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Abstract

Children receive significant exposure to psychotropic drugs. Some psychiatric disorders are 

diagnosed and treated in children as young as 2 years old, resulting in exposure to prescription 

stimulants, antidepressants, and mood stabilizers during brain development. Difficulties in 

diagnoses at such young ages increase the likelihood that children who are not affected by these 

disorders receive drug exposure inadvertently. Additionally, the increased availability of caffeine-

containing beverages in schools has facilitated exposure to this stimulant in children. However, the 

consequences of exposure to psychotropic drugs during brain development are not understood. 

When we exposed rats to the prescription stimulant methylphenidate during early adolescence, we 

discovered long-lasting behavioral and molecular alterations that were consistent with dramatic 

changes in the function of brain reward systems. In future work, it will be important to determine 

if other classes of psychotropic drugs cause these same effects, and whether these effects will also 

occur if drug exposure begins during other periods of development. Moreover, it will be critical to 

use more powerful behavioral methods that are sensitive to high-level aspects of motivation and 

cognitive function, and to establish causal links between developmental exposure-related 

alterations in these complex behaviors and specific alterations in the molecular biology of key 

brain regions. This approach may identify classes of psychotropic drugs that have high or low 

propensities to cause behavioral and molecular adaptations that endure into adulthood. It may also 

identify periods of development during which administration of these agents is particularly safe or 

risky.
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1. Introduction

Children receive significant exposure to psychotropic drugs. A substantial component of this 

exposure involves the illicit use of drugs such as nicotine, alcohol, marijuana, cocaine, 
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heroin, and ‘Ecstasy’ (3–4 methylenedioxymethamphetamine). However, increasing 

numbers of children are exposed to other psychotropics because the drugs are prescribed by 

clinicians, or because they seem inherently benign. Disorders such as attention deficit 

hyperactivity disorder (ADHD), major depression (MD), and bipolar disorder (BD) are 

being diagnosed and treated in children as young as 2 years old. This trend results in 

significant exposure to drugs such as methlyphenidate (Ritalin™), desipramine 

(Norpramin™), and fluoxetine (Prozac™) during critical periods of brain development (e.g., 

Zito et al., 2000). It is becoming clear that exposure to these agents is not always medically 

justified. Difficulties in diagnoses at such young ages (Teicher et al., 1996) increase the 

likelihood that children who are not affected by these disorders are subjected to drug 

exposure inadvertently. In addition, progressive increases in the consumption of carbonated 

beverages among children (Harnack et al., 1999) and the appearance of soft drink vending 

machines in public schools (Pollack and Bright, 2003) has resulted in significant exposure to 

caffeine, a psychomotor stimulant (Wise and Bozarth, 1987). Six of the seven most popular 

soft drinks contain caffeine (www.beverage-digest.com), and children and adolescents often 

show signs of caffeine addiction including impaired attention during withdrawal (Bernstein 

et al., 1998, 2002). Surprisingly, there are few studies in which exposure to psychotropic 

drugs during brain development has been studied systematically in humans or laboratory 

animals.

It is conceivable that early exposure to these psychotropic drugs is creating public health 

issues that will only become apparent many years from now. For example, we (Andersen et 

al., 2002; Carlezon et al., 2003) and others (Bolaños et al., 2003) have discovered that 

exposure to methylphenidate (MPH) early in brain development causes behavioral and 

molecular adaptations that reflect dramatic changes in the function of brain reward systems 

that endure into adulthood (Sections 3.1 and 2.2). Some of the changes appear to be 

consistent with increases in depressive-like behaviors, including anhedonia (reduced ability 

to experience pleasurable things as being pleasurable) and dysphoria (feelings of 

unwellness). These behaviors are accompanied by long-lasting changes in the expression of 

key molecules (Andersen et al., 2002) including the transcription factor CREB (cAMP 

response element binding protein) within the nucleus accumbens (NAc) shell, a brain region 

known to mediate the rewarding effects of stimuli such as drugs of abuse, food, and sexual 

behavior (Wise and Bozarth, 1987). The significance of these behavioral and molecular 

adaptations is not understood, but one way to interpret these data is that exposure to 

psychotropic drugs in young animals (and, by extension, children) may produce relatively 

permanent changes that are not invariably beneficial. More research is needed on this 

important topic before firm conclusions can be reached (Volkow and Insel, 2003; Hyman, 

2003). Ideally, future research will accomplish at least three important goals: one, to 

examine whether other classes of psychotropic drugs produce the same types of effects; two, 

to use more complex behavioral models to examine how these agents affect high level 

motivation and cognitive function; and three, to examine if there are periods of development 

in which it is particularly safe or risky to use psychotropic drugs. Each of these lines of 

study is critical, but each involves factors that ensure that this type of research will be 

complicated and controversial.
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2. Traditional views of the consequences of exposure to psychotropic 

drugs

2.1. Behavioral consequences

Repeated administration of most psychotropic drugs (e.g., stimulants, opiates) causes 

‘exposure-dependent’ alterations in responsiveness to their pharmacological actions. Such 

alterations are often described in terms of tolerance, which is characterized by progressive 

reductions in responsiveness to certain drug effects, or sensitization (also known as reverse-
tolerance), which is characterized by progressive increases in responsiveness to certain drug 

effects. There are many comprehensive reviews that describe the behavioral and 

neurobiological correlates of tolerance and sensitization (e.g., Pierce and Kalivas, 1997; 

Robinson and Berridge, 2001; Carlezon and Nestler, 2002; Everitt and Wolf, 2002; Vezina, 

2004). For the purposes of the present review, tolerance and sensitization provide examples 

of neural plasticity within which drug-induced changes in behavior can be linked to drug-

induced changes in molecular processes. In the context of National Institute on Drug Abuse 

(NIDA)-sponsored research, if tolerance or sensitization to the motivational aspects of drugs 

of abuse occurs with repeated exposure, then these processes may contribute to the 

development and expression of addictive behaviors in laboratory animals and humans 

(Robinson and Berridge, 2001).

