010, 2012). This may be due to differences in the subjective effects of 
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amphetamine and cocaine, or to the 12 days of food-reinforced lever response training 

that preceded cocaine treatment, which may have improved familiarity with the 

environment. 

In Experiment 3 we examined amphetamine-induced USVs in a conditioned place 

preference paradigm, since CPP has been used for decades to measure motivation and 

attraction toward contextual cues paired with a drug (Tzschentke 2007; Cunningham et 

al. 2006). We recorded USVs during exposure to saline and amphetamine within the CPP 

apparatus, a relatively novel environment, and found that rats again split into high callers 

and low callers. During CPP testing the high callers spent more time in the amphetamine-

paired side than the low callers. These findings are consistent with a previous study in 

which only the rats that made high numbers of 50-kHz USVs after intra-VTA injections 

of DAMGO showed CPP for the environment paired with the injection (Burgdorf et al. 

2007). It has also been shown that rats that approach and engage food cues (sign trackers) 

make more FM 50-kHz USVs during cocaine exposure, and demonstrate stronger 

cocaine-induced CPP, than rats that are not attracted to food cues (goal trackers) (Meyer 

et al. 2012). We also found that during CPP testing the high callers made more 

conditioned 50-kHz USVs while occupying the amphetamine-paired side than low 

callers, which is in agreement with previous reports of conditioned 50-kHz USVs 

produced during the expression of cocaine or amphetamine CPP (Meyer et al. 2012; 

Knutson et al. 1999). 

The reason why high callers behaved differently than low callers is not clear, but 

the link between 50-kHz USVs and positive affect suggests that high callers may have 

experienced amphetamine as a pleasurable event, whereas the low callers may have been 

more sensitive to the anxiogenic effects of the drug. Although psychostimulants are 

highly addictive drugs that are generally thought of as producing pleasurable and 
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euphoric effects, they are known to have aversive properties in some circumstances, 

particularly when administered non-contingently (Twining et al. 2009; Blanchard and 

Blanchard 1999; Mutschler and Miczek 1998; Hunt and Amit 1987). There is evidence 

that sensitivity to the aversive effects of stimulants can keep some rats from self-

administering the drugs as readily as others (Rademacher et al. 2000; Kunin et al. 2001), 

and that pretreatment with anxiolytics can increase the voluntary consumption of cocaine 

(Ettenberg and Geist 1991; Maier et al. 2008). Also, rats with low baseline anxiety show 

faster acquisition of cocaine self-administration than rats with high baseline anxiety 

(Schramm-Sapyta et al. 2011). Since individual differences in non-drug 50-kHz USVs 

have been associated with anxiety and predispositions toward positive or negative 

emotionality (Burgdorf et al. 2009; Schwarting et al. 2007; Wöhr et al. 2009), it is 

possible that low callers were more prone to anxiety in a novel testing environment than 

high callers, and therefore less likely to respond positively to amphetamine. Additional 

research will be needed to confirm this speculation, since we did not directly investigate 

anxiety-related traits in this study, and it is not clear whether a low 50-kHz USV response 

to amphetamine is necessarily a sign of aversion.  

An unexpected finding was that some of the high callers made 22-kHz USVs, 

which are typically associated with anxiety, negative affect, and drug aversion (Knutson 

et al. 2002; Borta et al. 2006; Brudzynski 2001; Mutschler and Miczek 1998). Fifty-kHz 

USVs and 22-kHz USVs are generally thought to reflect oppositely-valenced emotional 

states, and typically rats that produce high numbers of 22-kHz USVs during testing also 

produce low numbers of 50-kHz USVs (Burgdorf et al. 2009; Knutson et al. 2002). 

However, there are a few reports of rats producing both 22-kHz USVs and 50-kHz USVs 

during tickling (Mällo et al. 2007; Schwarting et al. 2007) and cocaine self-administration 

(Barker et al. 2010). We defined high callers as rats that showed an increase in 50-kHz 
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USV, but no 22-kHz USVs, during the first amphetamine exposure; however, some high 

callers began to produce 22-kHz USVs in later sessions. The production of 22-kHz USVs 

appeared to result from amphetamine exposure, as these calls were rarely seen in saline-

treated rats. Within the amphetamine-treated rats, 22-kHz calling was sporadic and 

infrequent, did not follow any clear patterns, and did not affect the production of 50-kHz 

USVs. We cannot determine from the present data what type of emotional states underlie 

combinations of 50-kHz and 22-kHz calls, or whether this indicates a predominately 

positive or negative response to amphetamine.  

We also found high, but individually stable, variability in the number of baseline 

USVs produced during habituation sessions. Other studies have shown that rats make 

spontaneous 50-kHz USVs during exposure to a non-home environment, whether novel 

or familiar (Schwarting et al. 2007; Wöhr et al. 2008; Knutson et al. 1998), and that 

individual differences in spontaneous USVs can be linked to emotional traits (Schwarting 

et al. 2007). However, in the present study there was no relationship between baseline 50-

kHz USVs and any other behavioral measure. Rates of baseline vocalization were 

generally higher in Experiment 1 and 2 than Experiment 3, possibly due to specific 

characteristics of the testing environments, or to surgical procedures or other experiences 

preceding USV sessions in Experiments 1 and 2 but not Experiment 3.  

A potential limitation of the present study is that only one dose of amphetamine 

was used. A 1 mg/kg intravenous dose is substantially higher than the typical unit dose 

used for i.v. self-administration of amphetamine (Bardo et al. 1999; Carroll and Lac 

1997), and it is possible that this dose is somewhat aversive since it does not readily 

support self-administration. However, a meta-analysis showed that a 1 mg/kg dose of 

amphetamine produces robust conditioned place preference, whether administered i.p. or 

i.v. (Bardo et al. 1995, 1999). This dose was chosen in part because its reward value is 
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unclear, and it seemed likely to elicit a mix of positive and negative USV responses. 

