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Environmental experiences play a critical role in an individualʼs risk of 

becoming addicted. Positive experiences may mitigate addiction vulnerability, 

whereas adverse experiences, particularly during adolescence, have been shown 

to increase addiction risk. Social isolation in rodents is a model system used to 

study the effects of such experiences, yet its impact on the learning and memory 

processes that underlie addiction remains elusive.  Although social isolation is 

known to alter the functioning of the dopaminergic system, as well as reward 

processing and learning, its effect on dopamine (DA) neurons of the ventral 

tegmental area (VTA) is unknown. The data presented in this dissertation 

demonstrate that social isolation of rats during a critical period in adolescence 

(postnatal days 21–42) enhances long-term potentiation (LTP) of N-methyl D-

aspartate receptor (NMDAR)-mediated glutamatergic transmission in the VTA. 

Activation of NMDARs is critical to the generation of DA neuron bursts that 

encode rewards and reward-predictive cues, and NMDARs are necessary for 

associative reward learning. The isolation-induced enhancement of NMDAR LTP 

results from augmentation of metabotropic glutamate receptor (mGluR)-

dependent calcium (Ca2+) signaling via an increase in inositol 1,4,5-trisphosphate 



 ix 

(IP3) sensitivity. Isolation-mediated effects on Ca2+ signaling and NMDAR 

plasticity were not reversed by a subsequent period of resocialization.  

Furthermore, social isolation during this critical period occludes the effect of 

repeated amphetamine exposure on mGluR/IP3-mediated Ca2+ signaling and 

synaptic plasticity. Although corticotropin releasing factor (CRF) further facilitates 

mGluR/IP3-mediated Ca2+ signaling in DA neurons, alterations in CRF receptors 

are not responsible for the effects of isolation on Ca2+ signaling and synaptic 

plasticity. In addition, the learning of associations between environmental stimuli 

and drug rewards is acquired more quickly and is more resistant to extinction in 

isolated animals. Data presented in this dissertation lend support to the theory 

that enhanced mGluR/IP3-mediated Ca2+ signaling and NMDAR plasticity 

facilitate the learning and memory of drug-associated stimuli. This dissertation 

provides the first demonstration of a cellular basis for the critical time window of 

social isolation during adolescence. NMDAR plasticity in the VTA may thus 

represent a neural substrate by which early life experiences regulate addiction 

vulnerability. (Note: Behavioral data were acquired by Mickael Degoulet) 
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Chapter 1: Introduction 

 

Addiction is a neuropsychiatric disorder characterized by compulsive drug 

use that persists despite serious negative consequences. The risk of becoming 

addicted to drugs or alcohol is based on the complex interplay between heritable 

factors and environmental factors that vary depending on external circumstances, 

events and interactions. Adolescence refers to an important developmental 

period during which external factors may be particularly influential in promoting or 

mitigating addiction vulnerability (Chambers et al., 2003; Crews et al., 2007). 

Adverse experiences such as abandonment, neglect, or abuse increase the 

incidence of addiction, both early in life and throughout the lifespan (Anda et al., 

2006; Dube et al., 2003). During adolescence, the deleterious effects of these 

negative environmental factors are amplified such that adolescence becomes a 

critical period of vulnerability to addiction. The neurobiological basis of the 

adolescent critical period of addiction vulnerability is unknown.  

The dopaminergic reward system is critical to the learning and processing of 

information required to maximize survival and reproduction. Drugs of abuse exert 

their effects by “hijacking” the dopaminergic reward system, artificially boosting 

dopamine (DA) levels in target structures and causing lasting alterations in 

dopaminergic circuitry (Hyman et al., 2006; Luscher and Malenka, 2011; Nestler, 

2005a). The ventral tegmental area (VTA) is a critical node in the reward system, 
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supplying DA to critical target structures such as the nucleus accumbens and 

prefrontal cortex. DA neurons of the VTA fire bursts of action potentials in 

response to unexpected rewards or reward-predictive stimuli. This burst firing is 

primarily initiated by activation of N-methyl D-aspartate (NMDA) receptors on DA 

neurons (Overton and Clark, 1992; Tong et al., 1996a; Zweifel et al., 2009). Burst 

timing-dependent plasticity of NMDARs in DA neurons has been previously 

demonstrated (Ahn et al., 2010; Bernier et al., 2011; Harnett et al., 2009). The 

induction of this plasticity requires mGluR/IP3-mediated amplification of action 

potential-evoked calcium (Ca2+) signals. Given the critical role that NMDARs play 

in signaling reward-related information, plasticity of these receptors may 

fundamentally alter reward processing and learning. This dissertation uses social 

isolation as a model of adverse early life experience to examine the cellular 

underpinnings of environmental influences on addiction risk. In particular, the 

effects of social isolation during adolescence on mGluR/IP3-mediated Ca2+ 

signaling and NMDAR plasticity in VTA DA neurons are investigated. These 

results reveal a putative mechanism through which addiction risk may be 

modulated during adolescence.  

 

1.1 Early studies of social isolation 

Depriving animals of social interaction leads to profound behavioral deficits, 

the severity of which depends on the developmental stage at which isolation is 



  3 

initiated. “Maternal separation” is a particularly debilitating form of isolation, which 

involves the separation of an animal from its mother at birth. The psychologist 

Harry Harlow is best known for his classic maternal separation experiments, 

which determined that young isolated monkeys preferred surrogate mothers 

made of soft terrycloth rather than metal wires, even at the expense of 

sustenance (Harlow and Zimmermann, 1959). Harlowʼs results highlighted the 

importance of physical contact, comfort, and interaction in early stages of life. 

Harlow spent the duration of his career studying the effects of isolation on 

monkeys, varying the length of time spent in isolation, altering isolation housing 

methods, and examining the monkeysʼ behavior upon resocialization. His most 

severe manipulation, total isolation from birth to 2 years of age, produced 

alarming results. Monkeys isolated in this manner suffered from lifelong 

psychological disturbance that irreversibly prevented them from normal 

socialization and functioning (Harlow et al., 1965). Examples of aberrant behavior 

in the isolates include “autistic self-clutching and rocking” and “emotional 

anorexia”, or self-starvation upon return to a social environment after extended 

isolation, which ultimately proved fatal for one of the monkeys (Harlow et al., 

1965).  
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1.2 The critical period of social isolation 

In the decades following Harlowʼs results, other researchers examined the 

effect of isolating animals at various developmental time points, principally using 

rodent models (Blanc et al., 1980; Einon and Morgan, 1977; Valzelli, 1973). 

Isolation initiated at different developmental stages produced surprisingly 

discrepant outcomes, ranging from the potent and irreversible effects of maternal 

separation at birth to the milder and less permanent effects of isolation during 

adulthood (Cilia et al., 2001; Meaney et al., 2002; Wolffgramm, 1990; Wright et 

al., 1991). Einon and Morgan (1977) were the first to describe a critical period 

during which social isolation in the rat was especially damaging. In their studies, 

this period began in the early post-weaning period, P20-25, and lasted until P45-

50. In these experiments, Einon and Morgan established that isolation during this 

time period, but not isolation from P16-25 or from P45+, led to increased object 

contact in an open field. Although many early rodent studies focused on 

aggressive behavior in isolates, Valzelli first noted a more encompassing 

“isolation syndrome” that included cognitive, behavioral, neurochemical and 

neurobiological deficits (Valzelli, 1973). Valzelli specifically identified procedural 

learning deficits, increased reactivity to external stimuli, changes in monoamine 

processing throughout the brain, and alterations in sexual behavior, among 

others. Subsequent studies confirmed that isolation during adolescence, but not 

adulthood, leads to behavioral dysfunction including (but not limited to) anxiety, 
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hyperactivity, hyperreactivity to acoustic startle, enhanced ethanol self-

administration, impaired social interactions and pre-pulse inhibition (Arakawa, 

2003; Ferdman et al., 2007; Fone and Porkess, 2008; Paulus et al., 1998; 

Schenk et al., 1990; Wilkinson et al., 1994). There are a multitude of other 

deficits caused by isolation during this period such as altered reward responding, 

altered reward learning, cognitive rigidity, impaired neural plasticity, alterations in 

the HPA axis leading to heightened stress reactivity, among many others (Fone 

and Porkess, 2008; Howes et al., 2000; Jones et al., 1990; Lukkes et al., 2009b; 

Quan et al., 2010).  

The term “isolation rearing” refers to isolation during this critical period, from 

early post-weaning (P20-30) lasting anywhere from a few weeks to a few months 

(Einon and Morgan, 1977; Ferdman et al., 2007; Geyer et al., 1993; Hall et al., 

1998b). Isolation housing refers to isolation initiated later in life, outside of this 

time window (Lu et al., 2003b; Lukkes et al., 2009d). These terms are of great 

utility in this dissertation, therefore I will use “isolation rearing” to describe 

prolonged isolation beginning in the early post-weaning/adolescent period, and 

isolation outside of this period will be termed “isolation housing”.  

 

1.3 Effects of isolation on brain and behavior 

In the decades following the identification of the isolation-induced aggressive 

phenotype and the suite of deficits involved in the “isolation syndrome”, several 



  6 

groups replicated and extended these findings. Efforts were also made to link 

behavioral deficits with neurobiological impairments. One of the most consistent 

findings throughout the literature is an enhancement in anxiety-related behaviors, 

which has been described following both isolation rearing (Arakawa, 2003; 

Lukkes et al., 2009b; Meng et al., 2010; Wright et al., 1991) and isolation housing 

(Barrot et al., 2005; Wallace et al., 2009). The anxiogenic profile of isolated rats 

may be reversed using viral overexpression of the transcription factor cAMP 

response element binding (CREB) in the nucleus accumbens shell (Wallace et 

al., 2009), or injection of corticotropin-releasing factor 2 receptor (CRF2R) 

antagonists in the dorsal raphe nucleus (Lukkes et al., 2009a), but not 

resocialization (Wright et al., 1991). It has been suggested that the anxiety may 

be exaggerated due to general hyperreactivity of isolated animals (Fabricius et 

al., 2011; Meng et al., 2010; Shao et al., 2009), though this cannot account for 

the wide range of anxiety-related behavioral deficits observed in isolates. There 

is evidence to suggest that the anxiogenic profile of the isolated animal results 

from altered serotonergic functioning. Increased 5-HT levels in nucleus 

accumbens, and reductions in 5-HT in PFC and hippocampus have been 

observed following isolation (Fone and Porkess, 2008; Lapiz et al., 2003). 

Increased levels of 5-HT in nucleus accumbens may be due to decreased 5-HT 

turnover (Heidbreder et al., 2000). Isolated animals also display deficits in 

sensorimotor gating and in pre-pulse inhibition (PPI) of the acoustic startle 
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response (Bakshi et al., 1998; Cilia et al., 2001; Fone and Porkess, 2008; Geyer 

et al., 1993; Heidbreder et al., 2000; Schubert et al., 2009; Stevens et al., 1997). 

In socialized animals and unaffected humans, if a brief pulse of sound is played 

preceding a high-decibel, startling sound, the response to the startling stimulus is 

attenuated. Isolated animals do not attenuate their response when a pre-pulse is 

given as efficiently as animals housed under normal conditions. This PPI deficit 

has been replicated many times with largely consistent findings. These deficits in 

PPI can be reversed by handling (Krebs-Thomson et al., 2001; Rosa et al., 

2005), antipsychotics (Bakshi et al., 1998) or alpha 7 nicotinic receptor 

antagonists (Cilia et al., 2005). Additional behavioral deficits include impaired 

spatial and reversal learning (Einon and Morgan, 1977; Fone and Porkess, 2008; 

Quan et al., 2010), dysfunctional sexual behavior (Barrot et al., 2005; Wallace et 

al., 2009), increased fear-related behavior, and dysfunctional social interactions 

(Lukkes et al., 2009b). Isolation-related deficits in spatial and reversal learning 

may be at least partially explained by dampened neural plasticity (Bartesaghi and 

Serrai, 2001; Han et al., 2011; Quan et al., 2010) and reduced neuronal 

excitability (Quan et al., 2010; Wallace et al., 2009) in hippocampus and 

prefrontal cortex.  Alterations in serotonergic and dopaminergic functioning are 

common following a period of isolation during adolescence, and may underlie 

many of these behavioral abnormalities (Advani et al., 2007; Brenes et al., 2008; 

Fabricius et al., 2011; Fone and Porkess, 2008; Heidbreder et al., 2000; Lapiz et 
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al., 2003; Marsden et al., 2011). Interestingly, several aspects of the isolation-

reared animal such as lack of PPI, impaired sensorimotor gating, cognitive rigidity 

and memory deficits, are common in schizophrenia patients. Indeed, social 

isolation during adolescence has been used as an animal model for 

schizophrenia due to these endophenotypic and cognitive similarities. Reports of 

altered reward processing and learning as well as dysfunction of the 

dopaminergic system following isolation rearing are well documented and will be 

discussed in more detail in the following sections. 