It has become generally accepted that repeated intermittent exposure to psychomotor 

stimulant drugs such as amphetamine, cocaine, morphine (see Carlezon and Nestler, 2002)

—and even caffeine (Schenk et al., 1990)—causes sensitization to their stimulant properties 

in rats. Perhaps more importantly, repeated intermittent exposure to these agents appears to 

subsequently render animals more sensitive to rewarding drug effects (Lett, 1989; Piazza et 

al., 1989; Horger et al., 1991). Although there is little consistency among these types of 

studies in the ages of the animals at the first exposure to drug or at testing, the reliability and 

reproducibility of the general effect have fostered the notion that prior exposure to 

psychotropic drugs typically results in sensitization (or cross-sensitization) to key drug 

actions (Kalivas and Stewart, 1991). Such data raise general concerns that prior (and 

presumably illicit) exposure to psychomotor stimulant drugs will increase vulnerability to 

addictive-like behaviors in humans (Robinson and Berridge, 2001). Importantly, cross-

sensitization can be caused by many classes of drugs: for example, repeated exposure to 

antipsychotic drugs can sensitize rats to the rewarding effects of cocaine (Kosten et al., 

1996). Although there are few studies in which the consequences of exposure to 

antidepressant drugs on sensitivity to drugs of abuse have been explored, it is clear that 

exposure-dependent neuroplasticity is required before these agents have therapeutic effects 

in humans (Nestler et al., 2002). When considered together, data in the literature raise the 

possibility that previous exposure to drugs used in the treatment of psychiatric disorders 

such as ADHD (including MPH and amphetamine) and schizophrenia (including dopamine 

antagonists) makes normal lab animals (and, by extension, humans) more sensitive—and 

vulnerable—to the stimulant and rewarding aspects of drugs of abuse.
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2.2. Molecular consequences

Repeated exposure to psychotropic drugs has profound effects on the molecular biology of 

the brain. Alterations in gene and protein expression within various brain regions have been 

observed after repeated administration of drugs of abuse (Nestler, 2001; Carlezon and 

Nestler, 2002), antidepressant drugs (Duman, 2002), mood stabilizing drugs (Manji and 

Duman, 2001), and antipsychotic drugs (Konradi and Heckers, 2001). The molecular 

consequences of exposure to stimulants and opiates have been studied most extensively 

within the mesocorticolimbic system and its neural inputs. These drugs regulate diverse 

classes of molecules including enzymes (e.g., tyrosine hydroxylase; Beitner-Johnson and 

Nestler, 1993), structural elements (e.g., neurofilaments; Beitner-Johnson and Nestler, 

1993), immediate-early genes (IEGs; e.g., c-fos and fos-related proteins; for review, see 

Nestler et al., 1999), transcription factors (e.g., CREB; Turgeon et al., 1997), and 

neurotrophic factors (e.g., BDNF; Grimm et al., 2003). Exposure to antidepressant 

treatments regulates some of the same molecules (CREB, neurotrophic factors), although 

most of this research has focused on the hippocampus (Duman, 2004) and the NAc shell 

(Takahashi et al., 1999). Less is known about mood stabilizers, several of which appear to 

have common actions on signal transduction pathways (Manji et al., 2003), and 

antipsychotic drugs, which regulate IEGs in striatum and related tissues (Hiroi and Graybiel, 

1996; Atkins et al., 1999; Konradi and Heckers, 2001; Grande et al., 2004). Regardless of 

the neural circuits within which psychotropic drugs have their most prominent actions, it has 

become abundantly clear that, without exception, these agents leave profound molecular 

signatures upon the brain.

2.3. Linking behavior with molecules

An emerging priority is to establish links between drug-induced changes in the molecular 

biology of the brain and drug-induced changes in complex behaviors. Molecular biology has 

identified multitudes of drug-induced alterations in gene and protein expression, but only in 

a small number of cases has the behavioral relevance of any particular change been 

established. Experiments that combine molecular and behavioral approaches can establish 

such links; improvements in genetic engineering techniques such as viral-mediated gene 

transfer (Carlezon et al., 2000), conditional mutations (Chen et al., 1998; Lewandoski, 

2001), and short interfering RNA (RNAi) (Hommel et al., 2003) in rodents have shown that 

temporally specific alterations in the expression of single genes can have dramatic effects on 

complex behaviors. As one example, repeated intermittent exposure to morphine elevates 

expression of GluR1, a glutamate (AMPA) receptor subunit, in the ventral tegmental area 

(VTA) (Fitzgerald et al., 1996). The use of viral-mediated gene transfer to elevate GluR1 

expression within the VTA demonstrated that this neuroadaptation can cause sensitized 

responses to the stimulant and rewarding effects of morphine (Carlezon et al., 1997). As 

another example, repeated exposure to drugs of abuse elevates ΔFosB in the NAc shell 

(Chen et al., 1997). Strategies that combined conditional transgenic mice and viral-mediated 

gene transfer demonstrated that increased expression of this transcriptionally active protein 

and one of its targets (the AMPA receptor subunit GluR2) causes sensitized responses to the 

rewarding effects of cocaine (Kelz et al., 1999; Nestler, 2001). Finally, recent evidence 

suggests that elevated activity of CREB in the NAc shell can lead directly to the expression 

of depressive-like signs in rats. Repeated exposure to stimulant drugs and stress each elevate 
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the activity of CREB within the NAc (Turgeon et al., 1997; Pliakas et al., 2001; Barrot et al., 

2002). Viral vector-induced elevations of CREB activity within the NAc shell cause 

depressive-like signs including anhedonia and dysphoria in rats (Carlezon et al., 1998). 