Additional research is needed to determine whether the present findings are sustained 

across different doses and different methods of drug administration; however, Wright et 

al. 2010 reported similar individual differences in the 50-kHz USV subtypes elicited by a 

single injection of amphetamine when administered at four different doses (0.25, 0.5, 1, 

and 2 mg/kg). 

Individual differences in drug-induced vocalization have also been identified in 

other studies (Wright et al. 2010; Brudzynski et al 2011a; Browning et al. 2011). For 

example, Brudzynski et al. 2011a found that rats selectively bred for high rates of 50-kHz 

calling showed greater 50-kHz USV responses to amphetamine injected into the nucleus 

accumbens shell than rats bred for low 50-kHz calling and randomly bred rats. Another 

recent study by Browning et al. 2011 found that the number of unconditioned 50-kHz 

USVs produced during the first day of cocaine self-administration correlated with the 

speed at which rats acquired stable responding for cocaine, which supports the idea that 

50-kHz USVs are a sign of drug reward. However, this study did not focus on the 

conditioned vocalization elicited by cues alone, and it did not appear to have a subset of 

rats that failed to vocalize during cocaine exposure. Furthermore, the total number of 

calls produced in the first 2-hour cocaine session may have been influenced by 

cumulative cocaine intake. In the present study we focused on individual differences in 

USVs elicited by Pavlovian drug-cue associations in rats that received identical drug 

experience, since the motivation elicited by drug-paired cues is an important factor in 

susceptibility to addiction (Robinson and Berridge 1993; Flagel et al. 2009). 

Although 50-kHz USVs are frequently considered a sign of positive affect, it is 

difficult to draw conclusions from the present results regarding the exact emotional states 

underlying vocalization. One interpretation is that high callers experienced a pleasurable 
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hedonic response to amphetamine itself, and a positive state of excitement during 

expectation of amphetamine. This interpretation is supported by recent claims that FM 

50-kHz USVs are specifically associated with hedonic states (Burgdorf et al. 2010, 

2011). However, based on the present data, we cannot rule out the possibility that the 

observed 50-kHz USVs are primarily a product of enhanced dopamine activity or 

behavioral sensitization, and are not necessarily a sign of hedonic pleasure. Since there is 

a clear link between 50-kHz USVs and mesolimbic dopamine activity (Thompson et al. 

2006; Burgdorf et al. 2007; Brudzynski et al. 2011a; Wintink and Brudzynski 2001), it is 

possible that high callers experienced heightened dopamine release in response to 

amphetamine, which would facilitate reinforcement (Piazza and Le Moal 1996). It is well 

known that dopamine-mediated reinforcement can be independent of hedonic pleasure 

(Berridge and Robinson 1996), and anticipation of a drug may also elicit emotional states 

that are not entirely positive, such as conditioned withdrawal or frustration while waiting 

for a reward (Siegel 2005), which may be of particular interest with regard to mixed 22-

kHz and 50-kHz USVs. Nevertheless, we believe it is important that within a standard 

population of rats, the immediate 50-kHz USV reaction to a single injection of 

amphetamine can reveal individual differences in the tendency to respond to drug-paired 

cues. The existing literature suggests that USVs are likely to reveal affective states, so 

with additional research it may be possible to use USVs to determine the role of hedonic 

and emotional states in drug reinforcement. 
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Chapter 4: Corticosterone levels associated with amphetamine-induced 
rat 50-kHz ultrasonic vocalizations. 

 

4.1. ABSTRACT 

Rationale: Stimulant drugs produce conditioned and unconditioned increases in 

the rat 50-kHz ultrasonic vocalizations (USVs) associated with positive affect. Individual 

differences in 50-kHz calling reflect sensitivity to the rewarding effects of amphetamine, 

and may be related to anxiety and emotional traits. Activation of the hypothalamic-

pituitary-adrenal (HPA) axis and release of corticosterone (CORT) in rats in known to 

facilitate drug-seeking behavior; however, the role of HPA activity in drug-related 

vocalization has not been studied. Methods: We measured serum CORT levels, 50-kHz 

USVs, and locomotor activity during exposure to an unfamiliar testing environment, and 

during exposure to 1 mg/kg i.v. amphetamine. Rats were categorized as high callers or 

low callers based on whether or not they showed an increase in 50-kHz calling during 

amphetamine exposure. Results: There was a positive correlation between CORT levels 

and the 50-kHz USVs produced during amphetamine exposure, with high callers showing 

greater amphetamine-induced CORT release than low callers. There were no group 

differences in 50-kHz USVs or CORT elicited by exposure to testing environment alone, 

and there were no correlations between the locomotor activity and CORT elicited by 

amphetamine or by the environment alone. Conclusions: Individual differences in the 50-

kHz USVs elicited by amphetamine are associated with CORT responses to drug, which 

supports the idea that 50-kHz USVs are a sign of drug reward.  
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4.2. INTRODUCTION 

Ultrasonic vocalizations (USVs) are used by rats as social signals that 

communicate positive or negative affective states. Rats produce 22-kHz USVs in 

situations that elicit anxiety or distress, such as during exposure to footshock cues or 

predatory odors (Brudzynski 2001; Litvin et al. 2007; Burgdorf et al. 2009). In contrast, 

rats produce 50-kHz USVs in situations that elicit positive affect and appetitive behavior, 

such as during mating, play with conspecifics, and electrical stimulation of reward-

related brain structures (Burgdorf and Panksepp 2006; Knutson et al. 2002; Burgdorf et 

al. 2001; Bialy et al. 2000). 50-kHz USVs are elicited by amphetamine and cocaine, 

whether administered systemically (Ahrens et al. 2009; Maier et al. 2012; Browning et al. 