 

1.3.1 Social isolation as a form of chronic stress 

Social isolation is often characterized as a form of chronic stress. Stress may 

be broadly defined as exposure to conditions or events that are normally avoided 

(Lu et al., 2003b), and the description is quite fitting in this case. However, a 

more common neurobiological definition of stress is a stimulus or environment 

that activates the hypothalamic-pituitary axis (HPA) axis, ultimately producing 

cortisol in humans or corticosterone in rodents.  It is unclear whether social 

isolation acutely activates the HPA axis as there is some evidence in favor 

(Conrad et al., 2011; Deroche et al., 1994) and some evidence against (Toth et 

al., 2011; Weiss et al., 2004) this theory. Whether or not social isolation may be 

conceptualized as a “stressor” in the most traditional sense, there are several 

studies indicating that that isolation causes dysregulation of the HPA axis that 
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sensitizes the animal to future stress (Lukkes et al., 2009b; Stranahan et al., 

2006; Toth et al., 2008; Weiss et al., 2004).  

Corticotropin releasing factor (CRF) is a peptide released in response to 

stress by the hypothalamus that causes a rise in glucocorticoid levels via 

adrenocorticotropic hormone (ACTH) release from the pituitary (Dunn and 

Berridge, 1990). Social isolation leads to an increase in CRF receptors in the 

dorsal raphe nucleus (dRN) (Lukkes et al., 2009c). Furthermore, isolates show 

an enhanced corticosterone response to a challenge with an acute stressor 

(Stranahan et al., 2006; Toth et al., 2008) or to a CRF challenge (Serra et al., 

2005). One study noted that infusion of CRF into the dRN led to a prolonged 5-

HT response in accumbens, suggesting that alterations in CRF may be 

responsible for isolation-mediated deficits in serotonergic function (Lukkes et al., 

2009c). Altered CRF function may also underlie the anxious behavior commonly 

observed in isolates since infusion of a CRF antagonist into the dRN normalized 

anxiogenic behavior in isolation-reared animals (Lukkes et al., 2009a). Even if 

environmental stressors such as isolation or food restriction may not be acutely 

stressful, they produce many of the same effects as other forms of stress after 

the passage of time. For example, isolation stress, social defeat, and footshock 

all produce similar changes in addiction vulnerability. One study examined the 

effect of chronic variable stress and postweaning isolation on ethanol drinking in 

C57 mice. This study reported that isolation during adolescence increased 
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ethanol drinking compared to group housed controls; however, isolation during 

adulthood had no effect on drinking behavior (Lopez et al., 2011). Furthermore, 

chronic variable stress by itself increased drinking behavior in group housed 

animals, but produced no further increase in isolates. A possible interpretation is 

that isolates have already undergone upregulation of drinking behavior as a 

result of stress, so the effect of additional stress on drinking behavior is occluded 

by previous isolation.  

 

1.3.2 Environmental enrichment vs. social isolation 

Given that exposure to a socially deprived environment during adolescence 

causes a wide range of detrimental effects on brain and behavior, it is not 

surprising that exposing animals to the opposite end of the spectrum, or 

“environmental enrichment”, has profound effects as well. Donald Hebb may be 

best remembered for his work on Hebbian plasticity, but he was also one of the 

first to investigate the effects of environmental enrichment on lab rats. Hebb 

brought lab rats into his home and allowed them to freely explore. After a period 

of exposure to this “enriched” environment, he discovered that these animals 

performed better during cognitive testing, showing improved learning and 

memory (Hebb, 1955). While this experiment lacked scientific rigor, his initial 

observations sparked interest in the phenomenon of environmental enrichment. 

Environmental enrichment in a laboratory setting consists of additional toys and 
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objects, a large social group, frequent exposure to novelty in the form of new 

animals or toys, and the opportunity for more physical activity (van Praag 2000). 

Subsequent studies found that enriched animals had altered structural plasticity 

in the brain, including (but not limited to) changes in dendritic branching and 

length, increases in the number and size of synapses in certain neuronal 

populations, and neurogenesis in hippocampus (Brown et al., 2003; van Praag et 

al., 2000). Functionally, enriched environments produce increased intrinsic 

excitability and functional plasticity in the form of long-term potentiation (LTP) 

(Makara et al., 2009; Malik and Chattarji, 2012; van Praag et al., 2000). 

Importantly, more recent studies have determined that environmental enrichment 

confers protection against many central nervous system (CNS) disorders such as 

Alzheimerʼs disease, Parkinsonʼs disease, Downʼs syndrome and Fragile X 

syndrome (Nithianantharajah and Hannan, 2006). Also, environmental 

enrichment prevents or slows the development of addictive disorders in animal 

models (Alexander et al., 1978; Bardo et al., 2001; Bezard et al., 2003) and can 

even reverse some of the effects of previous drug experience such as cocaine-

induced sensitization and reinstatement (Solinas et al., 2008; Solinas et al., 

2010). Where enrichment promotes neural plasticity, isolation suppresses it; 

furthermore, environmental enrichment protects against addiction and may 

prevent relapse where isolation promotes reinstatement of drug taking and 

increases addiction risk in clinical populations. 
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Environmental experiences of all sorts, ranging from stimulus deprivation to 

enrichment can alter the structure and function of the brain and behavior leading 

to altered vulnerability to many different diseases and disorders. The early 

studies of isolation and enrichment steered neuroscientists toward more rigorous 

investigation of experience-dependent structural, functional and behavioral 

changes. Although it has been known for several decades that environmental 

manipulations like social isolation can have a profound neurobiological and 

behavioral effect, few consistent conclusions have been drawn regarding both 

the changes induced by isolation and the underlying mechanisms.  

 

1.4 Social isolation and addiction risk 

Exposure to adverse experiences early in life increases the risk of using and 

abusing drugs and alcohol, during adolescence and throughout oneʼs lifespan. 

(Anda et al., 2006; Dube et al., 2003; Dube et al., 2006; Enoch, 2011; Sinha, 

2008). The Center for Disease Control ran a large-scale study on the effects of 

adverse childhood experiences in thousands of individuals. This study used a 

cumulative score of adverse childhood experiences (ACEs) and found an 

association between a high score on this survey and increased alcohol use, 

smoking, illicit drug use, and injected drug use (Anda et al., 2006; Dube et al., 

2003; Dube et al., 2006). Isolation, abandonment and neglect are included in the 

list of adverse experiences along with many others including sexual and physical 
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abuse, exposure to criminal behavior or violence, and divorce or separation of 

parents. An examination of individual factors in the ACE score revealed that 

physically or emotionally neglected children are 2-3 times more likely to begin 

using illicit drugs by the age of 14, and they are approximately 80% more likely to 

use illicit drugs at some point during their lives.  The correlation between ACE 

score and initiation of drug and alcohol is independent of the age of participants 

(Dube et al., 2003). Neglected children are also more likely to initiate alcohol use 

at an early age (Dube et al., 2006). Although these data do not prove a causal 

role of isolation in producing individuals who are more prone to drug abuse, they 

do suggest a role for negative environmental experiences in promoting addiction. 

Social isolation during adolescence has been put forth as a model for such 

adverse early life experiences, though it may be most translationally relevant to 

neglect or abandonment given the similarities between these experiences. Of 

particular relevance are data that link isolation rearing to alterations in the 

processing and learning of rewards. The study of social isolation in animals has 

the potential to shed light on the mechanisms underlying altered addiction risk in 

humans who have undergone adverse early life experiences.  

 

1.5 Reward learning and addiction 

Addiction is characterized by compulsive seeking and taking of drugs or 

alcohol to the detriment of other important aspects of life; this behavior persists 
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despite severe negative consequences. Another hallmark of addiction is high risk 

of relapse, which can persist for years after the final drug exposure (Koob and Le 

Moal, 1997; Luscher and Malenka, 2011; Nestler, 2005a; Robinson and Berridge, 

2003). The neural systems that underlie natural reward processing and learning, 

motivation, and goal-directed behavior are usurped in the addicted individual 

such that obtaining and using the addictive substance becomes the primary and 

overwhelming focus (Luscher and Malenka, 2011; Redish, 2004; Robbins et al., 

2008). Addiction may be understood as a maladaptive form of reward learning in 

which overlearning of cue-reward associations causes drug-associated stimuli to 

become powerful and enduring behavioral motivators (Redish, 2004). These 

stimuli can motivate behavior on their own and are thought to play a role in 

relapse. Thus, a better understanding of the way in which the brain processes 

and learns about rewards will result in a better framework to understand and 

ultimately to treat addiction.  

 

1.5.1 The dopaminergic reward system 

The neurotransmitter dopamine (DA) is crucial for learning about rewards 

and motivating behavior intended to maximize survival and promote reproduction 

(Berridge and Robinson, 1998; Schultz, 1998; Wise, 2004). Numerous 

experiments using a wide variety of techniques across levels of biological 

organization have established the importance of DA in this capacity (Day et al., 
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2007; Everitt and Robbins, 2005; Ikemoto et al., 1997; Kelly et al., 1975; Koob 

and Le Moal, 1997; Melis et al., 2005; Montague et al., 2004; Nestler, 2005b). 

The primary source of DA lies in the ventral midbrain, within neurons of the 

ventral tegmental area (VTA) and substantia nigra pars compacta (SNc). The 

projection from the VTA to the nucleus accumbens (NAc) is a fundamental 

component of the brainʼs reward circuitry. All known addictive drugs and natural 

reinforcers cause a rise in DA levels in the NAc (Di Chiara and Imperato, 1988; 

Hyman et al., 2006; Melis et al., 2005; Nestler, 2005a; Schultz, 1998; Wise, 

2004). The VTA also projects to the pre-frontal cortex (PFC), the amygdala, and 

the hippocampus. Generally, the VTA is reciprocally connected to its target 

structures. An overview of VTA afferent and efferent structures will be provided in 

the subsequent sections. 

DA neurons alternate between two modes of firing in vivo:  tonic, pacemaker 

firing that serves to maintain basal levels of DA in output structures, and phasic, 

burst firing that occurs in response to novel, salient, rewarding, or reward-

predictive stimuli (Lisman and Grace, 2005; Matsumoto and Hikosaka, 2009; 

Schultz, 1998). DA neurons remain tonically active in vitro, firing between 0.5-5 

Hz, but rarely fire bursts. Pacemaking of DA neurons results from intrinsic 

properties and conductances since tonic firing continues in the absence of 

synaptic input (Grace and Bunney, 1984; Johnson and North, 1992; Khaliq and 

Bean, 2010; Koyama et al., 2005). Though all midbrain DA neurons exhibit tonic 
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firing, the ionic conductances responsible for pacemaking differ between SNc 

and VTA DA neurons. In SNc, pacemaking arises principally from activation of L-

type Ca2+ channels that are activated at low thresholds and help to depolarize the 

membrane, and HCN channels, non-specific cation channels that are activated 

upon hyperpolarization (Chan et al., 2007). VTA DA neurons, however rely on a 

non-voltage dependent background sodium leak conductance that maintains the 

cell at a slightly depolarized “resting membrane potential” along with a voltage 

dependent persistent sodium current that activates around -55 mV and boosts 

the membrane potential to spike threshold (Khaliq and Bean, 2010). 

Glutamatergic inputs onto DA neurons activate NMDARs, generating burst firing 

(Deister et al., 2009; Overton and Clark, 1992; Zweifel et al., 2009). NMDAR 

activation is both necessary and sufficient to instigate bursting as iontophoresis 

of NMDA generates bursting, and genetic inactivation of DA neuron NMDARs 

grossly attenuates burst firing (Chergui et al., 1993; Overton and Clark, 1992; 

Zweifel et al., 2009). DA neurons tend to burst synchronously, with 60-80% of the 

DA neuron population firing in response to a given stimulus. Burst firing of DA 

neurons supralinearly increases the DA concentration in target structures; an 

equivalent number of action potentials fired at a slower rate will not raise DA 

levels to the same degree. This is due to saturation of the DA transporter during 

burst firing (Schultz, 1998). DA neurons are thought to encode reward prediction 

error, increasing their firing rate in response to an outcome that is better than 
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expected, and suppressing their firing when an outcome is worse than expected 

(Schultz, 1998). If a neutral cue, such as a tone, light, or odor, is repeatedly 

paired with the presentation of the reward, then the DA neurons transfers their 

responses from the reward to the reward predictive cue, or conditioned stimulus. 