Elevated CREB activity within the NAc shell also increases immobility behaviors in the 

forced swim test (FST), a depressive-like effect (Pliakas et al., 2001) that may reflect 

‘behavioral despair’ (Porsolt et al., 1977). In contrast, disruption of CREB function by 

overexpression of a dominant negative form of CREB (mCREB) in the NAc shell increases 

cocaine reward (Carlezon et al., 1998) and produces antidepressant-like effects (Pliakas et 

al., 2001). These behavioral adaptations appear related to the ability of CREB to regulate 

transcription of dynorphin (Cole et al., 1995; Carlezon et al., 1998), an endogenous κ-opioid 

receptor ligand (Chavkin et al., 1982). Indeed, the κ-antagonist nor-binaltorphimine 

(norBNI) attenuates the depressive-like signs caused by elevated CREB function within the 

NAc shell (Carlezon et al., 1998; Pliakas et al., 2001), most likely by blocking κ-opioid 

receptors that inhibit neurotransmitter release from mesolimbic DA neurons (Di Chiara and 

Imperato, 1988; Maisonneuve et al., 1994; Shippenberg and Rea, 1997; Svingos et al., 

1999). Similarly, κ-agonists have depressive-like effects in the FST (Mague et al., 2003) and 

the intracranial self-stimulation paradigm (Todtenkopf et al., 2004), whereas κ-antagonists 

have antidepressant-like effects (Mague et al., 2003). Microinjections of κ-agonists directly 

into the NAc also cause conditioned place aversions (Bals-Kubik et al., 1993) that likely 

reflect, at least in part, dysphoric states. Considered together, these studies raise the 

possibility that CREB-regulated increases in dynorphin activity within the NAc shell can 

trigger key depressive-like signs that resemble anhedonia, dysphoria, and despair (Fig. 1). 

Future studies may reveal whether a more extensive blockade of CREB or dynorphin 

activity in the NAc shell can produce mania-like signs (mental and physical hyperactivity 

associated with elevated mood and irritability) in more powerful animal models.

3. Early developmental exposure to methylphenidate: atypical effects

3.1. Behavior

As described above, the preponderance of evidence from laboratory animals indicates that 

exposure to stimulants produces sensitization to their rewarding effects, a process that in 

humans would be expected to increase vulnerability to substance abuse. However, 

therapeutic administration of stimulants such as MPH in children with ADHD reportedly 

reduces the risk of substance abuse (Biederman et al., 1999; Wilens et al., 2003). Results 

from studies in rats that have focused on the long-term effects of exposure to MPH during 

development are inconsistent. We showed that exposure to MPH during early adolescence 

(P20–35) decreases the rewarding effects of cocaine and increases its aversive effects in 

place conditioning studies conducted during adulthood (Andersen et al., 2002). It is 

generally accepted that the place conditioning paradigm reflects rewarding and aversive 

drug actions (see Section 4.1.1, below); a reduced ability of normally effective doses of 

cocaine to establish conditioned place preferences may reflect anhedonia, whereas an 

increased ability of normally ineffective doses of cocaine to establish conditioned place 

aversions may reflect dysphoria. This treatment also reduces sensitivity to natural rewards 

such as sucrose, novelty, and sexual behavior, and increases anxiety- and depressive-like 

signs (Bolaños et al., 2003; Carlezon et al., 2003). Exposure to cocaine during the same 
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developmental period produces some of the same behavioral effects (Carlezon et al., 2003). 

Similarly, exposure to oral MPH during late adolescence (P41–67) reduces sensitivity to 

methamphetamine, an effect that is not consistent with increased sensitivity to the stimulant 

and rewarding effects of drugs of abuse (Kuczenski and Segal, 2002). In contrast, exposure 

to MPH at mid adolescence (P35–42) facilitates the acquisition of intravenous cocaine self-

administration during adulthood, suggesting enhanced sensitivity to the rewarding properties 

of the drug (Brandon et al., 2001). Methodological differences among these studies, 

including the age of the first exposure to psychotropic drugs, may explain the different 

conclusions among studies. Regardless, these studies challenge the view that early 

developmental exposure to stimulants invariably results in the subsequent development and 

expression of sensitized responses to the stimulant and rewarding effects of drugs of abuse. 

In fact, the data may indicate that early exposure causes tolerance to drug reward.

3.2. Physiology and molecular biology

Little is known about the molecular consequences of developmental exposure to MPH. 

Exposure to MPH at P35–42 causes changes in the burst firing activity of mesolimbic 

dopamine cells that are consistent with increased addiction liability (Brandon et al., 2003). 

In contrast, we showed that rats exposed to MPH at P20–35 had large increases in CREB 

expression within the NAc shell during adulthood (Andersen et al., 2002). The fact that the 

depressive-like behavioral consequences of early developmental exposure to MPH (Fig. 2A) 

are accompanied by increases in CREB expression in the NAc shell (Fig. 2B)—a 

neuroadaptation previously associated with depressive-like signs in numerous behavioral 

assays (Carlezon et al., 1998; Pliakas et al., 2001; Barrot et al., 2002)—provides additional 

support for our simple working hypothesis that CREB activity in the NAc shell can trigger 

depressive-like behaviors by increasing local levels of dynorphin. Because it is unlikely that 

early exposure the psychotropic drugs such as MPH causes only a single neuroadaptation in 

a single brain region, further evaluation of other molecules and other regions is needed to 

develop detailed profiles of the molecular signatures that these agents leave upon the brain.