2011; Mu et al. 2009; Williams and Undieh 2010) or directly into the nucleus accumbens 

(Thompson et al. 2006; Burgdorf et al. 2007; Brudzynski et al. 2011a), as well as by cues 

that predict exposure to these drugs (Ma et al. 2010; Maier et al. 2010; Chapter 3). 

Different subtypes of 50-kHz USVs have been identified (Wright et al. 2010), and 

frequency-modulated (FM) 50-kHz calls appear to be more closely related to positive 

affect than flat 50-kHz calls (Burgdorf et al. 2010; Ahrens et al. 2009).      

We recently found stable individual differences in 50-kHz USV responses to 

amphetamine, and we divided rats into “high callers” and “low callers” based on the 

number of calls they produced after amphetamine administration. With repeated exposure 

the high callers, but not the low callers, showed signs of amphetamine reinforcement, 

including conditioned place preference (CPP) and conditioned anticipatory 50-kHz USVs 

(Chapter 3). We also found that low callers produced few USVs when amphetamine was 

administered in an unfamiliar environment, but they called at high rates when 

amphetamine was delivered in their home cages, suggesting that for some rats a 
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comfortable and familiar environment can facilitate positive responses to amphetamine 

(Chapter 3). Other studies have also reported individual differences in reward-related 50-

kHz USVs, with some rats consistently producing more 50-kHz calls than others in 

response to experimenter “tickling” and drugs of abuse, (Burgdorf et al. 2009; 

Brudzynski et al. 2011a; Wöhr et al. 2009; Schwarting et al. 2007). These individual 

differences appear to reflect stable emotional traits, as rats that call at high rates during 

tickling also show lower anxiety in the elevated plus maze and Porsolt swim test than rats 

that call at low rates during tickling (Burgdorf et al. 2008; 2009; Schwarting et al. 2007).  

To examine the role of stress in the production of 50-kHz USVs, we measured 

circulating levels of corticosterone in high callers and low callers after they were exposed 

to an unfamiliar testing environment, and after they received amphetamine within the 

same environment. Both novel environments and stimulant drugs are known to act as 

mild stressors that activate the HPA axis and increase levels of corticosterone in the 

blood for 30-120 min after exposure (Mantsch et al. 2000; Dellu et al. 1996; Mello and 

Mendelson 1997), and CORT responses to amphetamine are a consistent and individually 

stable trait in rats (Gagliano et al. 2009). Although stress and glucocorticoid hormones 

generally facilitate stimulant-induced psychomotor behavior, drug seeking, and 

consumption (Koob 2008; Piazza and Le Moal 1998; Marinelli and Piazza 2002), there is 

also evidence that anxiety can reduce positive responses to stimulants (Maier et al. 2008; 

Rademacher et al. 2000; Kunin et al. 2001; Ettenberg and Geist 1991; Schramm-Sapyta 

et al. 2011). Since anxiety may play a role in drug-related vocalization, it is important to 

characterize the impact of stress responses on 50-kHz calling.   
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4.3. METHODS 

 

4.3.1. Animals 

This experiment used adult male Sprague-Dawley rats that were drug naive and 

weighed 320-520 grams. Rats were housed two per cage upon arrival to the colony, and 

were singly housed after surgery. Rats were kept in standard polycarbonate cages with 

pine bedding, and were maintained on a reverse 12-hr light/dark cycle, with all testing 

taking place during the dark phase of the cycle. Food and water were available ad 

libitum, and rats were handled 5 min daily for at least one week prior to surgery. All 

procedures are approved by the University of Texas Institutional Animal Care and Use 

Committee. 

 

4.3.2. Surgery 

Jugular catheters were surgically implanted to enable intravenous (i.v.) drug 

delivery and blood withdrawal. Surgical procedures were identical to those described in 

sections 2.3.2 and 3.3.2. Briefly, rats were anesthetized with isoflurane (2.5-4%) and 

oxygen (0.8 l/min), and catheters were inserted into the right jugular vein and advanced 

into the atrium of the heart. Catheter endpieces were run subcutaneously to the head and 

affixed to the top of the skull. Rats recovered for at least one week before experiments 

began, and during this week they were treated with the antibiotic Timentin (67.0 mg/ml). 

Throughout the experiments, catheters were flushed daily with 0.1 ml of 0.9% saline that 

contained 1.0 U/ml heparin. Ketamine (20 mg/kg) was administered i.v. at the end of 

experiments, and catheter patency was confirmed by ataxia within 20 s. 
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4.3.3. Procedures 

Blood samples were taken at three time points. First, Baseline samples were taken 

when rats remained in the colony room and were only exposed to experimenter handling. 

Second, after habituation sessions or infusions of 0.9% saline within the testing apparatus 

(HAB/SAL). Third, after administration of 1 mg/kg amphetamine within the testing 

apparatus (AMPH). For amphetamine administration, d-amphetamine sulfate salt (Sigma-

Aldrich, St. Louis, MO) was dissolved in saline and delivered i.v. at a volume of 0.5 

ml/kg and a rate of 0.1 ml/10-15 s. Blood samples were taken during the course of two 

different experiments with procedures that varied slightly. 