Conversely, if a reward has become expected after repeated trials, dopamine 

neurons will decrease their firing rate in response to the reward omission. More 

simply, DA neuron output generally follows the equation: 

DA neuron response = Rewardoccurred – Rewardpredicted  

This response scales with probability, a cue that predicts reward 25% of the 

time elicits a smaller response from DA neurons than a cue that accurately 

predicts reward 75% of the time (Fiorillo et al., 2003).  

 

1.5.2 The function of dopamine 

Although it is well established that DA is critical for reward-based learning 

and the dysfunctional reward learning associated with addiction, there has been 

considerable debate regarding the function of the neurotransmitter DA. The 

hedonia hypothesis proposed that DA is released in response to any experience 

or stimulus that evokes a subjective feeling of pleasure (Wise, 1978). However, 

more recent studies have found that the experience of pleasure is separable from 

the release of DA. While it is true that many of the stimuli leading to DA release 

are accompanied by the subjective experience of pleasure, experiments 
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designed to separate the hedonic experience of “liking” from the attribution of 

incentive salience or “wanting” provide evidence in favor of the theory that 

dopamine mediates “wanting” rather than “liking” (Berridge and Robinson, 1998).  

Berridge and Robinson employed the “taste reactivity test” which uses facial 

expressions to assess the hedonic or aversive properties of various stimuli and 

showed that lesioning DA neurons with 6-OHDA did not alter the hedonic 

response to sucrose or saccharin (Berridge and Robinson, 1998). Furthermore, 

they point out that the DA response tends to precede the experience of pleasure, 

which, if the hedonia hypothesis were correct, should be maximal during the 

experience of maximal pleasure.  

Other hypotheses include the associative learning hypothesis.  This theory 

posits that DA is necessary for the learning of associations between neutral 

stimuli and reinforcers. It is often difficult to distinguish between whether an 

animal has not learned an association or whether the animal is unable to execute 

a behavior due to loss of DA required for movement initiation. Berridge & 

Robinson cleverly used a taste aversion conditioning test to circumvent this 

issue. In this experiment they paired a palatable substance with injections of LiCl 

(lithium chloride, an aversive unconditioned stimulus) and found that DA depleted 

animals decreased their hedonic responses to the palatable substance similarly 

to controls. Despite support for the incentive motivation or incentive salience 

hypothesis, others have called this into question. For example, it has been 
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argued that DA could not be solely responsible for “wanting” because rats treated 

with DA antagonists cease responding for rewards gradually, and if dopamine 

mediated wanting, then early trial responses should not be normal. Wise argues 

instead that DA is required for the “stamping in” of reward-related associations 

(Wise, 2004).  Though each theory has its strengths and weaknesses, it seems 

clear that DA is important for motivating goal-directed behavior and processing 

reward-related information.  

 

1.5.3 Inputs 

DA neurons of the VTA receive a multitude of inputs from all over the brain. 

Many of these inputs are primarily glutamatergic, or co-release glutamate along 

with a peptide or neuromodulator. However, the largest input to VTA neurons is a 

GABAergic input that arises from the nucleus accumbens, the primary structure 

of the ventral striatum. This section will focus on recent advances in research on 

inputs to the VTA. An enlightening study recently published by Watabe-Uchida et 

al. (2012) used rabies-virus to trace monosynaptic inputs to VTA and SNc 

throughout the brain. Their data reveal that the most significant inputs to the VTA 

arise in the core and shell of the nucleus accumbens, the dorsal raphe, the lateral 

hypothalamus, the parasubthalamic nucleus, the central nucleus of the 

amygdala, lateral habenula, laterodorsal tegmental nucleus (LDTg), and various 

parts of the pallidum (bed nucleus of the stria terminalis (BNST), globus pallidus 
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(GP), ventral pallidum (VP) (For details, see Figure 1.1). For the most part, this 

study confirms and extends previous knowledge of VTA inputs (Carr and Sesack, 

2000; Geisler et al., 2007; Sesack and Pickel, 1992) except that the contribution 

of cortical inputs was surprisingly small. Only the lateral orbitofrontal cortex 

showed direct VTA input, and this appears to be a relatively minor projection. 

This is an odd finding given the prevalence of previous anatomical and functional 

studies citing a strong monosynaptic projection from prefrontal cortex to VTA 

(Carr and Sesack, 2000; Gao et al., 2007; Geisler et al., 2007; Sesack and 

Pickel, 1992). The authors note that the number of labeled cells is an imperfect 

predictor of the strength of a projection, thus it is possible that the PFC-VTA 

projection is comprised of a few PFC neurons synapsing on a great many VTA 

neurons. It is unlikely that PFC projects mainly to GABAergic interneurons in the 

VTA since stimulation of these glutamatergic afferents causes burst firing in DA 

neurons (Overton et al., 1996; Tong et al., 1996b).  

DA neurons of the VTA express several types of muscarinic and nicotinic 

acetylcholine receptors. Caudal pedunculopontine nucleus (PPTg) and LDTg 

provide cholinergic input to VTA, in addition to glutamatergic and GABAergic 

input. LDTg contains a stronger projection to VTA, while PPTg preferentially 

innervates SNc (Watabe-Uchida et al., 2012). PPTg neurons respond 

preferentially to auditory stimuli and are thought to generate bursting in response 

to salient auditory stimuli in DA neurons (Pan and Hyland, 2005). These areas 
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have been implicated in nicotine reward as lesions of this area reduce nicotine 

self-administration (Picciotto and Corrigall, 2002). Visual stimuli may be encoded 

by excitatory inputs to VTA and SNc from the superior colliculus (Coizet et al., 

2003; Dommett et al., 2005). The dorsal and median raphe nuclei provide 

serotonergic input to the VTA that appears to be largely inhibitory (Gervais and 

Rouillard, 2000) though its effects are complex due to the diversity of function of 

the serotonin receptor family.  
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Figure 1.1. VTA afferent pathways. Reproduced from Ikemoto et al 2007. 
Monosynaptic inputs to VTA and SNc dopamine neurons. Blue indicates inputs to 
VTA. Red indicates inputs to SNc dopamine neurons. Line thickness indicates 
the number of input neurons to each area per 10,000 total inputs. Connections 
from DS to VTA and Acb to SNc are not shown. Lateral orbital cortex (LO), Motor 
areas (S1, M1, M2), olfactory tubercle (Tu), nucleus accumbens (Acb), dorsal 
striatum (DS), ventral pallidum (VP), extended amygdala (EA), bed nucleus of the 
stria terminalis (BNST), interstitial nucleus of the posterior limb of the anterior 
commissure (IPAC), globus pallidus (GP), endopeduncular nucleus (EP), central 
nucleus of the amygdala (Ce), medial preoptic area (MPA), lateral preoptic area 
(LPO), paraventicular nucleus of the hypothalamus (Pa), diagonal band of broca 
(DB), lateral hypothalamus (LH), zona incerta (ZI), parasubthalamic nucleus 
(PSTh), subthalamic nucleus (STh), superior colliculus (SC), pedunculopontine 
tegmental nucleus (PTg), laterodorsal tegmental nucleus (LDTg), periaqueductal 
gray (PAG), dorsal raphe nucleus (DR), parabrachial nucleus (PB), reticular 
formation (mRT).  

 

 

 

 

 

Figure XX. Reproduced from Ikemoto et al 2007. Monosynaptic inputs to VTA and

SNc dopamine neurons. Blue indicates inputs to VTA. Red indicates inputs to SNc

dopamine neurons. Line thickness indicates the number of input neurons to each

area per 10,000 total inputs. Connections from DS to VTA and Acb to SNc are not

shown.
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The lateral habenula provides inhibitory input to VTA DA neurons such that 

electrical stimulation of habenula suppresses DA neuron firing. These neurons 

are thought to encode negative motivational values as they are most strongly 

excited by reward omission, aversive stimuli, or cues that predict aversive stimuli. 

It is possible that input from habenula leads to the suppression of DA neuron 

firing when rewards are omitted (Matsumoto and Hikosaka, 2007, 2009). 

Glutamatergic neurons of the lateral habenula inhibit DA neurons, implying either 

that the habenular neurons act by inhibiting GABAergic VTA interneurons, or that 

they project to an intermediate structure that contains an inhibitory projection to 

the VTA. One candidate intermediary is the rostromedial tegmental nucleus 

(RMTg), sometimes referred to as the caudal tail of the VTA, which sends a 

GABAergic projection to the VTA that encodes negative reward prediction error 

and receives input from the lateral habenula (Balcita-Pedicino et al., 2011; Hong 

et al., 2011).  

Although a direct projection from hippocampus to VTA exists, hippocampus 

seems to exert most of its control over VTA DA neurons via indirect pathways. 

Hippocampal input to the VTA is necessary for the DA neuron response to 

novelty. Lisman and Grace proposed that novel information is conveyed to the 

VTA from subiculum (an output structure of the hippocampus) via nucleus 

accumbens and ventral pallidum. Subiculum input is excitatory, exciting inhibitory 

neurons of the accumbens, which in turn inhibit the inhibitory neurons of the 
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ventral pallidum, thus disinhibiting VTA DA neurons in response to novelty 

(Lisman and Grace, 2005). Another critical hippocampal CA3-lateral septum-VTA 

circuit was recently discovered using anatomical tracing and electrophysiological 

techniques. Injection of theta stimulation in glutamatergic cells of CA3 resulted in 

activation of GABA neurons in lateral septum, which project to inhibitory neurons 

of the VTA, ultimately disinhibiting DA neurons of VTA (Luo et al., 2011). 

Functional inactivation of CA3 or lateral septum prevented context-dependent 

reinstatement, in support of the idea that this circuit links contextual memory with 

reward (Luo et al., 2011).   

The projection from lateral hypothalamus contains a significant percentage of 

orexinergic neurons, which, although most commonly implicated in feeding 

behavior and arousal (Fadel and Deutch, 2002), have been shown to regulate 

cue-induced cocaine seeking in VTA (Smith et al., 2009). Terminals that contain 

CRF and synapse on VTA DA neurons have been identified (Tagliaferro and 

Morales, 2008), which are sent from BNST, central nucleus of the amygdala, and 

the paraventricular nucleus of the hypothalamus (Rodaros et al., 2007). CRF 

infused into the VTA mimics the effects of acute stress (Wise and Morales, 

2010), and CRFR1 and CRFR2-mediated effects have been shown in VTA DA 

neurons. Bath perfusion of CRF causes an increase in VTA DA neuron firing rate 

via PKC-mediated enhancement of Ih (Wanat et al., 2008). This effect is 

mediated by CRFR1. Also, CRF enhances GIRK channel-mediated IPSCs in 
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VTA DA neurons via CRFR1. This effect is reduced by restraint stress or 

psychostimulant exposure (Beckstead et al., 2009). Stress leads to the release of 

CRF in the VTA in all animals regardless of previous drug experience. In 

cocaine-experienced animals, this causes glutamate release into the VTA, and 

DA release from VTA, ultimately reinstating drug seeking. This effect appears to 

be CRFR2 and CRF-BP mediated (Wang et al., 2005; Wang et al., 2007). 

CRF2R-mediated potentiation of NMDAR EPSCs has been reported that is 

augmented by chronic cocaine exposure (Hahn et al., 2009; Ungless et al., 

2003). Furthermore, CRF facilitates the release of Ca2+ from intracellular stores in 

a PKA-dependent manner, and amplifies IP3-mediated spike-evoked Ca2+ 

signaling in DA neurons (Bernier et al., 2011; Riegel and Williams, 2008). While it 

has been established that VTA DA neurons express CRF1 receptors, there is 

debate as to whether CRF2 receptors are present in DA neurons, or whether 

CRFR2-mediated effects in VTA result from actions on CRF2R-containing 

terminals in the VTA. Ungless et al report mRNA for CRFR2 in VTA DA neurons 

using RT-PCR, but Tagliaferro & Morales did not detect this using in situ 

hybridization. The role of CRF in the VTA is complex, with divergent effect 

depending on receptor subtype, the presence or absence of CRF-binding protein, 

and which DA neuron population is in question. The interaction between CRF 

and the mesocorticolimbic DA system is clearly important for stress-induced 

relapse, though more work is needed to clarify these effects.  
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In summary, VTA receives a diverse array of inputs from all over the brain. 