4. Types of studies that are needed for the future

4.1. Behavioral

It is clearly of interest to determine whether early developmental exposure to psychotropic 

drugs causes alterations in drug-taking behaviors in people. The most direct method with 

which to study drug-taking behaviors in laboratory animals is intravenous drug self-

administration (IVSA). Rats intravenously self-administer many classes of drugs (see 

Collins et al., 1984), and modifications of the procedure to incorporate progressive ratio 

schedules have enabled strong conclusions about treatment-induced alterations in the 

reinforcing or incentive-motivational properties of drugs (Mendrek et al., 1998; Morgan and 

Roberts, 2004; Vezina, 2004). Progressive ratio studies may help to determine if early 

exposure to psychotropic drugs causes tolerance rather than sensitization to drugs of abuse. 

However, treatment-induced alterations in the shape of IVSA dose-effect functions can be 

difficult to interpret (Piazza et al., 2000), raising the possibility that this procedure reflects a 

variety of drug actions beyond those directly involving reinforcement.
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To complement IVSA, it will also be important to develop detailed behavioral profiles of 

how early developmental exposure to psychotropic drugs affects more general aspects of 

motivation and cognition during adulthood. While IVSA is optimal for the study of drug-

taking behaviors, there are no single ‘gold-standard’ tests of reward, aversion, and cognitive 

functions in rats. As such, it is necessary to use several assays to examine the behavioral 

consequences of developmental exposure to each of the psychotropic drugs under study. 

Each assay models different aspects of complex motivational, mood, and cognitive states 

that occur in humans, and each has strengths and limitations. Some require exposure to 

stress or long periods of training, while others involve short-term conditioning. As detailed 

below, in our research programs we use a variety of behavioral assays that are 

complementary but not redundant: each provides multiple forms of unique information that 

reflect alterations in sensitivity to rewarding and aversive stimuli, and more generally, 

effects on learning and attentional processes. Although some of our studies have begun only 

recently, this approach should facilitate the generation of detailed behavioral profiles that 

emerge in response to developmental exposure to psychotropic drugs, and the generation of 

stronger hypotheses that can be tested in the future.

4.1.1. Place conditioning (PC)—PC is a classical conditioning paradigm in which rats 

learn to associate the effects of a drug (or other treatment) with a previously neutral 

environment (see Carlezon, 2003). It is often referred to as the ‘conditioned place preference 

(CPP)’ paradigm, but this designation fails to capture the flexibility of the assay: it identifies 

both conditioned place preferences and conditioned place aversions, and thus it can be used 

to study both rewarding and aversive effects. Advantages of this assay are that it requires 

brief training periods (as few as 1–2 days), and that the rats are tested in a drug-free state 

(which minimizes drug treatment effects on performance). Rats develop preferences for 

environments in which they have experienced rewarding drug effects, and aversions to 

environments in which they have experienced aversive drug effects. Changes in time spent 

in the drug-paired environment are indicators of the rewarding or aversive properties that the 

environment has acquired because of its association with a drug.

Most drugs of abuse (cocaine, amphetamine, opiates) establish conditioned place 

preferences in rats (see Carr et al., 1989). Pre-exposure to these same drugs facilitates their 

ability to establish conditioned place preferences, suggesting sensitization to their rewarding 

effects (Lett, 1989) and confirming the sensitivity of this assay to treatments (e.g., exposure 

to psychotropic drugs) administered before PC commences. PC is also sensitive to the 

aversive aspects of the drugs themselves, and of drug withdrawal. High doses of cocaine 

(~60 mg/kg, IP) cause place aversions (Kosten et al., 1994), presumably because the drug 

becomes anxiogenic. Indeed, the ß-carboline FG 7142—which causes anxiety and panic-like 

states in rats (Pellow and File, 1986) and humans (Dorow, 1987)—causes place aversions 

(Di Scala and Sandner, 1989), suggesting that anxiety produces aversive effects in the PC 

assay. Similarly, rodents avoid environments in which they have experienced symptoms of 

opiate (Stinus et al., 1990) or stimulant (Cabib et al., 1996) withdrawal. The effects of drugs 

including PCP, nicotine, ethanol in the PC model are inconsistent; some investigators report 

that these drugs establish place preferences, whereas others report place aversions (Carr et 

al., 1989). Not surprisingly, it is often difficult in rats to demonstrate self-administration of 
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these same drugs (Collins et al., 1984). These data indicate that conclusions about drug 

reward made with PC are consistent with those made in other rat models that require a more 

substantial allocation of resources (e.g., IVSA).

Because of these strengths, PC is a good method with which to evaluate the enduring effects 

of developmental exposure to psychotropic drugs. We have already demonstrated that this 

strategy effectively identifies exposure-associated alterations in the function of brain reward 

systems (Andersen et al., 2002; Carlezon et al., 2003). Rats exposed to MPH or cocaine 

during early adolescence developed place aversions to environments associated with 

intermediate doses of cocaine, a putative sign of dysphoria, and did not develop normal 

place preferences at higher doses of cocaine, a putative sign of anhedonia. Dysphoria and 

anhedonia are key symptoms of depressive states in humans, suggesting that exposure to 

these stimulants during key periods of brain development can have enduring behavioral 

consequences. In future studies, PC can be used to determine if developmental exposure to 

the other psychotropic drugs has similar effects.