 

Conditioning-chamber experiment  Rats (n = 17) were tested in standard one-

lever operant conditioning chambers (28 cm x 22 cm x 21 cm) housed in sound-

attenuating boxes (Med-Associates, St. Albans, VT). Locomotor activity was measured 

with three sets of photocells: two positioned 5 cm from the chamber walls, and one in the 

center of the chamber. Horizontal beam breaks were recorded with MED-PC software 

(Med Associates, St. Albans, VT). USVs were recorded with ultrasonic microphones 

mounted on the side of the chambers 14.5 cm from the floor. Half of the chambers 

contained microphones from PCB Piezotronics (Buffalo, NY) connected to an A/D card 

(National Instruments, Austin, TX) that digitized microphone signals at a 200-kHz 

sampling rate and 16-bit resolution. The other half contained CM16 ultrasonic 

microphones (Avisoft Bioacoustics), and signals were digitized with an UltraSoundGate 

system (Avisoft Bioacoustics) at a sampling rate of 250 kHz and a 16-bit resolution. This 

experiment began with four daily habituation sessions, in which rats were placed in the 

chambers for 30 min but did not receive i.v. infusions. The first amphetamine session 

took place 48 hrs after the last habituation session. Rats waited in the chambers for 10 
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min before a single infusion of 1 mg/kg amphetamine was administered, then remained in 

the chambers for 20 min after infusions. HAB samples were taken after the fourth 

habituation session, and AMPH samples were taken after the amphetamine session. 

USVs and locomotor activity were counted in the last 20 min of HAB and AMPH 

sessions.  

 

CPP Experiment  Rats (n = 9) were tested in custom-made acrylic boxes with 

two side compartments (each 26.6 cm x 27.6 cm x 31 cm), one with white walls and a 

white floor, and one with black walls and a black floor. Two removable walls and a 

central grey compartment separated the black and white sides. CM16 ultrasonic 

microphones were mounted in clear acrylic lids over the compartments, and microphone 

signals were collected with an UltraSoundGate system. Rats had saline paired with one 

side of the apparatus, and amphetamine paired with the other side. Assignment to white 

and black sides was counterbalanced, and a test of baseline preference was not 

performed. SAL samples were taken on the first day of this experiment, when rats 

received infusions of saline and were immediately placed in either the black or white side 

for 20 min. AMPH samples were taken the next day, when rats received infusions of 

amphetamine and were immediately placed in the opposite side for 20 min.  

 

4.3.4. Blood collection and Corticosterone analysis 

All blood was drawn between 1-5 pm (hours 5-9 in the rats’ dark cycle), and for 

each rat the time of day when blood was drawn was kept constant within one hour. 

Catheters were flushed with heparinized saline (hep/sal) before and after sample 

collection. For Baseline samples, catheters were flushed with 0.1 ml hep/sal, and rats 
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waited in the colony room for 30-40 min before blood was drawn and catheters were 

flushed again with 0.1 ml hep/sal. For HAB/SAL and AMPH samples, catheters were 

flushed with 0.05 ml hep/sal immediately before and after sessions, and again with 0.1 ml 

hep/sal after blood was drawn. For HAB/SAL samples, blood was drawn 30-40 min after 

the start of trials, and for AMPH samples, blood was drawn 30-40 min after amphetamine 

delivery. Blood was collected through 4-in lengths of silastic tubing attached to heparin-

primed 1-ml syringes. Tubing was attached to catheter endpieces and the syringe plunger 

was drawn back slowly until 0.1 ml of blood was collected. Blood was immediately 

transferred to 1.5-ml heparin-primed Eppendorf tubes, and refrigerated for 5-30 min until 

it was centrifuged at 5,000 rpm for 5 min. Serum was immediately extracted and stored at 

−20°C. In rats that were known to have working i.v. catheters blood withdrawal was 

often unsuccessful, possibly due to adherence of the tubing to the walls of the heart. For 

this reason, many rats did not have corticosterone values on all three days. 

Serum was processed with commercially available corticosterone EIA kits (ADI-

900-097, Assay Designs/Enzo Life Sciences). Serum samples were diluted in assay 

buffer containing steroid displacement reagent, and were processed according to 

manufacturer’s instructions. Corticosterone kits had a sensitivity of 26.99 pg/ml, and 

cross reactivity was 100% for corticosterone and 28.6% for deoxycorticosterone. Inter-

assay variability was 8.2% and intra-assay variability was 8.4%. The EIA was read 

spectrophotometrically at 450 nm with a µ-Quant Reader (Bio-Tek Instruments, Inc., 

Winooski, VT). 
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4.3.5. USV analysis 

USVs were recorded with Avisoft-RECORDER software, and analyzed with 

Avisoft-SASlab Pro software (Avisoft Bioacoustics, Berlin, Germany). Spectrograms 

were generated with a 512 FFT-length and 75% overlap window (100% frame, Hamming 

window). The "Automatic parameter measurement" feature in SASlab Pro was used to 

detect and label ultrasonic sounds in the range of 20-100 kHz, and files were compressed 

to remove silent sections while keeping the labeled sounds. Trained raters examined 

compressed files to identify USVs and remove background noise. USVs were divided 

into three categories: 22-kHz USVs, frequency-modulated (FM) 50-kHz USVs, and flat 

50-kHz USVs based on previously identified call types (Wright et al. 2010; Brudzynski 

2001; Simola et al. 2009; also see sections 2.3.4 and 3.3.7). USV analysis was performed 

by two raters with high inter-rater reliability (Cohen’s Kappa = .89).  