Glutamatergic inputs initiate burst firing and are thus likely to be important for the 

coding of the various stimuli that become predictive of reward. Similarly, 

GABAergic inputs onto inhibitory interneurons of the VTA may serve a similar 

function, disinhibiting the VTA DA neurons such that they may become more 

likely to fire bursts. The coding of reward-predictive stimuli is not a small task, as 

these stimuli cut across sensory modality, and may be quite complex, allowing 

the DA neuron to associate the whole of an environmental context with reward. 

Various theories of the way in which dopaminergic circuitry enables reward-

based reinforcement learning will be discussed in subsequent sections.  

 

1.5.4 Outputs 

VTA projections to prefrontal cortex, nucleus accumbens, amygdala, 

pallidum and hippocampus comprise the mesocorticolimbic pathway (Pierce and 

Kumaresan, 2006). Although this pathway is most strongly implicated in reward 

learning and addiction, the VTA has three additional efferent pathways: the 

mesodiencephalic projection to thalamus and hypothalamus, the 

mesorhombencephalic pathway, which innervates superior colliculus, reticular 

formation and the periaqueductal grey, and the mesostriatal projection, the aptly 

named projection to the striatum (See Figure 1.2) (Beckstead et al., 1979; 

Domesick, 1988). As mentioned previously, the projection of VTA DA neurons to 
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the nucleus accumbens has received the most attention since it is vital to reward-

based learning and widely implicated in addiction (Di Chiara, 1995; Wise and 

Bozarth, 1987).  
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Figure 1.2. VTA efferent pathways.  Lateral hypothalamus (LH), superior 
colliculus (SC), thalamus (Thal), dorsal striatum (DS), pre-frontal cortex (PFC), 
nucleus accumbens (Acb), ventral pallidum (VP), hippocampus (HPC), amygdala 
(Amyg). 

PFC!

Acb!

VP!

HPC!
Amyg! LH!

SC!

DS!

Thal!

Mesostriatal!

Mesocorticolimbic!

Mesorhombencephalic!

Mesodiencephalic!



  29 

 

DA neurons of the VTA synapse onto GABAergic medium spiny neurons of 

the accumbens, in both the core and shell regions. Until recently, the VTA was 

treated as a largely homogeneous structure. As it turns out, VTA DA neurons 

have different properties depending on the area to which they project, and the 

standard electrophysiological criteria used to identify DA neurons in VTA apply 

only to a subset of VTA DA neurons (Ford et al., 2006; Ikemoto, 2007; Lammel et 

al., 2008; Margolis et al., 2008). For example, prefrontal cortical-projecting VTA 

DA neurons are capable of achieving a firing rate that is 2-3 times higher than 

other DA neurons, and they lack the D2 autoreceptors and GIRK channels 

generally thought to be defining characteristics of VTA DA neurons (Lammel et 

al., 2008). The VTA projects topographically with the ventromedial portion of the 

VTA projecting to the medial NAc shell and medial olfactory tubercle, and the 

ventrolateral VTA projecting to the lateral NAc shell and core regions. The 

ventromedial VTA plays a greater role in reward than the ventrolateral VTA 

(Ikemoto, 2007).  

Both D1 and D2 receptors are expressed in medium spiny neurons (MSNs) 

of the nucleus accumbens, but it is thought that these receptors are segregated 

on different populations of neurons, and that D1 and D2 receptors may be co-

localized on a very small percentage of MSNs (Ikemoto et al., 1997). D1 type 

receptors are Gs coupled, leading to activation of adenylate cyclase, cAMP/PKA, 
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while D2-type receptors are Gi/Go coupled, causing a decrease in adenylyl 

cyclase (AC) and cAMP/PKA activity. Although there is no debate regarding the 

importance of the projection from VTA to nucleus accumbens, other outputs of 

VTA DA neurons have received more attention in recent years. Dopaminergic 

input to the hippocampus is critical for the formation of late-LTP, and is thus 

thought to be important for forming long-term memories (Lisman and Grace, 

2005).  

 

1.5.5 Theories of reward learning 

The function of DA cannot be considered without taking into account the 

overarching purpose of the dopaminergic reward system, which is to maximize 

survival and reproduction of the animal. The dopaminergic reward system 

accomplishes this by motivating goal-directed behavior and critiquing the success 

of behavioral strategies via feedback mechanisms.  In this manner, the value of a 

particular stimulus-action pairing may be updated in order to plan and execute 

the next action. Computational theories have emerged in an attempt to more 

thoroughly explain the way in which the brain performs this task. These theories 

have centered around the idea of reinforcement learning, which may be 

described as the way an organism organizes its behavior under the influence of 

rewards (Montague et al., 2004). The animal does not simply engage in the 

learning of stimulus-response associations, but rather the animalʼs learning is 
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modulated by its internal state. For example, an animal that has not eaten for 

many hours will learn and behave very differently toward the possibility of 

obtaining food than an animal that has just consumed a large meal. Although the 

idea of reward prediction error provides a simple explanation for the way in which 

DA neurons fire, it may lack the complexity to truly identify the manner in which 

DA neurons are participating in reward-based reinforcement learning. Current 

reinforcement learning models are based on the Rescorla-Wagner model, first 

proposed in 1972. This model simply computes the difference between the 

predicted reward and the actual reward (Rescorla and Wagner, 1972). Although 

a good starting point, this model is unable to account for subsequent predictions 

that are being made by the organism. The temporal difference model emerged as 

a more accurate representation of the way in which organisms learn about 

rewards and direct their behavior. In this model: 

 

TD error = current reward + γ next prediction – current prediction 

 

where γ is a value between 0 and 1 indexing the influence of the next 

prediction (Montague et al., 2004). Although this model continues to be refined 

for the purposes of forming more accurate and efficient models of reinforcement 

learning, this framework is still used today. Computer scientists attempting to 

model reinforcement learning in robots have differentiated between a “model-
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free” form of TD learning vs. a “model-based” version of TD learning. In model-

based learning, the agent forms an internal representation of rewards and 

reward-predictors that is then used to plan a policy. In model-free learning, the 

value function is learned directly from interactions with the environment. There is 

some biological evidence for both of these methods of learning, and it is possible 

that both types of learning are engaged depending on the agentʼs circumstances 

(Hester and Stone, 2011). Another form of reinforcement learning that fits well 

with the incentive salience hypothesis, which was introduced in the previous 

section, is the actor-critic model.   In this model, the critic carries the reward-

prediction error signal while the actor uses this signal to learn associations 

between stimuli and behaviors. Reward prediction error is used for the learning of 

associations between stimuli and rewards and also to select appropriate actions 

(Montague et al., 2004). Neurobiologically, the actor-critic scheme has been 

interpreted to mean that midbrain DA neurons act as the “critic” where its targets 

(dorsal and ventral striatum in most schemes) perform the “actor” function; others 

have pinned the role of critic to the ventral striatum and the role of actor to the 

dorsal striatum (Kalivas, 2009). This actor-critic schema has been useful in the 

design of experiments intended to elucidate details of reinforcement learning 

processes in the brain and human studies have identified signals associated with 

“critic” and “actor” signals in the brain.  
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1.5.6 Addiction as a disorder of learning and memory 

Early theories of addiction postulated that addicted individuals escalated 

drug taking in an effort to continue achieving a euphoric hedonic experience, 

which required more frequent or larger doses to overcome tolerance to the drug, 

and then continued in an effort to avoid the unpleasant effects of withdrawal 

(Solomon and Corbit, 1973). This theory has been debunked by the finding that: 

1) tolerance and withdrawal can occur independent of the compulsive and 

continued use associated with addiction and 2) long after the symptoms of 

tolerance and withdrawal have dissipated, addicts and drug-experienced animals 

continue to show signs of associative learning about drug-predictive cues 

(Nestler, 2005b; Redish, 2004; Robbins et al., 2008). Another hypothesis, known 

as ʻthe glutamate hypothesisʼ implicates disruptions of corticostriatal glutamate 

homeostasis in addiction (Kalivas, 2009). The ʻmaladaptive habit hypothesisʼ, put 

forth by Everitt and Robbins, suggests that addiction to drugs of abuse reflects 

dysfunction in the neural circuitry underlying frequently repeated stimulus-action 

sequence learning (Everitt and Robbins, 2005).  

Computational neuroscientists have used the template of temporal difference 

learning to describe addiction as a maladaptive form of reward learning (Redish, 

2004). In these models, the DA signal that is normally generated by unexpected 

rewards or reward-predictive stimuli is pharmacologically generated every time a 

drug is used, thus signaling a “better than expected” outcome with every drug 
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experience. Although it is an unlikely biological scenario to have drug reward 

increasing without bound, as these models suggest, there is considerable 

evidence that the formation of powerful stimulus-reward associations and the 

hijacking of reward circuitry may be responsible for the long-term persistence of 

addiction. One piece of evidence in support of the “pathological overlearning” 

theory of addiction comes from electrophysiological studies of bidirectional 

plasticity, or long-term potentiation (LTP) and long-term depression (LTD), which 

are thought to be the most likely cellular substrates of learning/memory. Though 

first discovered in the hippocampus, LTP and LTD have been identified in DA 

neurons of the VTA and MSNs of the accumbens (Bellone and Luscher, 2005; 

Chen et al., 2008; Lee and Dong, 2011; Liu et al., 2005; Mameli et al., 2011). 

Furthermore, exposure to drugs of abuse has been shown to occlude LTP in VTA 

DA neurons, implying a shared mechanism of action between learning 

mechanisms and drug exposure (Ungless et al., 2001). Most forms of 

hippocampal LTP are NMDAR-dependent (Kauer et al., 1988; Malenka and 

Nicoll, 1993) and are expressed through an upregulation of AMPARs at the 

synapse (Lu et al., 2001; Zamanillo et al., 1999). Sensitization to amphetamine is 

dependent on NMDARs, as is conditioned place preference (Wolf and Khansa, 

1991; Zweifel et al., 2009). Furthermore, exposure to addictive drugs disrupts the 

balance of glutamate transmission in VTA, accumbens and PFC (Luscher and 

Malenka, 2011). Drug exposure shares common neuroadaptations with learning 
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on a molecular level as well. The transcription factor CREB is known to 

participate in the establishment of long term memory, but it is also 

phosphorylated by acute and chronic administration of drugs of abuse such as 

psychostimulants and opiates (Hyman et al., 2006), and its activity increases with 

repeated exposure to drugs. Thus there is considerable evidence that drugs of 

abuse disrupt the mechanisms normally responsible for learning about reward 

related information.  

 

1.6 Isolation rearing and reward 

Although the clinical literature indicates that early life adversity promotes the 

development of substance abuse disorders, the data that have resulted from 

animal models have been less clear. Animal studies have attempted to address 

the question of what effect isolation rearing has on reward processing and 

learning. Many of these findings have been difficult to replicate, and they are 

often difficult to generalize across multiple species or even multiple strains of the 

same species (rat in particular). The literature on amphetamine-induced 

locomotor activity and ethanol preference/drinking following isolation presents the 

main exception to this rule. The results from studies of isolation-induced effect on 

reward processing and learning are introduced in the following sections.  
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1.6.1 Psychostimulants 

One of the most robust findings in the social isolation literature is the 

enhancement of locomotor activity in response to acute amphetamine 

administration. The majority of studies that have examined this parameter have 

found that postweaning isolation of varying length (2 weeks to several months) 

increases amphetamine-induced locomotion (Ahmed et al., 1995; Jones et al., 

1990; Smith et al., 1997), though Sahakian et al. (1975) reported an isolation-

induced increase in amphetamine-induced stereotypy with no effect on 

locomotion. Although the aforementioned studies were all conducted in rats, 

there is some evidence that this effect is not limited to rodents. One study 

examined the effects of amphetamine on monkeys isolated from a young age 

and discovered that 2-3 years after the isolation, the monkeys showed an 

enhanced locomotor response to amphetamine (Kraemer et al., 1984). The data 

are less clear regarding the locomotor response of isolates to cocaine, as there 

are very few studies that have addressed this question. Smith et al. (1997) 

reported that isolation increases cocaine-induced locomotor activity. Boyle et al. 