Because the PC assay involves conditioning, developmental manipulations that have general 

effects on learning, memory, or attention may complicate interpretation of data. Considering 

that cocaine established strong place aversions in MPH- and cocaine-exposed rats (Andersen 

et al., 2002; Carlezon et al., 2003), it is unlikely that early developmental exposure to these 

particular drugs had general effects on conditioning. Regardless, it is important to use 

additional behavioral assays that are sensitive to rewarding and aversive states but are less 

dependent upon learning and memory to complement PC studies.

4.1.2. ICSS (intracranial self-stimulation)—ICSS is an operant paradigm that is highly 

sensitive to the function of brain reward systems. In this assay, rodents respond in order to 

self-administer rewarding electrical stimulation through electrodes implanted within the 

limbic system. Changes in the rewarding efficacy of the stimulation cause shifts in the 

functions that relate response rates to stimulation frequency: leftward shifts imply that the 

stimulation is more rewarding as a result of a treatment (reflecting hyperfunction of brain 

reward systems), whereas rightward shifts imply that it is less rewarding (reflecting 

hypofunction of brain reward systems). Shifts are quantified by calculating ICSS 

‘thresholds’ (an estimate of the point at which the stimulation becomes rewarding) before 

and after treatment. The effects of many types of treatments on ICSS thresholds have been 

described (see Wise, 1996). Most drugs of abuse decrease the amount of stimulation 

required to sustain responding, as indicated by leftward shifts in rate-frequency functions 

and decreased ICSS thresholds. Conversely, agents that block drug reward (dopamine or 

opiate receptor antagonists) increase the amount of stimulation required to sustain 

responding, as indicated by right-ward shifts in rate-frequency functions, and increased 

ICSS thresholds. These agents also block the ability of rewarding drugs to cause leftward 

shifts. Drug withdrawal also causes rightward shifts and elevations in ICSS thresholds 

(Markou et al., 1992; Barr et al., 2003) that could reflect states of anhedonia or dysphoria. 

As such, ICSS is sensitive to manipulations that increase reward, decrease reward, or 

increase aversion.
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ICSS can be used to determine if developmental exposure to psychotropic drugs affects the 

function of brain reward systems during adulthood in two separate types of experiments. 

First, it is possible to determine whether early developmental exposure to psychotropic 

drugs affects sensitivity to brain stimulation reward (BSR) itself. Second, it can be used to 

determine if the drug exposure affects sensitivity to the reward-potentiating effects of 

cocaine (Wise, 1996). Preliminary evidence suggests that early developmental exposure to 

MPH reduces the reward-potentiating actions of cocaine in the ICSS assay (S.D. Mague, 

S.L. Andersen, W.A. Carlezon Jr., unpublished results).

ICSS complements rather than replaces PC studies because exposure regimens that affect 

response capabilities—making the rats press at higher or lower rates during cocaine testing

—can complicate data interpretation in this assay. Although some methods of analysis 

(‘curve-shift’ assay; see Miliaressis et al., 1986) minimize the consequences of altered rates, 

the use of PC and ICSS in tandem increases the ability to identify effects of developmental 

exposure to psychotropic drugs on brain reward systems, and enables stronger conclusions 

about whether such exposure increases reward, decreases reward, or increases aversion.

4.1.3. Fear-potentiated startle (FPS)—FPS is a classical conditioning paradigm that is 

primarily sensitive to aversive-like states. In the FPS assay, states of fear are inferred from a 

behavioral response (Walker and Davis, 2002). Fear is quantified by measuring the 

amplitude of the acoustic startle reflex in the presence of a cue previously paired with 

footshock. When rats are repeatedly presented with a cue (e.g., light flash) followed by 

footshock, they learn to associate the cue with impending shock. Eventually, presentation of 

the cue in the absence of the shock elicits behaviors that are typically used to define a state 

of fear, one of which is a potentiated startle response. To quantify startle, rats are placed in 

cages and presented with startle-eliciting white-noise bursts (~100 dB). The cages are 

positioned on sensors that quantify startle responses. On some trials, the startle-eliciting 

stimulus is preceded by the cue previously paired with shock; typically, under these 

conditions the startle response is substantially larger than on trials without presentation of 

the cue. The difference between the amplitude of startle on these two trial types is the 

operational measure of fear. One strength of the FPS is its ability to identify drugs with 

anxiolytic effects in humans, although it has also been invaluable in identifying brain 

regions (e.g., amygdala), neurotransmitters (e.g., glutamate, GABA), intracellular signaling 

molecules (e.g., CREB), and physiological mechanisms involved in the generation and 

reduction of fear and anxiety (Josselyn et al., 2001; Tsvetkov et al., 2002; Walker and Davis, 

2002; Lamprecht and LeDoux, 2004).

The FPS assay may be sensitive to psychotropic drug-exposure related alterations in 

aversive-like states (fear), but the fact that it reflects conditioning (learning and memory) 

provides important information that enables more powerful interpretations of results from 

the other assays. Reduced drug reward in the PC assay might reflect dysregulation of 

learning and memory processes associated with early developmental exposure to the 

psychotropic drugs. This type of dysregulation would be also reflected in the FPS assay, by 

deficits in fear conditioning.
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4.1.4. The 5-choice serial reaction time task (5CSRTT)—The 5CSRTT is an operant 

paradigm that quantifies the effects of manipulations on various aspects of attention in rats 

(Robbins, 2002). It has been particularly useful in the study of attention deficits like those 

associated with ADHD. In studies assessing attention in humans, performance is often 

characterized by a decline in function over time. This decline is sensitive to manipulations 

affecting task difficulty, and to reversal by psychostimulant drugs. The 5CSRTT evaluates 

comparable characteristics of performance and is sensitive to psychostimulants with efficacy 

in humans, and thus it is of great utility in studying the attention deficits that characterize 

ADHD.