 

4.3.6. Data analysis and Statistics 

 

Group assignments Rats were divided into high caller and low caller groups 

following the methods described in section 3.2.8. For rats that received amphetamine in 

conditioning chambers, numbers of 50-kHz USVs in the first amphetamine-exposure 

session were used to determine groups. The number of calls produced during the 20 min 

post-amphetamine were compared to the baseline number of calls produced in 10 min 

pre-amphetamine, and rats were considered high callers if amphetamine elicited an 

increase of at least 50 calls. For rats tested in CPP chambers, differences in call numbers 

between the first amphetamine trial and the first saline trial were calculated. Rats that 

showed large positive (> 100) or negative (< 0) differences were first identified as high 
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and low callers, and intermediate rats were assigned to groups by a median split. Two rats 

that made 22-kHz USVs during the amphetamine session were excluded from analysis. 

 

Statistics Behavioral data (total 50-kHz USVs, FM 50-kHz USVs, flat 50-kHz 

USVs, and locomotor activity) were counted in 20 min bins for HAB/SAL and AMPH 

sessions. To correct for unequal variance, logarithmic transformations (with zeros 

replaced by ones) were performed on all USV data prior to statistical analysis. Data were 

analyzed with between-subjects ANOVAs followed by Fisher’s LSD post hoc tests, 

independent t tests, and Pearson correlations unless otherwise indicated. Statistical tests 

were conducted with SPSS for Windows (version 19), and all tests were two-tailed with 

alpha = .05.  
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4.4. RESULTS 

 

Data from the conditioning-chamber experiment and CPP experiment were 

compared on each of the three sampled days, and there were no significant differences in 

corticosterone levels [Baseline, t(13) = 1.24, n.s.; HAB/SAL, t(11) = .06, n.s.; AMPH, 

t(17) = .43, n.s.] or 50-kHz USVs [HAB/SAL, t(22) = .52, n.s.; AMPH, t(22) = .54, n.s.]; 

therefore, CORT and USV data from the two experiments were pooled. Rats showed 

individual differences in the number of 50-kHz USVs elicited by amphetamine, similar to 

those reported in Chapter 3 (Fig 4.1). During the AMPH session, high callers made 

significantly more 50-kHz USVs than low callers [t(22) = 6.40, p < .001]. When AMPH 

50-kHz USVs were divided into FM and flat subtypes, the high callers made significantly 

more FM calls [t(22) = 6.42, p < .001] and flat calls [t(22) = 7.15, p < .001] than the low 

callers. Within the high-caller group, AMPH elicited significantly more FM calls than flat 

calls [paired t test: t(10) = 2.28, p < .05]. 

 

4.4.1. Corticosterone in high callers and low callers 

CORT levels are shown in Fig. 4.2. Since blood samples could not be obtained 

from every rat on all three days, each day had different ns per group: Baseline (high 

callers, n = 6; low callers, n = 9), HAB/SAL (high callers, n = 7; low callers, n = 6), and 

AMPH (high callers, n = 8; low callers, n = 11). A 2 x 3 (group x day) between-subjects 

ANOVA showed significant main effects of group [F(1, 47) = 8.49, p < .01] and day 

[F(2, 47) = 10.89, p < .001], and a significant interaction [F(2, 47) = 4.85, p < .05]. With 

a one-way between-subjects ANOVA, the high callers showed a significant increase in 

CORT across the three days [F(2, 21) = 6.34, p < .01], with significant differences 
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between Baseline and AMPH (p < .01) and HAB/SAL and AMPH (p < .05), but not 

between Baseline and HAB/SAL (p = n.s.). The low callers also showed a significant 

increase across days [F(2, 26) = 7.85, p < .01], with significant differences between 

Baseline and AMPH (p < .01), between Baseline and HAB/SAL (p < .01), but not 

between HAB/SAL and AMPH (p = n.s.). On the AMPH day, CORT levels were 

significantly greater in high callers than low callers [t(17) = 4.25, p < .001], and there 

was a significant correlation between CORT and 50-kHz USVs [r = .63, p < .01, n = 19]. 

When 50-kHz USVs were separated into FM and flat subtypes, there were significant 

correlations between CORT and FM calls [r = .64, p < .01, n = 19] and between CORT 

and flat calls [r = .59, p < .01, n = 19]. There was no correlation between CORT and 50-

kHz USVs on the HAB/SAL day [r = -.02, p = n.s., n = 13]. 

 

4.4.2. Corticosterone and locomotor activity 

Locomotor activity was also recorded in the subset of 15 rats (high callers, n = 8; 

low callers, n = 7) tested in the conditioning chamber experiment (Fig 4.4). In contrast to 

USVs, amphetamine-induced locomotor activity did not differ between high callers and 

low callers [t(13) = .51, n.s.], and both groups showed a significant increase after 

amphetamine compared to habituation [high callers, t(13) = 4.19, p < .01; low callers, 

t(12) = 3.53, p < .01]. There were no significant correlations between locomotion and 

CORT measures on the HAB day [r = .08, p = n.s., n = 8] or the AMPH day [r = -.24, p = 

n.s., n = 11]. 
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Figure  4.1. Individual differences in amphetamine-induced 50-kHz USVs. 

 
 

50-kHz USVs (mean + SEM) produced by high callers (n = 11) and low callers (n = 13) 

during 20 min sessions. a) The high callers made more total 50-kHz USVs (flat and FM 

subtypes combined) during the AMPH session than the low callers, *** p < .001. b) The 

high callers made more FM calls and more flat calls than the low callers during the 

AMPH session, *** p < .001; however, within the high-caller group, amphetamine 

elicited more FM calls than flat calls, # p < .05. 
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Figure 4.2. Corticosterone levels in high callers and low callers. 