(1991) reported that group housed animals displayed greater cocaine-induced 

locomotion, though these results are difficult to interpret as they are expressed as 

a percentage increase from baseline activity in the open field, and isolates have a 

significantly higher baseline activity level. Overall it is clear that the acute 
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locomotor response to amphetamine is greater in isolates with more studies 

needed to clarify the acute locomotor response to cocaine following social 

isolation. Another well-studied paradigm in the isolation literature is that of 

behavioral sensitization to psychostimulants. In this paradigm, animals are given 

repeated exposure to psychostimulants and the locomotor response to the drug 

is measured with each subsequent exposure. Animals are said to display 

behavioral sensitization if the locomotor response to the drug increases with each 

drug exposure. In general, postweaning isolation results in greater behavioral 

sensitization to amphetamine (Ahmed et al., 1995; Smith et al., 1997; Weiss et 

al., 2001) mostly at low doses (0.5 mg/kg, 0.75 mg/kg) though one study reported 

this effect using a dose of 1.5 mg/kg (Weiss et al., 2001). Similar to the locomotor 

activity data, there is little data to support a conclusion regarding the effect of 

isolation on behavioral sensitization to cocaine, though one study reported no 

effect of isolation on cocaine induced behavioral sensitization using two separate 

dosages (5 and 10 mg/kg) (Smith et al., 1997). These data generally support the 

idea that animals housed in isolation have an altered response to the effects of 

psychostimulants, with a more pronounced effect on amphetamine responding.  

Data regarding the effects of isolation on psychostimulant-mediated reward 

learning are much more discrepant. The two protocols most often used to study 

this phenomenon are self-administration and conditioned place preference. Self-

administration is an operant form of learning in which animal presses a lever to 
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obtain a reward, which may be any sort of reinforcer, ranging from a food pellet to 

a drink of ethanol, to intracranial electrical stimulation. Self administration is 

generally thought to be a more translationally relevant model for studying 

addictive disorders as it requires an animal to execute goal-directed behavior that 

is directly associated with obtaining a reward, and it affords the experimenter the 

opportunity to measure the time course of learning on a trial-by-trial basis. 

However, results may be confounded by the presence of drug in the system 

during testing, and the type of schedule used in training often drastically alters 

results. Schenk et al. (1987) reported that isolation reared animals initiate 

cocaine self administration at higher doses than group housed animals, and 

Boyle et al. (1991) reported that isolates show increased lever pressing for 

cocaine at low doses (0.1-0.4 mg/kg i.v.). Phillips et al. (1994) reported a 

decrease in lever pressing for cocaine in isolates when using a higher dose (1.5 

mg/kg i.v.), but this may reflect an enhancement of the reinforcing properties of 

cocaine given that this higher dosage is on the descending limb of the cocaine 

dose response curve. In support of this idea, Howes et al. (2000) later reported a 

leftward shift in the acquisition curve for cocaine self administration in isolation 

reared animals. Amphetamine self administration follows a similar profile in 

isolated animals, with several studies demonstrating enhanced amphetamine self 

administration in isolates (Bardo et al., 2001; Green et al., 2002) although one 

group reported no effect of isolation on amphetamine self administration (Schenk 
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et al., 1987). Schenk et al may have obtained negative results due to a protocol 

that used very high doses of amphetamine to initiate self administration. Taken 

together, these data support the idea that isolated animals self administer 

psychostimulants at a higher rate than grouped or enriched animals, when low 

doses are used.  

Conditioned place preference (CPP) provides a model of Pavlovian learning 

in which animals learn to associate a particular environmental context with a 

reward. CPP has been demonstrated for natural rewards such as food, sucrose, 

novelty, or a receptive sexual partner, as well as for drugs of abuse such as 

amphetamine, cocaine, ethanol, heroin, morphine, and nicotine (for review see 

(Tzschentke, 2007). Although CPP lacks information about the time course of 

learning, testing is executed while the animal is in a drug free state, thus avoiding 

a possible confound. There is no consensus regarding the effect of isolation on 

psychostimulant CPP. There are data to support the hypothesis that isolation 

attenuates (Bowling and Bardo, 1994; Schenk et al., 1986), enhances (Gehrke et 

al., 2006; Meyer et al., 2002; Zakharova et al., 2009), and has no effect (Ribeiro 

Do Couto et al., 2009; Wongwitdecha and Marsden, 1995) on psychostimulant 

CPP. The results of CPP are greatly influenced by factors such as the length of 

the conditioning trial, the number of conditioning trials, the dosage of drug used, 

and the route of administration. A more systematic analysis is necessary to 
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determine the overall influence of isolation on CPP. CPP data presented in this 

thesis will clarify some of these discrepant results. 

 

1.6.2 Opiates 

There are far fewer studies investigating the effect of isolation on opiate 

reward sensitivity and reward learning. With the exception of opiate CPP, few 

conclusions may be confidently drawn from the available data. In a single study 

isolated animals showed greater morphine-induced locomotion, but this finding 

has not yet been replicated. A separate study revealed that isolates are less 

sensitive to opiates in a tail withdrawal test, but as before, this study stands 

alone. Studies of opiate self-administration have indicated that isolates learn to 

self administer morphine and heroin more quickly than group housed 

counterparts (Bozarth et al., 1989; Marks-Kaufman and Lewis, 1984). The 

examination of opiate CPP has been more thorough, and reveals a reduction in 

CPP for morphine and heroin in isolation reared animals (Schenk et al., 1983; 

Smith et al., 2005; Wongwitdecha and Marsden, 1996).  

 

1.6.3 Ethanol 

The relationship between environmental experience and ethanol reward has 

received much attention given recent clinical data suggesting that early life 

adversity (including isolation and neglect) lead to alcohol abuse later in life 
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(Enoch, 2011; Sinha, 2008) Isolation rearing increases the oral administration of 

ethanol in rodent models (Advani et al., 2007; Deehan et al., 2007; Ehlers et al., 

2007; Hall et al., 1998a; Juarez and Vazquez-Cortes, 2003; Lopez et al., 2011; 

Schenk et al., 1990; Wolffgramm, 1990). This finding is consistent across several 

different rat strains (Deehan et al., 2007; Ehlers et al., 2007; Hall et al., 1998a) 

and has also been shown in C57/Bl6 mice (Advani et al., 2007; Lopez et al., 

2011). In addition to drinking more ethanol in an oral self-administration test, 

isolates will ingest higher concentrations of ethanol than their group housed 

counterparts. The other paradigm used to study ethanol reward is the 2 bottle 

choice test. In this assay, animals are presented with 2 identical bottles, 1 

containing water, and the other containing an ethanol solution (concentrations 

vary in each study from 5 to 20%). The amount of water and ethanol are 

measured after either a limited period of access (1-2 hours) to the 2 bottles, or 

after a longer period (12-24 hours access). Regardless of minor variations in the 

methods employed, isolation rearing caused an increase in ethanol preference 

and consumption using the 2 bottle choice test (Advani et al., 2007; Deehan et 

al., 2007; Ehlers et al., 2007; Lopez et al., 2011). Thus isolation rearing promotes 

the ethanol reward in rodent models, a phenomenon that is similar to the effect of 

isolation on ethanol drinking in humans.  

 

 



  42 

1.6.4 Natural Rewards 

Although the effect of isolation on drug reward has been investigated 

thoroughly, few studies have examined the relationship of isolated housing 

conditions to natural reward processing and learning. Results seem very much 

dependent on the specific reward in question. For example, CPP has been used 

to investigate alterations in Pavlovian learning following isolation rearing with 

mixed results. Isolated animals are no different from group housed controls in 

their conditioned place preference for novel objects, though they display 

preference for social contact in the CPP paradigm where group housed animals 

do not (Douglas et al., 2003, 2004). The data regarding sucrose reward are also 

inconclusive, as studies of sucrose intake report opposing effects following 

adolescent isolation (Brenes and Fornaguera, 2008; Wallace et al., 2009), 

although one study demonstrated that isolates acquire conditioned approach 

behavior to a sucrose-paired stimulus more quickly than group housed animals 

(Harmer and Phillips, 1998). Lastly, isolates lever press at greater rates for visual 

novelty in the form of a light stimulus compared to enriched and standard housed 

animals (Cain et al., 2006). Taken together, it seems that isolation may alter the 

rewarding properties of certain natural rewards, and may also change the ability 

of the animals to learn about conditioned reinforcers. However, the data do not 

suggest a general effect of isolation on all types of natural reward processing and 

learning.  
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1.6.5 Isolation rearing and the dopaminergic reward system 

Given the alterations in reward learning and processing that have been 

observed in isolates, it is not surprising that isolation-mediated alterations in the 

dopaminergic reward system have also been reported. Several studies have 

reported that basal levels of DA in nucleus accumbens remain unaltered by 

isolation (Fulford and Marsden, 1998; Hall et al., 1998b; Howes et al., 2000; 

Jones et al., 1992). Rather, DA release in response to drugs of abuse or 

stressors is enhanced by isolation. In particular, DA release in nucleus 

accumbens in response to amphetamine challenge or foot shock stress is 

enhanced in isolated animals (Fabricius et al., 2011; Fulford and Marsden, 1998) 

but see (Bowling et al., 1993). It has also been reported that DA 2 receptor (D2R) 

levels are lower in nucleus accumbens following isolation (Hall, 1998). Basal 

levels of DA in the prefrontal cortex are lower in isolates (Fabricius et al., 2011), 

and others have found reductions in the activity of frontal cortex-projecting DA 

neurons as well as alterations in DA metabolism (Blanc et al., 1980). Few studies 

have scrutinized the effect of DA neurons themselves, though one study reported 

an increase in spontaneously active DA neurons in vivo, and a more irregular and 

“bursty” firing pattern following social isolation (Fabricius et al., 2010).  
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1.7 Cellular Plasticity and Addiction 

The initiation and repeated use of addictive drugs causes structural and 

functional neuronal changes that may be responsible for the continued seeking 

and compulsive taking of these substances. The precise nature of these changes 

and the way in which they interact in the addicted individual is unknown. 

However, focus on plasticity in various nodes of the reward circuitry during the 

past decade has yielded some interesting results. The following section 

describes recent developments in the study of drug-induced alterations in cellular 

plasticity. The focus will remain on DA neurons of the VTA, though drug-evoked 

plasticity in nucleus accumbens, pre-frontal cortex and striatum has been 

reported as well. A distinction must be made between global, homeostatic 

plasticity in which pharmacological effects of drugs shift the neurochemical 

balance, altering gene expression in areas such as midbrain, striatum and 

accumbens, and targeted, synapse-specific plasticity that may encode 

associative learning that is critical to addiction. Although these global alterations 

are undoubtedly involved in non-associative aspects of addiction such as 

tolerance, sensitization and withdrawal, it would seem unlikely that they could 

account for learning of specific pairings between conditioned stimuli and drug 

rewards.  Hebbian plasticity provides a mechanism through which specific 

environmental contexts or experiences may be explicitly paired. This type of 



  45 

plasticity is probably required for context-dependent sensitization, cue-induced 

relapse and conditioned place preference.  

One of the most frequently studied forms of drug-evoked glutamatergic 

plasticity in the VTA is that of NMDA-dependent plasticity of AMPA receptors. 

This is most commonly reported in terms of a ratio of AMPA currents to NMDA 

currents. Although initial reports found that a single exposure to cocaine led to an 

increase in AMPA/NMDA ratio (Ungless et al., 2001), subsequent investigations 

revealed a similar increase following a single exposure to amphetamine, 

morphine, nicotine, and ethanol (Saal et al., 2003). Acute stress also led to a 

similar increase in AMPA/NMDA ratio. This change in the relative strength of 

excitatory transmission occludes the induction of LTP, and has been 

mechanistically attributed to increased AMPAR transmission, rather than a 

reduction in NMDAR function, though one recent study using 2 photon laser 

uncaging of glutamate directly onto the dendrite of the dopamine neuron revealed 

a reduction in unitary NMDA EPSCs following a single cocaine exposure (Mameli 

et al., 2011). Bellone and Luscher (2006) first reported a cocaine-induced 

increase in the inward rectification of AMPARs following a single in vivo exposure 

to cocaine that accompanies the alteration in AMPA/NMDA ratio. The data have 

been interpreted as reflecting a switch in the subunit composition of membrane-

AMPARs from Ca2+ impermeable, GluR2 containing to Ca2+ permeable, GluR2 

lacking receptors, which would explain both the change in rectification and the 
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increase in AMPA currents relative to NMDA currents (Bellone and Luscher, 

2006).  

Another form of plasticity in VTA that has been described previously is 

mGluR LTD. Using trains of brief high frequency presynaptic stimulation, or 

perfusion of the mGluR agonist DHPG leads to a depression of AMPAR EPSCs 

in VTA DA neurons (Bellone and Luscher, 2005). It is expressed through a re-

insertion of GluR2 containing AMPARs into the membrane, which abolishes 

rectification and decreases AMPA/NMDA ratio. Because of these effects and this 

expression mechanism, this form of LTD is said to reverse the effects of cocaine 

on AMPAR redistribution (Bellone and Luscher, 2006). Plasticity of GABAergic 

inputs onto VTA DA neurons has also been described in which high frequency 

stimulation leads to potentiation of GABA IPSCs in VTA DA neurons. This 

LTPGABA is blocked by previous exposure to morphine and other drugs of abuse, 

as well as acute stress (Nugent and Kauer, 2008; Nugent et al., 2007). It requires 

NMDAR activation and acts through retrograde nitric oxide (NO) signaling to 

reduce GABA release.  