5CSRTT experiments in rats are typically analogous to the continuous performance tests 

used in humans in clinical settings to quantify deficits that characterize ADHD. Attention 

comprises several distinct processes, and each can be quantified in rats using the 5CSRTT 

(Robbins, 2002). One process is sustained attention (vigilance), which is a continuous 

allocation of processing resources for the detection of rare events. Deficits in sustained 

attention are typically manifested towards the end of long test sessions. Another process is 

divided attention, which is the simultaneous allocation of processing resources to several 

different contingencies within the same test setting. For example, a rat might be required to 

simultaneously monitor several different sensory channels, thus requiring optimal allocation 

of limited processing abilities. A third form of attention is selective attention, whereby 

attention must be focused on a restricted number of sensory channels while ignoring the rest. 

The 5CSRTT paradigm is best utilized to quantify the effects of manipulations on sustained 

and divided attention, although conditions can be modified to enable measurement of 

selective attention. The 5CSRTT can also be used to assess both compulsive and impulsive 

aspects of inhibitory control.

The 5CSRTT is an ideal assay to determine if early developmental exposure to psychotropic 

drugs affects aspects of attention in rats during periods of adulthood. Additionally, this assay 

may provide important information that enables more powerful interpretations of results 

from the other assays. For example, reduced FPS might reflect deficits in attention that are 

required to establish associations between the conditioning stimulus (e.g., a light) and the 

shock. Thus, use of the 5CSRTT in tandem with other behavioral tests should enable the 

development of improved hypotheses.

4.2. Molecular approaches: biological contexts for the study of psychotropics

It is critical to identify molecular adaptations caused by early developmental exposure to 

psychotropic drugs so that the neurobiological consequences can be understood and, 

ultimately, predicted. New technologies such as gene array technologies and proteomics 

allow the detection of many mRNAs or proteins simultaneously (Henry et al., 2003). 

Proteomics can also aid in the analysis of phosporylation or glycosylation status of proteins 

and therefore give some indirect indication of protein activity (Steinberg et al., 2003). These 

technologies can contribute significantly to our understanding of the molecular 

consequences of treatment with psychotropic drugs. Assuming that all necessary precautions 

are taken to avoid false-positive or false-negative results, these studies yield a plethora of 

data; it is becoming abundantly clear that the most important question for this type of work 
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is how to retrieve the most sensible information from such large datasets. Microarray or 

proteomics studies that focus on one or two genes or proteins often fail to exploit the power 

of these new technologies, and may even magnify some of their inherent limitations, 

particularly because in large datasets some data reach statistical significance purely by 

chance. If the data are analyzed in a biological context (i.e., the regulation patterns of genes 

or proteins of related function are examined together), the chance of false-positive results is 

dramatically reduced. Our working hypothesis is that functionally related genes or proteins 

contribute to the same pathways (i.e., second messenger pathways) or the same cellular 

structures (i.e., synapses, cell organelles, membranes; Fig. 3); thus if exposure to drugs 

affects a group of functionally related proteins or mRNAs, then the pathway or cellular 

structure of which they are a component is also likely affected by the drug. As one example, 

if early developmental exposure to a psychotropic drug alters the levels or phosphorylation 

state of a single protein involved in vesicle fusion, it would be difficult to attribute a 

functional significance to this adaptation. However, if many proteins involved in vesicle 

fusion are altered in a brain area, then there is stronger evidence that the psychotropic drug 

affects synapses and synaptic plasticity in this brain area. Examining a group of proteins that 

makes up a pathway or a cellular structure therefore provides a more comprehensive picture 

than simply examining a single component of that pathway. Furthermore, the up- or 

downregulation of gene or protein levels, or the extent of phosphorylation and glycosylation, 

may also provide indications of how the pathway or structure is affected by drug exposure. 

Thus, it is possible to deduce a substantial amount of information about the biologic effects 

of psychotropic drugs, even beyond the molecular realm, from gene array and proteomics 

technologies. This information can then be further verified with other experimental 

techniques.

A biological context is critical for gene array and proteomics studies, and various computer 

programs with different approaches to this problem have become available and are improved 

on a continuous basis. Many non-commercial computer programs use the Gene Ontology 

(GO) database as a guideline for biological context. This database sorts genes into three 

separate ontologies defined as ‘molecular function’, ‘biological process’ and ‘cellular 

component’. For gene array analysis, computer programs such as Gene MicroArray Pathway 

Profiler (GenMAPP) (Dahlquist et al., 2002; Doniger et al., 2003) and DNA-Chip Analyzer 

(d-Chip) (Li and Wong, 2001) can classify results using the GO database. MAPPfinder, a 

component of the GenMAPP program, is furthermore able to utilize gene classifications 

defined by the investigator or by specialists in the field. Because the GO database is not 

brain-specific, questions such as the regulation of genes involved in the synthesis or 

reception of particular neurotransmitters, or questions pertaining to pre- or postsynaptic 

effects (Fig. 3) cannot be addressed with this database. However, investigators can use 

MAPPfinder to assemble their own database based on organizing principles that are specific 

to their work. MAPPfinder as well d-Chip use statistical tests involving hyper-geometric 

distributions. These tests calculate if more genes than expected are regulated in any group, 

and are an indication which structure or which biological function is most affected by 

psychotropic drug treatment in any brain area of interest.
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5. Challenges for future work

Multidisciplinary approaches are needed to examine the full extent of the consequences of 

early developmental exposure to psychotropic drugs. As with any line of research that can 

benefit from multidisciplinary approaches, understanding how psychotropic drugs affect 

brain development and subsequent behavior will require expertise with a dazzling array of 

techniques, a familiarity with enormous literatures, and most importantly, a willingness to 

challenge dogma. Below are only a few of the complexities that face researchers interested 

in a field that promises to become progressively more important and relevant as the use of 

pharmacotherapies for psychiatric disorders becomes increasingly acceptable and prominent.