 
 

Figure shows CORT levels (mean ± SEM) in high callers and low callers. On Baseline 

and HAB/SAL days, CORT did not differ between high callers and low callers. On the 

AMPH day, amphetamine elicited greater CORT release in high callers than low callers, 

*** p < .001. 
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Figure 4.3. Correlations between corticosterone levels and the 50-kHz USVs elicited by 
amphetamine. 

 
 

Figures show correlations between CORT and USVs (log transformed values) on the 

AMPH day. CORT levels were significantly correlated with a) total 50-kHz USVs (FM 

and flat combined), as well as with b) FM calls and c) flat calls counted separately, all ps 

< .01. 
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Figure 4.4. Corticosterone and locomotor activity. 

 
 

a) Both high callers and low callers showed a significant increase in locomotor activity 

after amphetamine compared to habituation sessions, ** p < .01. There were no 

differences in locomotor activity between high callers and low callers. During b) the 

HAB session and c) the AMPH session, there were no significant correlations between 

locomotor activity and CORT. 
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4.5. DISCUSSION 

This study shows that individual differences in amphetamine-induced 50-kHz 

USVs are associated with corticosterone responses to the drug. We found that in all rats 

amphetamine acted as a mild stressor and increased CORT levels above those seen after 

exposure to a novel environment and experimenter handling, which is consistent with 

previous studies (Gagliano et al. 2009; Spangler et al. 1997; Schmidt et al. 1999; 

Swerdlow et al. 1993). When rats were categorized rats as high callers or low callers 

based on the number of 50-kHz USVs they produced during amphetamine exposure, we 

found that high callers had greater CORT release after amphetamine than low callers. 

Stress and glucocorticoid hormones are known to play an important role in behavioral 

responses to stimulants, and are thought to act in part by facilitating dopamine activity in 

the shell of the nucleus accumbens (Kalivas and Duffy 1995; Marinelli and Piazza 2002; 

Valenti et al. 2011). For example, suppression of glucocorticoids by adrenalectomy 

reduces cocaine-induced extracellular dopamine release in the NAc shell, but not the 

core, and this effect can be reversed by corticosterone replacement injections (Barrot et 

al. 2000; Piazza et al. 1996). Self-administration of psychostimulants is also enhanced by 

chronic stress (Piazza and Le Moal 1998) or by injections of corticosterone prior to self-

administration sessions (Mantsch et al. 1998), whereas adrenalectomy attenuates self-

administration (Goeders and Guerin 1996). In humans, the release of cortisol following 

amphetamine exposure has been positively correlated with amphetamine-induced 

dopamine activity and self-reports of positive euphoric effects (Oswald et al. 2005). Since 

higher CORT levels were seen in high callers than low callers, the present results support 

the idea that the 50-kHz USVs elicited by amphetamine are related to the reinforcing 

effects of the drug. 
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In contrast to USVs, locomotor activity did not differ between high callers and 

low callers. Both groups showed significant amphetamine-induced increases in 

locomotion, and there was no correlation between locomotor activity and CORT during 

habituation to the testing chambers or during amphetamine exposure. These results may 

seem inconsistent with the literature, since stimulation of HPA activity has been shown to 

enhance both acute and sensitized psychomotor responses to stimulants (Marinelli et al. 

1997; Cador et al. 1993; Kalivas and Stewart 1991), and reduction of CORT below 

baseline levels has been shown to attenuate locomotor sensitization to amphetamine and 

cocaine (Reid et al. 1998; Marinelli et al. 1996). However, other studies have found that 

under normal conditions (without additional stressors or CORT manipulation) there is no 

correlation between drug-induced CORT and drug-induced locomotor activity (Spangler 

et al. 1997; Schmidt et al. 1999; Gagliano et al. 2009). Furthermore, stimulant-induced 

increases in locomotor activity and 50-kHz USVs often follow different patterns of 

expression, and are likely mediated by different neural processes (Mu et al. 2009; 

Thompson et al. 2006; Burgdorf et al. 2001).  

During the habituation/saline session, when rats were exposed to the testing 

environment but were not given amphetamine, there were no differences in CORT or 50-

kHz USVs between high callers and low callers. This is somewhat unexpected, since 

CORT responses to an inescapable novel environment have been shown to predict 

individual differences in the tendency to self-administer amphetamine. However, in this 

previous study, all rats had equivalent CORT levels when it was sampled 30 min after the 

session, and group differences only emerged 120 min after the session (Piazza et al. 

1991). We sampled blood only once 30-40 min after the start of HAB/SAL sessions, so it 

is possible that repeated sampling at later time points would have yielded different 

results. Also, HAB/SAL sessions did not always represent exposure to a novel 
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environment. In the CPP experiment samples were taken after the first exposure to the 

environment; however, in the conditioning chamber experiment, blood samples were 

taken after the fourth 30-min habituation session, when the environment was no longer 

novel. Despite the differences in novelty of the environment, there were no differences in 

habituation/saline CORT levels between the two experiments.  

In the high callers, amphetamine elicited more FM calls than flat calls, which is in 

agreement with previous studies of amphetamine (Ahrens et al. 2009; Simola et al. 2009; 

Wright et al. 2010) and with claims that FM calls are more closely related to positive 

affect than flat calls (Burgdorf et al. 2008, 2010; Wöhr et al. 2009). However, we did not 

find differences in the relationship between FM and flat subtypes and CORT levels. 

During amphetamine exposure, high callers made more of both call subtypes than low 

callers, and there were significant correlations between both FM calls and CORT, and 

between flat calls and CORT. The relationship between CORT and the production of 22-

kHz USVs is of particular interest, since 22-kHz USVs are typically associated with 

negative affect (Brudzynski 2001; Knutson et al. 2002), but are also increased by 

amphetamine along with 50-kHz USVs in a minority of rats (Chapter 3). Unfortunately, 

22-kHz USVs could not be examined separately in this study, as they were produced by 

only two rats on the sampled days.  