Burst-timing dependent NMDAR plasticity has been reported in midbrain DA 

neurons that is dependent on the facilitation of metabotropic glutamate 

receptor/IP3 mediated Ca2+ signaling (Harnett et al., 2009). This type of plasticity 

differs from global changes in the balance of AMPA and NMDA transmission as it 

relies on the pairing of presynaptic stimulation and postsynaptic bursting during a 
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critical time window, and is input specific. More specifically, the pairing protocol 

employed to induce LTP mimics putative in vivo activity during the pairing of a 

cue with a reward in which sustained glutamatergic input (cue input) precedes 

the DA neuron burst response (reward response) by approximately one second. 

This type of plasticity was originally described primarily in SNc DA neurons, but 

has been shown in the VTA as well (Ahn et al., 2010; Bernier et al., 2011; 

Harnett et al., 2009). The induction signal for this plasticity is the facilitation of 

mGluR/IP3 mediated Ca2+ signals. The magnitude of mGluR-mediated facilitation 

correlates strongly with the magnitude of NMDAR LTP in each DA neuron, and 

blockade of mGluRs, IP3Rs, or intracellular Ca2+ prevents the induction of this 

plasticity (Harnett et al., 2009). Furthermore, NMDAR plasticity is enhanced 

following repeated exposure to amphetamine or ethanol via a PKA-mediated 

increase in IP3R sensitivity (Ahn et al., 2010; Bernier et al., 2011). The 

expression mechanism is unknown, though it is likely to be postsynaptic and 

does not involve a switch in NMDA receptor subunit composition (Harnett et al., 

2009). The most parsimonious explanation is that NMDARs already present in 

the synapse increase in number or sensitivity following LTP induction. Thus, both 

homeostatic and synapse-specific forms of plasticity have been described in VTA 

DA neurons. Both types of plasticity are likely to be critical to the development 

and persistence of addiction.  
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1.7.1 Isolation rearing and synaptic plasticity 

Studies of isolation-mediated effects on plasticity have largely focused on 

structural plasticity, though in the past decade there have been a few 

investigations of functional plasticity in isolates as well. The majority of these 

studies have focused on the hippocampus, though frontal cortex has also 

received limited attention (Bartesaghi, 2004; Bartesaghi and Serrai, 2001; Lu et 

al., 2003a; Pascual et al., 2006; Quan et al., 2010; Roberts and Greene, 2003). 

Neuroanatomical changes following post-weaning isolation include impaired 

dendritic arborization (PFC), shorter dendritic length, fewer dendritic branches, 

and decreased neurogenesis (all in hippocampus) (Bartesaghi and Serrai, 2001; 

Lu et al., 2003a; Pascual et al., 2006). Functionally, Lu et al. (2003a) reported a 

reduction in LTP in the CA1 area of hippocampus, both in anesthetized rats (in 

vivo) as well as in hippocampal slices (in vitro). This corresponded with a deficit 

in spatial learning as indexed by the Morris water maze, in addition to impaired 

neurogenesis in dentate gyrus (Lu et al., 2003a). Rats in this study were housed 

in isolation for 8 weeks starting at P22. Isolation-mediated impairment of LTP 

was also reported in the subiculum, which receives projections from CA1 and is 

the main output of the hippocampal formation (Roberts and Greene, 2003). 

Reduced plasticity has also been reported in medial pre-frontal cortex, with 

accompanying deficits in mPFC-dependent reversal learning (Quan et al., 2010). 

Synaptic plasticity is favored as the most likely cellular substrate of learning and 
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memory. Thus, alterations in reward learning are likely to be mediated by 

changes in synaptic plasticity in reward-related brain areas. The work presented 

in this dissertation is the first to test this idea empirically.  

 

1.7.2 Relevance of Ca2+ signaling 

Ca2+ signaling is critical to a wide range of cellular processes including 

trafficking, neurotransmission, apoptosis, cell growth and, most relevant to this 

dissertation, synaptic plasticity (Berridge, 1998). Cortical and hippocampal LTP 

occur in a time window that is determined by coincidence of an EPSP and a 

backpropagating AP in the neuron. It is thought that these coincident inputs give 

rise to supralinear Ca2+ levels that cause long-term potentiation (Sjostrom and 

Nelson, 2002). Conversely, non-coincident activation leads to a slower rise in 

Ca2+ thought to underlie LTD. Thus changes in Ca2+ levels play an important role 

in bidirectional cellular plasticity.  Although most of the work determining the 

importance of Ca2+ has been performed in other brain areas, Ca2+ signaling is 

also critical in DA neurons (Cui et al., 2007; Morikawa et al., 2000; Morikawa et 

al., 2003). The following section will provide an overview of Ca2+ signaling in DA 

neurons of the SNc and VTA.  
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1.7.3 Ca2+ signals in DA neurons 

DA neurons contain several different varieties of voltage-gated Ca2+  

channels (VGCCs) as well as both ionotropic and metabotropic glutamate 

receptors (Chen et al., 2001; Morikawa et al., 2003; Rodriguez et al., 2000; 

Wolfart and Roeper, 2002). Ca2+ enters through both VGCCs and ionotropic 

glutamate receptors such as AMPA and NMDA receptors upon sufficient 

depolarization. Action potentials cause a rise in intracellular Ca2+ that consists of 

influx through voltage-gated channels as well as Ca2+-induced Ca2+ release 

(CICR) from intracellular stores (Cui et al., 2007). Activation of glutamatergic 

inputs onto dopamine neurons additionally activates metabotropic glutamate 

receptors. These receptors are Gq-protein coupled, initiating a signaling cascade 

that activates phospholipase C, which cleaves PIP2 into DAG and IP3. These 

second messengers are then free to act upon their targets in the cell. 

Interestingly, tonic activation of PI-coupled inputs including mGluRs, alpha1ARs 

and muscarinic Ach receptors onto DA neurons may produce opposing effects on 

intracellular Ca2+ signals. Activation of these inputs suppresses the current 

produced by phasic activation of mGluRs, whereas activation of these inputs 

facilitates action potential-evoked Ca2+ signals. Thus, PI-coupled receptor 

activation may modulate Ca2+ signaling differently depending on the strength and 

time course of the signal (Cui et al., 2007; Morikawa et al., 2000; Morikawa et al., 

2003).  
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IP3 is crucial for intracellular Ca2+ signaling, as its receptor is expressed on 

the endoplasmic reticulum, an internal storage depot for Ca2+. IP3Rs are 

tetrameric receptors, and may be homomers or heteromers. Opening of the IP3R 

requires binding of IP3 to most if not all subunits (Taylor and Laude, 2002). IP3Rs 

are biphasically regulated by the presence of cytosolic Ca2+. This effect is 

dependent on whether Ca2+ is bound to the stimulatory or inhibitory Ca2+ binding 

site on the IP3R (Taylor and Laude, 2002). IP3 decreases the affinity of the 

inhibitory site for Ca2+, thus the receptor is maximally activated in the presence of 

both Ca2+ and IP3. However, influx of Ca2+ alone can cause CICR from 

intracellular stores via IP3Rs, as well as ryanodine receptors (RYRs) which are 

expressed on the endoplasmic reticulum. Thus, when the firing of an action 

potential occurs in close temporal proximity to the activation of mGluRs, IP3 and 

Ca2+ can then synergistically coactivate the IP3 receptor, leading to a facilitation 

of Ca2+ release from intracellular stores. mGluR facilitation of the spike-evoked 

Ca2+ signal is entirely Ca2+-store and IP3R dependent (Cui et al., 2007). As 

mentioned in a previous section, this particular type of Ca2+ signal facilitation via 

mGluRs and IP3Rs is significant because of its involvement in NMDAR plasticity 

in DA neurons (See Figure 1.3).   

Intracellular Ca2+ signals in DA neurons can be visualized using Ca2+ 

imaging, which provides an indication of the spatiotemporal profile of the signal 

(Morikawa et al., 2000; Morikawa et al., 2003). An alternative method for 
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measurement of intracellular Ca2+ signals in DA neurons involves the 

measurement of the after hyperpolarization current following an action potential. 

DA neurons express the small conductance Ca2+-activated potassium channel 

(SK channel). This channel is Ca2+-sensitive and is not gated by voltage. Thus, a 

rise in intracellular Ca2+ activates SK channels, leading to a potassium-mediated 

outward current. This current may be used as an index of changes in global Ca2+ 

levels in the cell as it has been previously shown to accurately reflect changes in 

Ca2+ levels measured with Ca2+ imaging (Cui et al., 2007). Other conductances 

contribute to the DA neuron AHP, but 20-500 milliseconds post-AP the current is 

completely blocked by the SK-channel selective blocker, apamin, as well as the 

sodium-channel  
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Figure 1.3. Ca2+ signaling in dopamine neurons. Schematic of a DA neuron. 
Axon emerges from one of 2 primary dendrites in most DA neurons (Hausser et 
al., 1995).  Inset: expansion of a section of dendrite in a dopamine neuron.  
Depolarization of the cell causes calcium influx through voltage-gated Ca2+ 

channels (not shown) and NMDARs, leading to CICR from intracellular stores.  
Activation of mGluRs leads to IP3 generation.  IP3 and Ca2+ coactivate the IP3R, 
facilitating Ca2+ release from the endoplasmic reticulum (ER).  SK channels are 
activated in the presence of Ca2+, leading to a potassium (K+)-mediated outward 
current 
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blocker TTX (Ahn et al., 2010; Cui et al., 2007). For these reasons, a simple 

method to measure relative changes in intracellular Ca2+ signaling is to measure 

the time integral of the SK-mediated outward current (IK(Ca)) following the action 

potential from 20-500 ms. 

 

1.8 Hypothesis and Specific Aims 

Adverse experiences during childhood or adolescence, such as isolation or 

neglect, amplify addiction risk throughout the lifespan. Social isolation is 

commonly used to model such experiences in animals, and causes wide-ranging 

behavioral dysfunction. Additionally, social isolation during adolescence produces 

a diverse array of neurobiological impairments, from changes in CREB activity to 

changes in cortical volume. Generally, isolation during adolescence dampens 

synaptic plasticity in brain areas such as cortex and hippocampus, and learning 

dependent on these brain areas is impaired as well. Although isolation is known 

to enhance addiction risk in clinical populations, the studies of isolation using 

animal models have found discrepant results. Altered dopaminergic signaling is 

likely to underlie dysfunction in reward learning and processing, but little is known 

about the cellular basis of these alterations. The first aim of this project was to 

determine the effects of social isolation during adolescence on mGluR/IP3-

mediated Ca2+ signaling and synaptic plasticity in VTA DA neurons.  The second 
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aim was to determine the effect of social isolation on drug-associated reward 

learning.   

The data presented in this dissertation provide the first systematic 

examination of the effects of adolescent social isolation on intracellular Ca2+ 

signaling and synaptic plasticity in VTA dopamine neurons. Data are also 

presented addressing the effect of isolation on drug-associated contextual 

learning and memory. The hypothesis guiding this work was that social isolation 

during adolescence would enhance drug-associated reward learning and 

associated VTA DA neuron synaptic plasticity and Ca2+ signaling.  
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Chapter 2: Materials and Methods 

 

2.1 Animals and housing conditions 

Male Sprague-Dawley rats (3 weeks old) were obtained from Harlan 

Laboratories. Upon arrival in the animal facility, they were housed either in 

groups of three or in isolation. Food and water were available ad libitum. Animals 

were contained in clear cages with filter tops, with bedding included but no 

additional toys or objects. Cages were changed once per week to ensure that 

animals were minimally handled. Grouped and isolated rats were maintained in 

the same room to provide a similar auditory and visual experience throughout the 

housing period. Animals spent 1–4 weeks under these housing conditions prior to 

experiments, unless otherwise specified. For resocialization experiments, 

animals were housed in isolation or in groups of three from P21–42. At P42, 

isolated animals were placed in a group of three for a further 3–4 weeks. Isolated 

animals were grouped with other previously isolated rats to avoid placing the 

animals into an already established hierarchy, and thus a more stressful 

environment. Grouped animals were shuffled into new groups of three at P42, 

where they remained for 3–4 weeks. Thus, none of the regrouped animals were 

previously housed together in the same cage. All animal procedures were 

approved by The University of Texas Institutional Animal Care and Use 

Committee. 
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2.2 In vivo amphetamine treatment 

Rats received i.p. injections of D-amphetamine sulfate (5 mg/kg) or an 

equivalent volume of saline (1 ml/kg) once per day for either 1 day or 3 days. 