5.1. Periods of development in rodents

It is exceedingly difficult to model periods of human brain development in rats. Humans and 

rats are born at different times in brain development, and development proceeds at vastly 

different paces between species (see Spear, 2000). Even the definition of adolescence—a 

time of particular susceptibility to drug exposure in humans—is controversial. Adolescence 

is a period of development that involves a complex interplay of neurochemical (e.g., 

Andersen et al., 1997), anatomical (e.g., van Eden et al., 1990), molecular (e.g., Gelbard et 

al., 1989), cognitive (e.g., Spear and Brake, 1983), and behavioral (e.g., Laviola et al., 1995; 

Bolaños et al., 1998) adaptations. Often, the onset of puberty and sexual maturation (Graber 

et al., 1996), which occurs in rats at approximately P35, is considered to signal the onset of 

adolescence (Petersen, 1998). However, there is no consensus on which markers should 

define the onset, offset, and duration of adolescence. As an example, in only a small sample 

of recent studies in which consequences of developmental exposure to psychotropic drugs 

was examined, adolescence was defined as P35–42 (7 days; Brandon et al., 2001, 2003), 

P41–67 (26 days; Kuczenski and Segal, 2002), or P54–62 (8 days; Levin et al., 2003). Thus, 

any work designed to examine the effects of developmental exposure to psychotropic drugs 

will be complicated by differences in opinions about the biological boundaries of 

adolescence, as well as significant between- and even within-gender variability in the timing 

of changes associated with this period.

One approach is to consider adolescence to be a period of transition from childhood to 

adulthood that is marked by a variety of neurochemical, anatomical, molecular, and 

behavioral changes, but not defined by discrete events such as puberty (Spear, 2000). A 

conservative estimate of this period should be broad enough to account for individual 

variability in the exact timing of when these changes begin and end.

5.2. Drug doses, routes of administration, and gender

There are important differences between humans and rats in drug bioavailability, kinetics, 

and metabolism. Because these processes change with age and gender (Spear, 2000), 

differences can become magnified at various points of development and can vary 

dramatically between male and female rats. These factors influence—and complicate—all 

studies of drug-induced neuroplasticity. In the case of MPH, intraperitoneal (IP) injections 

in rats produce peak blood levels of drug that are much different from those seen after the 

drug is injected orally (by gavage, which involves insertion of a feeding needle through the 
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mouth, throat, and esophagus into the stomach) in rats or oral administration of tablets in 

humans (Kuczenski and Segal, 2002). It is unclear whether differences in kinetics between 

species affect the reliability or relevance of preclinical studies in rats that do not precisely 

mimic the conditions seen in humans (Volkow) and Insel, 2003). More work is needed to 

determine if differences in route of administration and the time course of elevated blood 

levels produce profound effects on the outcomes of preclinical studies. However, one 

potentially relevant example worth consideration is the preclinical study of cocaine 

addiction in rats: many studies of the effects of cocaine on molecular and behavioral 

adaptations have involved IP or intravenous (IV) injections despite the fact that human 

addicts clearly do not favor these routes of administration. Addicts snort or smoke cocaine, 

and avoid using cocaine by IV routes because it causes dramatic and painful tissue necrosis 

at injection sites. Regardless, studies using IP or IV cocaine injections in laboratory animals 

have provided invaluable information that has improved our understanding of addiction, and 

significant findings have been confirmed in humans. As just one example, the ability of 

stimulants to increase dynorphin expression in the brains of rats (Daunais et al., 1993) has 

been observed in human addicts (Hurd and Herkenham, 1993) and in cell culture (Cole et 

al., 1995) despite profound differences in the ways that the drug was administered among 

the studies. Thus, to model the human condition, the optimal route of administration for 

many prescription psychotropics would be voluntary oral self-administration of drugs in 

tablet formulations; realistically, there should also be some allowance for the day-to-day 

variability in the timing at which people actually take their prescription medications. 

Considering that response-contingent and non-contingent administration of drugs can cause 

dramatically different neurobiological effects (Mantsch and Goeders, 2000), it appears likely 

that any route of drug administration other than voluntary oral self-administration at variable 

intervals will have the types of limitations inherent in any line of research conducted in 

laboratory animals.

5.3. The use of ‘normal’ rats

Difficulties in diagnoses of ADHD and MD at ages as young as 2 years old (Teicher et al., 

1996) increase the likelihood that children who are not affected by these disorders receive 

exposure to powerful psychotropic drugs inadvertently. Moreover, the use of ‘benign’ 

psychotropic drugs such as caffeine is becoming widespread in children (Pollack and Bright, 

2003). These factors provide strong rationale for conducting these studies in ‘normal’ rats 

that are not designed to model neuropsychiatric disorders. However, the results obtained 

address primarily the question of how psychotropics affect the normal brain and the 

consequences of early prescription of psychotropics to children who might not be destined to 

develop a psychiatric disorder. In the future, the development of improved animals models 

of these psychiatric conditions may ultimately reveal that the neurobiological consequences 

of early exposure to psychotropic drugs are dramatically different when there is underlying 

pathology.