    The fact that high callers had greater amphetamine-induced CORT levels than 

low callers seems inconsistent with reports of lower anxiety in rats that produce high 

numbers of 50-kHz USVs in appetitive situations (Burgdorf et al. 2008, 2009; Schwarting 

et al. 2007). This is also inconsistent with findings that suggest the anxiety produced by a 

non-home environment can inhibit amphetamine-induced USVs (Chapter 3; Natusch and 

Schwarting 2010). Although the secretion of glucocorticoid hormones is one of the major 

physiological responses to stressful situations, there is evidence that CORT does not 
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necessarily mediate the negative effects of stress, such as avoidance behavior and anxiety 

(Marinelli and Piazza 2002). It is possible that in some circumstances CORT can act to 

energize goal-directed behavior and initiate active coping strategies (Marinelli and Piazza 

2002). For example, some rats will seek out and actively explore novel environments, 

even though they also show greater CORT responses to novelty than rats that tend to 

avoid novel environments (Kabbaj et al. 2000). Rats that prefer stress-inducing 

environments also demonstrate greater self-administration of stimulants and susceptibility 

to compulsive drug seeking (Belin et al. 2011). Furthermore, elevated secretion of CORT 

can be elicited by situations that are considered rewarding, such as feeding and mating 

(Dallman et al. 1995; Frye et al. 1996), and rats will readily self-administer CORT in the 

range of concentrations induced by stress (Piazza et al. 1993). The present results suggest 

that high callers may be more likely to experience an increase in CORT as a positive 

event, and that low callers may be prone to anxiety and negative affect mediated by other 

mechanisms. With additional research, 50-kHz USVs may provide a better understanding 

of the rewarding and aversive effects of stress and HPA activity, and how it can 

contribute to drug reinforcement.       
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Chapter 5: General Discussion 

 

Overall, the findings in presented this dissertation support the claim that rat 50-

kHz USVs are a behavioral expression of motivational states associated with 

amphetamine reinforcement. In Chapter 2, I found that acute amphetamine elicited an 

increase in 50-kHz USVs, and that repeated amphetamine exposure produced a sensitized 

enhancement of 50-kHz calling that persisted after two weeks of drug abstinence. This 

shows that 50-kHz vocalization parallels the development of psychomotor sensitization, 

and is therefore influenced by drug-induced changes in mesolimbic circuitry. I also found 

that frequency-modulated (FM) 50-kHz calls were sensitized by amphetamine, while flat 

50-kHz USVs were not, showing that the subtypes of 50-kHz USVs are differentially 

affected by amphetamine, and likely communicate different information about emotional 

states. 

In Chapter 3, I found stable individual differences in the 50-kHz USVs elicited by 

amphetamine when it was administered in an unfamiliar environment. Approximately 

half of the rats showed an increase in calling after amphetamine (“high callers”) while the 

other half did not (“low callers”). After repeated pairings of amphetamine with 

environmental cues, the high callers, but not the low callers, began to produce 

conditioned 50-kHz USVs during anticipation of amphetamine. The high callers also 

showed conditioned place preference for an environment paired with amphetamine, while 

the low callers did not. These results show that conditioned 50-kHz USVs can reflect the 

learning of Pavlovian associations and the strengthening of incentive-motivational states; 

and that only rats that experience an initial positive response to amphetamine go on to 

develop appetitive desire for the drug. In addition, I found that individual differences in 
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USVs were influenced by the drug-administration environment. Within an unfamiliar 

environment (conditioning chambers), half of the rats were low callers that did not 

respond positively to amphetamine. However, within a familiar environment (home 

cages), all rats behaved like high callers, producing high numbers of 50-kHz USVs in 

response to amphetamine itself and during anticipation of amphetamine.  

In Chapter 4, I measured levels of the stress hormone corticosterone, and found 

that high callers and low callers did not differ in baseline levels of corticosterone, or in 

their corticosterone responses to an unfamiliar environment. They did however differ 

after amphetamine exposure, with the high callers showing a greater increase in 

corticosterone than the low callers. This supports the idea that high callers are more 

sensitive to the positive effects of amphetamine than low callers, as corticosterone release 

facilitates stimulant reinforcement, and predisposes rats to self-administration  (Marinelli 

and Piazza 2002). Lower levels of corticosterone in the low callers may appear to be in 

conflict with the finding that a novel environment inhibited amphetamine-induced 50-

kHz USVs in this group. However, there is evidence that the aversive effects of anxiety 

are mediated by other mechanisms, since rats that are vulnerable to addiction also tend to 

seek out situations that elicit increases in corticosterone (Kabbaj et al. 2000). 

Taken together, these findings show that 50-kHz USVs are a sign of individual 

susceptibility to the behavioral stimulant effects of amphetamine, and the motivational 

value of predictive cues. The behavioral effects of stimulants have been studied for 

decades in the form of psychomotor activity, and have revealed many important 

principles in the neurobiology of addiction and the effects of drugs on the brain 

(Robinson and Berridge 1993, 2008; Vezina 2004). What is new about USVs is the 

possibility of detecting whether behavioral arousal has positive or negative emotional 

valence (Knutson et al. 2002; Burgdorf and Panksepp 2006), which could provide novel 
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and important information about the role of subjective drug experiences and the 

underlying emotional states in drug-taking behavior. It has long been known that 

although drugs are typically taken because they are enjoyable, it is not necessary for a 

drug to be pleasurable for a person to become addicted. Instead, the “liking” and 

“wanting” of a drug can occur independently, and are mediated by separate but 

overlapping brain processes (Berridge and Robinson 1998). Currently there are no 

established methods for studying drug wanting and liking separately in rats; therefore, a 

measure of the affective states produced by a drug would be a major advancement in the 

field. 