Approximately 24 hr after the final injection, animals were sacrificed for use in 

electrophysiological experiments 

 

2.3 Electrophysiology  

Rats were decapitated under halothane or isoflurane anesthesia, and 

horizontal midbrain slices (190–220 µm) were cut using a vibratome in ice-cold 

solution containing (in mM) 205 sucrose, 2.5 KCl, 1.25 NaH2PO4, 7.5 MgCl2, 0.5 

CaCl2, 10 glucose, and 25 NaHCO3, saturated with 95% O2 and 5% CO2 (∼300 

mOsm/kg) and incubated >1 h at 33-35°C in a solution containing (in mM): 126 

NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 11 glucose, and 25 NaHCO3, 

saturated with 95% O2 and 5% CO2 (pH 7.4, ∼295 mOsm/kg). Recordings were 

made at 33-35 °C in the same solution perfused at 2-3 ml/min. Intracellular 

solution contained (in mM): 115 K-methylsulfate, 20 KCl, 1.5 MgCl2, 10 HEPES, 

0.025 EGTA, 2 Mg-ATP, 0.2 Na2-GTP, and 10 Na2-phosphocreatine (pH 7.25, 

280-290 mOsm/kg). 

Cells were visualized using an upright microscope (Olympus) with 

infrared/differential interference contrast or oblique illumination optics. 

Recordings were performed in the lateral VTA located 50–150 μm from the 
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medial border of the medial terminal nucleus of the accessory optic tract. Putative 

DA neurons were identified by their spontaneous firing (1–5 Hz) with broad APs 

(>1.2 ms) recorded in cell-attached configuration and large Ih currents (>200 pA 

elicited by 1.5 s hyperpolarizing steps from –62 mV to –112 mV) in whole-cell 

configuration. Whole-cell voltage-clamp recordings were made at a holding 

potential of –62 mV, corrected for a liquid junction potential of –7 mV. Pipettes 

with tip resistance of 1.6–2.0 MΩ were used. Series and input resistances were 

monitored throughout experiments and recordings were excluded if the series 

resistance increased beyond 20 MΩ or the input resistance dropped below 150 

MΩ. A Multiclamp 700B amplifier (Molecular Devices) and AxoGraph X 

(AxoGraph Scientific) software were used to record and collect data (filtered at 1–

5 kHz and digitized at 2–10 kHz) 

 

2.4 IK(Ca) Measurement 

A 2 ms depolarizing pulse from –62 mV to –7 mV was used to elicit an 

unclamped AP. The time integral of the outward tail current, termed IK(Ca), was 

calculated between 20 ms and 500 ms after the depolarizing pulse (expressed in 

picocoulombs). We have shown previously that IK(Ca) thus measured is 

completely eliminated by TTX and also by apamin, a selective blocker of Ca2+-

gated SK channels, and thus can be used as a readout of AP-induced Ca2+ 

transients (Cui et al., 2007). For measuring IK(Ca) of a burst (five APs at 20 Hz), a 
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22 ms window from the beginning of each 2 ms depolarizing pulse was removed, 

then the integral of the outward current was calculated till 500 ms after the fifth 

pulse. 

 

2.5 Flash photolysis of caged IP3 

Cells were dialyzed with caged IP3 (1–100 µM) through the whole-cell pipette 

for 15–20 min after break-in. A brief UV flash (~1 ms) was applied with a xenon 

arc lamp driven by a photolysis system (Cairn Research) to rapidly photolyze 

caged IP3. The UV flash was focused through a 60x objective onto a 350 µm 

area surrounding the recorded neuron. The Cairn system has the capacity to vary 

the intensity, but not the duration, of UV flash. Since the degree of photolysis of 

caged compounds is proportional to the UV flash intensity (McCray et al., 1980), 

the concentration of IP3 released into the cell is reported as the concentration of 

caged IP3 in the pipette (in µM) multiplied by the UV flash intensity measured at 

the tip of the objective (in µJ), thus expressed in µM·µJ (e.g., 1000 µM·µJ IP3 can 

be achieved by photolyzing 10 µM caged IP3 with 100 µJ UV flash or by 

photolyzing 100 µM caged IP3 with 10 µJ UV flash). The degree of photolysis of 

caged IP3 does not reach 100% with the range of UV flash intensity achieved 

with our system (up to ~300 µJ), since the IP3 response, i.e., IIP3, shows no sign 

of saturation when low concentrations of caged IP3 (1–10 µM) are used. A high 
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IP3 concentration (100 µM) was necessary for experiments evoking saturating 

IIP3. 

 

2.6 NMDAR plasticity experiments 

Synaptic stimuli were applied every 20 s using a bipolar tungsten electrode 

(~100 µm tip separation) placed 50–150 µm rostral to the recorded neuron. To 

isolate NMDAR EPSCs, recordings were performed in the presence of DNQX (10 

µM), picrotoxin (100 µM), and eticlopride (100 nM) to block AMPA, GABAA, and 

D2 DA receptors, and in low Mg2+ (0.5 mM) to reduce Mg2+ blockade of NMDARs. 

The LTP induction protocol consisted of photolytic application of IP3 (100 µM·µJ) 

50 ms prior to the pairing of synaptic stimulation (20 stimuli at 50 Hz) and a burst 

(5 APs at 20 Hz), in which the onset of synaptic stimulation was coincident with 

the burst onset. This IP3 application-synaptic stimulation-burst combination was 

repeated 10 times every 20 s. Magnitude of LTP was determined by comparing 

the average EPSC amplitude over the 10 min baseline period with that during 

another 10 min window ~30–40 min post-induction 

 

2.7 Conditioned place preference (CPP) 

A CPP box consisting of two distinct compartments, separated by a small 

middle chamber, was used for conditioning (Med Associates). One compartment 

had a mesh floor with white walls, while the other had a grid floor with black 
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walls. Rats were first subjected to a pretest, in which they were allowed to freely 

explore the entire CPP box for 20 min. The percentage of time spent in each 

compartment was determined after excluding the time spent in the middle 

chamber. Any rats that displayed >60% initial preference for either compartment 

during the pretest were not used for conditioning. For amphetamine CPP, rats 

were subjected to 1 day, 3 day, or 7 day conditioning starting the next day, in 

which they were given a saline injection (1 ml/kg) and confined to one 

compartment for 20 min in the morning and received an injection of amphetamine 

(5 mg/kg, i.p.) and confined to the other compartment for 20 min in the afternoon 

on each day. Assignment was counterbalanced such that animals had, on 

average, ~50% initial preference for the amphetamine-paired side in the pretest. 

A 20 min posttest was performed 1 day after the last conditioning session. CPP 

score was determined by subtracting the preference for the cocaine-paired side 

in the pretest from that in the posttest. In extinction experiments, animals were 

subjected to a 20 min posttest every day for 14 days following 7 day 

amphetamine conditioning. For ethanol CPP, rats were subjected to 1 day 

conditioning in which they were given saline (4.2 ml/kg; morning) or ethanol (0.5 

g/kg, 15% v/v; afternoon) and confined to one compartment for 7 min. Housing 

conditions were maintained throughout the CPP experiments.  
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2.8 Intra-VTA microinjections 

Rats were housed in isolation for 5 weeks from P21 before surgery. At P56, 

they were anesthetized with a mixture of ketamine and xylazine (90 mg/kg and 

10 mg/kg, i.p.) and implanted with bilateral chronic guide cannulae (22 gauge; 

Plastics One), with dummy cannulae (32 gauge) inside, aimed at 1 mm above the 

VTA (anteroposterior, –5.3; mediolateral, +2.2; dorsoventral, –7.5; 10° angle) 

(Paxinos and Watson, 1998). The guide cannulae were fixed to the skull with 

stainless steal screws and dental cement. After the surgery, rats remained singly 

housed for another 7 d before being subjected to 1 d amphetamine CPP 

experiments. 

Intra-VTA microinjections were made via injection cannulae (28 gauge; 

Plastics One) that extended 1 mm beyond the tip of the guide cannulae. Injection 

cannulae were connected to 1 µl Hamilton syringes mounted on a microdrive 

pump (Harvard apparatus). Rats received bilateral infusions (0.3 μl/side, 0.15 

μl/min) of vehicle (PBS), LY367385 (0.6 nmol), or AP5 (0.6 nmol) 5 min before 

the afternoon amphetamine conditioning session or the posttest to test their 

effects on CPP acquisition or expression, respectively. The injection cannulae 

were left in place for 60 s after the end of infusion. In a separate series of 

experiments, to test if LY367385 or AP5 cause CPP or conditioned place 

aversion by itself, systemic saline injections were paired with both compartments 
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of the CPP box, and bilateral intra-VTA microinjections of LY367385 or AP5 were 

made 5 min before the afternoon conditioning session. 

After the CPP posttest, rats were anesthetized with a mixture of ketamine 

and xylazine (90 mg/kg and 10 mg/kg, i.p.) and transcardially perfused with 4% 

paraformaldehyde. Brains were then carefully removed and stored in 4% 

paraformaldehyde. Coronal sections (100 µm) were cut using a vibratome and 

stained with cresyl violet for histological verification of injections sites. Data from 

rats with injection sites outside the VTA were excluded from the analysis. 

 

2.9 Drugs 

DHPG, CRF, K41498, picrotoxin, eticlopride, DNQX, and D-AP5 were 

obtained from Tocris Biosciences. Caged IP3 was a generous gift from Dr. 

Kamran Khodakhah at Albert Einstein College of Medicine. All other drugs were 

obtained from Sigma.  

 

2.10 Data analysis 

Data are expressed as mean ± s.e.m. Statistical significance was determined 

by Student's t test or ANOVA followed by Bonferroni post hoc test. The difference 

was considered significant at p < 0.05. 



  64 

Chapter 3:  Results 

 

3.1 Social isolation during early adolescence enhances mGluR-induced 

facilitation of AP-evoked Ca2+ signals 

For electrophysiological experiments, an in vitro, horizontal brain slice 

preparation containing the midbrain was used. We performed whole cell voltage 

clamp recordings in VTA DA neurons from group housed and socially isolated 

rats. The VTA contains GABA interneurons in addition to DA neurons, which are 

difficult to discriminate visually. Thus, previously established electrophysiological 

criteria were used to determine if each recorded cell was indeed a DA neuron. 

DA neurons are characterized by tonic pacemaking activity, broad action 

potentials, and in the lateral VTA, the presence of large Ih current  (Ford et al., 

2006; Johnson and North, 1992). We additionally monitored input resistance to 

gauge cell health and to determine if it is impacted by housing conditions. Fig 

3.1a shows an example firing recording performed in cell attached mode. 

Housing conditions had no effect on the average firing rate in VTA DA neurons.  

Firing rate data presented here contain all but one of the groups tested, as the 

P21-28 group contained too few recordings to analyze with statistical confidence. 

An example Ih current trace elicited using a hyperpolarizing step and measured in 

voltage clamp is shown in Fig 3.1b.  Housing conditions did not affect the 

magnitude of Ih current as we have measured it in any of the groups examined. 
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Finally, input resistance was not affected by altered housing conditions (Fig 3.1c). 

Thus, these intrinsic properties  of DA neurons do not appear to be measurably 

altered by any of the various housing manipulations employed in this study.  

It has been previously shown that mGluR-induced facilitation of AP-

evoked Ca2+ signals acts as the induction signal for NMDAR LTP in DA neurons 

(Harnett et al., 2009).  Thus, we next examined the effect of the mGluR agonist 

DHPG (1 µM; bath applied for 5 min) on AP-evoked Ca2+ signals. We measured 

the size of small-conductance, Ca2+-sensitive K+ (SK) currents (IK(Ca); see 

Methods), as these channels are solely gated by Ca2+ and thus may be used to 

assess global changes in intracellular Ca2+ levels.  In these experiments, IK(Ca) 

was evoked with a single AP (example trace shown in Fig. 3.2a) and a burst of 5 

APs at 20 Hz (example trace shown in Fig. 3.2b).  The magnitude of DHPG-

induced facilitation of IK(Ca) was significantly larger in animals isolated for 3–4 

weeks from P21 (labeled P21–42) compared to group housed controls (Fig 3.2c).  