5.4. Cataloguing of alterations in gene and protein expression

Gene microarray technology enables the simultaneous detection of thousands of mRNAs, 

and the specificity of the signal can be well-controlled through the use of multiple probes for 

each gene. One limitation of this technology is that gene microarrays examine levels of 
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mRNAs rather than proteins, thus they cannot provide information on the regulation and 

modification of the proteins for which they code. In contrast, proteomics can potentially 

study the composition, expression level and chemical modification of proteins in a particular 

tissue. Proteomics can evaluate modifications such as phosphorylation or glycosylation, 

which affect the activity or location of proteins. The disadvantages of proteomics include 

complicated and expensive equipment and technology, and limits in the number of proteins 

that can be studied simultaneously (Archakov et al., 2003; Zhu et al., 2003). The simplest 

technology in proteomics is 2-dimensional gel electrophoresis, which does not require 

expensive equipment but is biased toward soluble and abundant proteins (Zhu et al., 2003). 

Furthermore, 2-dimensional gel electrophoresis requires either a priori knowledge of protein 

expression patterns of the tissue of interest in the gel, or the further identification of protein 

and peptide spots by mass spectrometry. Other approaches are currently limited by the 

availability of antibodies or specific protein-binding ligands and by access to mass 

spectrometry equipment. However, many of these obstacles will be overcome in the coming 

years, and it is reasonable to assume that these technologies will gradually become available 

to, and used routinely by, progressively more researchers.

Both gene microarrays and proteomics pose statistical challenges since they create large 

amounts of data with the potential for numerous false-positive findings. Moreover, 

researchers need to go beyond providing large catalogues of altered genes and proteins, and 

particular care must be taken to put findings into biological contexts. As described above, 

these techniques can be used to study the regulation of groups of genes or proteins involved 

in the same function, rather than individual genes and proteins that have no obvious 

biological connections. Furthermore, both techniques require verification by independent 

means (e.g., in situ hybridization, northern blot, real-time reverse transcriptase polymerase 

chain reaction [Q-PCR], protein immunoblotting, immunohistochemistry).

5.5. Summary and conclusions

Because more children are being exposed to increasingly powerful psychotropic drugs at 

progressively younger ages, it has become critical to examine how exposure to these agents 

can alter brain development. In preclinical studies, an optimal approach is to study the 

behavioral and molecular consequences in parallel, and then to use genetic engineering to 

establish causal relations between brain biology and complex behaviors (Fig. 4). The 

identification of gross alterations in motivation and sensitivity to the rewarding effects of 

drugs of abuse and other important stimuli (food, sexual behavior) is a high priority. 

Additionally, the identification of equally important—but perhaps more subtle and difficult 

to detect—alterations in cognitive function and attention will also be critical, since these 

capabilities contribute to the quality of life and the potential to excel.

Early intervention with psychotropic drugs against the background of underlying pathology 

may re-establish proper developmental trajectories, and thus has the potential to be a 

breakthrough innovation for psychiatry. However, until animal models that recapitulate the 

pathophysiology and behavioral symptomatology of disorders such as ADHD, MD, and BD 

become available—and until diagnosis of psychiatric disorders in young children is perfectly 

accurate—it will be important to understand how early developmental exposure to 
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psychotropic drugs affect the normal brain. These types of studies will improve our 

understanding of biological vulnerability to addiction, as well as susceptibility to other 

mental conditions that may ultimately lead people to turn to drugs of abuse.
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Fig. 1. 
Schematic depiction of how CREB activity in the nucleus accumbens (NAc) shell may act 

as a ‘hedonic thermostat’. Elevated expression of CREB increases transcription of 

dynorphin, which in turn causes aversive and/or depressive-like states (including dysphoria 

and anhedonia). Conversely, disruption of CREB activity decreases dynorphin transcription, 

enabling hedonic processes. (Based on Carlezon et al., 1998; Pliakas et al., 2001.)
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Fig. 2. 
Effect of early exposure to MPH on behavior and the molecular biology of the NAc shell. 

(A) Exposure to MPH during early adolescence made intermediate doses of cocaine aversive 

(possibly reflecting dysphoria) and high doses less rewarding (possibly reflecting 

anhedonia) when the rats were tested during adulthood. (B) Exposure to MPH during pre-

adolescence caused substantial increases in CREB levels within the NAc shell during 

adulthood, but it did not regulate any of the other drug-sensitive proteins studied. (Modified 

from Andersen et al., 2002.)
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Fig. 3. 
To put gene array or proteomics data into biological contexts, genes or proteins can be 

grouped according to their cellular location (i.e., membrane, postsynaptic membrane, 

mitochondrion, etc.) or their function (i.e., transcription factor, signal transduction element, 

mitochondrial respiration, vesicular fusion, etc.). Furthermore, functions can overlap with 

cellular locations, such as ‘mitochondrion’ and ‘mitochondrial respiration’, ‘nucleus’ and 

‘transcription factors’. Computer programs are available that calculate hypergeometric 
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distributions to determine if particular functions or locations are more affected than would 

be expected by chance.

Carlezon and Konradi Page 24

Neuropharmacology. Author manuscript; available in PMC 2014 October 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4. 
Schematic description of one strategy to establish causal relationships between psychotropic 

drug exposure-induced alterations in molecular biology and alterations in behavior. Ideally, 

molecular and behavioral analyses initially proceed in parallel, and involve drug exposure at 

different periods of brain development (e.g., early, mid, and late adolescence). When 

exposure-related molecular adaptations are identified, genetic engineering techniques can be 

used to mimic such changes to explore whether any particular adaptation is sufficient to 

cause alterations in motivation (e.g., using ICSS), learning (e.g., using FPS), or attention 

(e.g., using 5CSRTT).
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