One potential mechanism by which the drug-administration environment could 

influence affective responses to amphetamine involves activity in the shell of the NAc. 

Amphetamine produces robust increases in activity within the shell, which is essential for 

its reinforcing effects; however, it has long been known that NAc dopamine can be 

stimulated by both rewarding and aversive events (Salamone 1994; Kalivas and Duffy 

1995). Recent evidence suggests that affective responses to salient stimuli are influenced 

by activity in cortical glutamatergic projections and subcortical GABAergic projections 

to different regions of the shell. This has been tested by activating different regions of the 

shell (with microinjections of GABA agonists or glutamate antagonists) prior to the 

presentation of food reward. The anterior portion of the shell appears to mediate 

appetitive responses, since microinjections in this region increase the intensity of hedonic 

reactions to sucrose and the amount of food consumed. The posterior portion of the shell 

appears to mediate aversive responses, since the same microinjections targeting this 

region decrease hedonic reactions to sucrose, and instead elicit defensive and fearful 

behavior when food is presented (Faure et al. 2008, 2010; Reynolds and Berridge 2001, 

2002, 2003). Importantly, the tendency toward appetitive or aversive reactions can be 
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influenced by emotional responses to the environment. When hedonic reactions to 

sucrose were tested in a stressful environment, the portion of the shell that triggers 

defensive behavior expanded into the intermediate area between the anterior and 

posterior regions. Conversely, when rats were tested in a comfortable environment, the 

anterior portion that triggered appetitive responses expanded into the intermediate area 

(Reynolds and Berridge 2008). It is possible that similar motivational states are reflected 

in USVs, and that for some rats, the stress of an unfamiliar environment activates inputs 

to the NAc that increase the portion of the shell responsible for mediating defensive 

behaviors, and decrease the likelihood of a positive response to amphetamine. Further 

research will be needed to confirm this speculation, since the relationship between USVs 

and activity in the NAc has not been thoroughly investigated. A few studies have 

examined 50-kHz USVs after amphetamine injections into the NAc shell and core 

(Thompson et al. 2006; Burgdorf et al. 2001, 2007; Brudzynski et al. 2011a); however, 

there are no reports on the role of the anterior versus posterior shell, or of the neural 

activation associated with USVs. 

There are several issues that need to be addressed before we can conclude that 

USVs are truly a measure of drug reward that can improve addiction research. For 

example, there is very little evidence that 50-kHz calling is affected by drugs other than 

amphetamine and cocaine. If 50-kHz USVs are a sign of drug-induced hedonic pleasure 

or euphoria, they should also be increase by drugs that are known to be pleasurable to 

humans and are commonly studied in rats, namely opiates (heroin and morphine) and 

alcohol. So far, one study has examined morphine-induced 50-kHz USVs in brief (2 min) 

recordings, but did not find a significant increase in calling (Wöhr and Schwarting 2009). 

Another study examined conditioned USVs during the expression morphine-induced 

CPP, but did not record the USVs elicited by morphine itself (Knutson et al. 1998). 
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Finally, one study recorded USVs during the induction and expression of CPP to 

DAMGO (a mu-opioid receptor agonist), and found that the subset of rats that showed an 

increase in DAMGO-induced 50-kHz USVs also showed significant CPP (Burgdorf et al. 

2007). There are currently no studies examining USVs elicited by alcohol, nicotine, 

delta-9-tetrahydrocannabinol, or any other non-stimulant drugs used in addiction 

research. 

Furthermore, it is unclear whether USVs can truly reflect emotional or hedonic 

states associated with drugs. Although many studies make the argument that 50-kHz 

USVs (especially FM calls) are an expression of positive affect (reviewed in Burgdorf et 

al. 2010), it is still possible that they reflect motivational states that are related to 

appetitive drive, but are independent of affect. This distinction is difficult to verify since 

there are no other methods of directly measuring affective states in rats. One possible 

approach is to examine USVs in relation to taste reactivity, measured as facial 

expressions, as this model has been successful in elucidating the neurocircuitry involved 

in hedonic reactions to sucrose (Berridge et al. 2009). 

Additional research will be needed to establish the validity of USVs as a model of 

individual susceptibility to addiction. It will be necessary to go beyond studies of 

classical conditioning, and to examine USVs within other paradigms used to study 

individual predispositions to addiction. If high callers are more sensitive to drug reward 

than low callers, they should, for example, work harder for the drug in a progressive-ratio 

schedule, show resistance to extinction of drug-seeking, and show compulsive drug-

seeking despite negative consequences (Belin et al. 2011; Deroche-Gamonet et al. 2004). 

It will also be necessary to directly examine dopamine activity associated with USVs 

using techniques such as in vivo microdialysis, electrophysiology, or fast-scan cyclic 

voltammetry. These techniques are essential for understanding the mechanisms of reward 
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prediction, and are commonly used to examine mesolimbic dopamine activity during 

drug exposure (Wightman et al. 2007; Schultz 2002). 

A USV model of drug reward is still in the very early stages of development, and 

there are a number of questions to answer before we can conclude that USVs represent a 

new animal model that is relevant to drug addiction in humans. However, the current 

findings are an important first step in understanding the meaning of USVs produced 

during drug exposure, and have helped draw the attention of other researchers to the 

potential for USVs to provide a valuable new measure of affective and hedonic states. 
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