We next varied the age of onset and duration of isolation to determine which of 

these aspects of the isolation protocol is responsible for the observed differences 

(see isolation protocol in Fig 3.2c).  There was no change in the DHPG-induced 

IK(Ca) facilitation following short-term isolation (7–10 d) from P21 (labeled P21–28) 

or following long-term isolation (3–4 weeks) from P42 (labeled P42–63) (Fig. 

3.2c). Therefore, an increase in DHPG-induced facilitation of IK(Ca) is apparent 

only if isolation is prolonged (≥ 3 weeks) and commences immediately post-
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weaning, in very early adolescence.  The DHPG effect on IK(Ca) remained 

elevated after 3–4 weeks of resocialization,  



  67 

 

Fig 3.1. Social Isolation does not Alter Basal Properties of VTA DA 
Neurons. 
(A) Summary firing rate data is plotted for P21-42, P42-63, and resocialized 
groups (housing conditions: F1,34=0.01, p = 0.94; housing period: F2,34=2.66, p = 
0.08; housing condition X housing period: F2,34=2.44, p=0.10; Two-way ANOVA) 
(left). An example trace showing a DA neuron firing in cell attached mode (right)  
(B) Summary Ih current data is plotted for all groups (housing conditions: 
F1,88=0.01, p=0.93; housing period: F3,88=2.35, p=0.08; housing condition X 
housing period: F3,88=0.38, p=0.77; Two-way ANOVA) (left). An example trace 
showing Ih current and corresponding voltage protocol (right) (C) Summary input 
resistance data is plotted for all groups (housing conditions: F1,88=1.3, p=0.26; 
housing period: F3,88=2.25, p=0.09; housing conditions X housing period: 
F3,88=0.33, p=0.81; Two-way ANOVA) 
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indicating that the increased effect of mGluR on AP-evoked Ca2+ signaling after 

social isolation is not readily reversible by subsequent social interaction (Fig. 

3.2c).  There was no difference in the basal size of IK(Ca) following exposure to 

any of the various housing conditions (Fig 3.3a), suggesting that voltage-gated 

Ca2+ channels mediating AP-induced Ca2+ influx and SK channels were not 

affected by any form of isolation (prolonged, brief, early onset, later onset). 

Furthermore, DHPG-induced inward currents, which are independent of 

intracellular Ca2+ signaling (Guatteo et al., 1999), were not altered (Fig. 3.3b).  

These data demonstrate that prolonged deprivation of social interactions during 

early adolescence augments mGluR-mediated facilitation of AP-evoked Ca2+ 

signals via alterations in the signaling pathway downstream of mGluRs, and 

suggests that these observations cannot be explained by an alteration in voltage-

gated Ca2+ channels or SK channels.  All subsequent electrophysiology 

experiments were conducted using rats isolated for 3–4 weeks from P21 (P21-

42) and their group housed controls. 
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Figure 3.2.  Social Isolation during Early Adolescence Causes a Persistent 
Increase in mGluR-Dependent Facilitation of AP-Evoked Ca2+ Signals. 
(A and B) Example traces and summary graph illustrating the effects of DHPG (1 
µM) on IK(Ca) evoked by a single AP (A) and a burst (B) in VTA neurons from 
group housed and socially isolated rats (grouped: 17 cells from 8 rats, isolated: 
19 cells from 10 rats; single AP: t34 = 3.13, p < 0.01; burst: t34 = 2.98, p < 0.01, 
unpaired t test). (C) Summary bar graph depicting the effects of DHPG on single 
AP-evoked IK(Ca) in rats isolated for the indicated periods and in their group 
housed controls.  The housing schedule is illustrated at the bottom.  Housing 
conditions were maintained until the day of recording.  Each bar represents 
averaged data in 8–19 cells from 3–10 rats (housing condition: F1,88 = 12.7, p < 
0.001; housing period: F3,88 = 3.89, p < 0.05; housing condition × housing period: 
F3,88 = 6.24, p < 0.001, two-way ANOVA).  **p < 0.01, ***p < 0.001 (Bonferroni 
post hoc test).  Error bars indicate SEM. 
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Figure 3.3.  Basal  IK(Ca) and DHPG-Induced Inward Currents Are Not 
Affected by Social Isolation. Summary bar graphs plotting the basal size of 
IK(Ca) (A) and the amplitude of DHPG-induced inward currents (B) in rats isolated 
for the indicated periods and in their group housed controls.  Example traces of 
DHPG-induced inward currents are shown in the inset in (B).  DHPG (1 µM) was 
perfused for 5 min at the time indicated by the horizontal bar.  These data were 
obtained from the same cells shown in Figure 1C.  Error bars indicate SEM. 
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3.2 Adolescent social isolation increases IP3 sensitivity  

mGluR-dependent facilitation of AP-evoked Ca2+-signals is mediated by 

generation of IP3 in the cytosol (Cui et al., 2007).  mGluRs are Gq coupled 

receptors that, when activated, initiate a signaling cascade that leads to the 

generation of IP3 in the cell. Given that isolation does not measurably alter the 

function of VGCCs, mGluRs, or SK channels, we investigated IP3 signaling as a 

possible mechanism through which social isolation may modulate Ca2+ signaling 

and plasticity in DA neurons. To accomplish this, cells were loaded with caged 

IP3 through the patch pipette. Using UV flash photolysis of caged IP3, we directly 

applied relatively low concentrations of IP3 (50–200 µM·µJ; see Methods) into the 

cytosol, and measured the resulting SK-mediated outward current (IIP3).  In these 

experiments, 50 µM·µJ elicited a negligible response in both grouped and 

isolated animals, and was thus considered to be subthreshold. IIP3 resulting from 

a 100 µM·µJ flash was still very small, producing under 20 pA currents in both 

grouped and isolated animals.  However, IIP3 was significantly larger in isolated 

rats compared to group housed controls when a higher concentration (200 

µM·µJ) was used (Fig. 3.4a). Alterations in IP3 signaling may result from a 

change in the overall number of IP3Rs in the cell, or they may result from an 

alteration in sensitivity of the receptor. To determine this, we next used larger 

concentrations of IP3 (175–250 µM·µJ) to evoke saturating IIP3 in each cell, then 

determined the IP3 concentration (EC25) that produced ~25% (group housed: 
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24.4 ± 1.0%, n = 9; isolated: 25.5 ± 0.7%, n = 14) of the maximal IIP3 amplitude.  

If isolation were to induce a change in receptor expression, this would most likely 

be reflected as a change in the magnitude of the maximal current evoked by 

saturating IP3; however, a translational shift in EC25 value with no alteration in 

Max current amplitude would likely reflect a change in IP3 sensitivity.  We found 

that the EC25 value thus determined was significantly smaller in isolated animals, 

while there was no difference in the maximal IIP3 amplitude between the two 

groups (Fig. 3.4b). To further investigate the isolation-induced change in IP3 

signaling, we next assessed IP3-induced facilitation of IK(Ca). To measure this, we 

released a subthreshold concentration of IP3 (50 µM·µJ) into the cell, 50 ms prior 

to evoking an action potential in the recorded cell. As shown in Fig 3.5, a 

subthreshold IP3 flash, which produced no measurable current by itself, caused 

facilitation of IK(Ca) in both groups, but caused significantly larger facilitation in the 

isolated animals. These data indicate that early life social isolation increases IP3 

sensitivity in VTA neurons, and suggest that there is no measurable change in 

IP3 receptor expression. 
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Figure 3.4.  Social Isolation Increases IP3 Sensitivity. (A) Example traces and 
summary graph of IIP3 evoked by low concentrations of IP3 (black: 50 µM·µJ, 
orange: 100 µM·µJ, purple: 200 µM·µJ) in group housed and socially isolated rats 
(grouped: 12 cells from 8 rats, isolated: 14 cells from 9 rats; housing condition: 
F1,48 = 4.87, p < 0.05; IP3 concentration: F2,48 = 19.0, p < 0.0001, mixed two-way 
ANOVA).  Cells were loaded with caged IP3 (1–2 µM) in these experiments.  UV 
flashes were applied at the time indicated to photolyze caged IP3. (B) The IP3 
EC25 value for evoking IIP3 was reduced in socially isolated rats (grouped: 9 cells 
from 6 rats, isolated: 14 cells from 11 rats; t21 = 3.34, p < 0.01, unpaired t test), 
while there was no change in the maximal IIP3 amplitude.  A higher concentration 
of caged IP3 (100 µM) was used in these experiments.  Error bars indicate SEM. 
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Fig 3.5. IP3-mediated Facilitation of IK(Ca) is Enhanced in Socially Isolated 
Animals. (A) Example traces showing IP3-mediated facilitation of IK(Ca) in a 
grouped (left) and an isolated (right) animal.  Subthreshold IP3 current is shown 
in blue, action potential alone is shown in black, and pairing of subthreshold IP3 
with an action potential is shown in purple.  Arrow indicates time of UV flash to 
release caged IP3. (B) Summary data comparing the magnitude of basal IK(Ca) 
and IK(Ca) paired with intracellular IP3 in grouped and isolated animals (Grouped: 
t9=2.70, *p < 0.05; Isolated: t13=3.96, **p < 0.01, paired t-test) (C) Summary data 
showing percentage of IP3-mediated facilitation of IK(Ca) in grouped and isolated 
animals (t22=2.57, *p < 0.05, t-test) 
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Rats isolated during early adolescence exhibit enhanced responsiveness 

to the stress-related neuropeptide corticotropin releasing factor (CRF), together 

with increased expression levels of CRF2 receptors in the dorsal raphe (Lukkes 

et al., 2009c; Serra et al., 2005).  CRF facilitates IP3-induced Ca2+ signaling by 

activation of CRF2 receptors in dopamine neurons, likely via a protein kinase 

(PKA)-dependent increase in IP3R sensitivity (Bernier et al., 2011; Riegel and 

Williams, 2008).  Thus, we asked if the CRF effect on IP3 signaling is altered 

following social isolation.  CRF (300 nM) was tested on IIP3 evoked with an EC25 

(IIP3-EC25) and a saturating concentration of IP3 (IIP3-max), as described above, in 

each cell.  CRF produced comparable increases in IIP3-EC25 in both group 

housed and socially isolated rats, while having no significant effect on IIP3-max 

(Fig. 3.6a,b), consistent with CRF-induced increase in IP3 sensitivity.  The CRF2 

receptor antagonist K41498 (600 nM), which abolished the CRF effect on IIP3-

EC25, had no significant effect on IIP3 by itself (Fig. 3.6b,c), indicating the absence 

of functional CRF tone in VTA slices.  These results show that CRF can further 

increase IP3 sensitivity in socially isolated animals, although the magnitude of 

CRF effect was similar to that of group housed controls. 
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Figure 3.6.  CRF Further Increases IP3 Sensitivity in Socially Isolated 
Animals. (A) Representative traces depicting the effects of CRF (300 nM) on IIP3 
evoked by EC25 and saturating concentrations of IP3 in VTA neurons from group 
housed and socially isolated rats.  Cells were loaded with caged IP3 (100 µM).  
UV flashes were applied at the time indicated.  Note that CRF increased IIP3-EC25 
but not IIP3-max. (B) Summary bar graph showing the effects of CRF on IIP3-EC25 
and IIP3-max in group housed and socially isolated rats and the blockade of CRF 
effect by the CRF2 receptor antagonist K41498 (grouped: 9 cells from 6 rats, 
isolated: 9 cells from 8 rats, isolated/recorded in K41498: 5 cells from 3 rats; 
housing/recording condition: F2,20 = 4.51, p < 0.05; IP3 concentration: F1,20 = 34.0, 
p < 0.0001, housing/recording condition × IP3 concentration: F2,20 = 8.20, p < 
0.01, mixed two-way ANOVA).  ***p < 0.001 (Bonferroni post hoc test). (C) 
Example traces of IIP3-EC25 recorded in control solution (black), in K41498 (blue), 
and in CRF and K41498 (red).  Error bars indicate SEM. 
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3.3 Social isolation enhances NMDAR plasticity 

Given the critical role of NMDARs in the burst firing of DA neurons, an 

important question is whether or not adolescent social isolation affects NMDAR 

plasticity in DA neurons. Since isolation during this time window facilitates 

mGluR/IP3-mediated Ca2+ signaling, which is necessary for NMDAR plasticity 

induction and also strongly correlates with the magnitude of this plasticity, we 

hypothesized that adolescent social isolation might also enhance NMDAR 

plasticity (Harnett et al., 2009).  Application of low concentrations of IP3 

preceding APs can effectively facilitate IK(Ca) (Ahn et al., 2010; Bernier et al., 

2011; Cui et al., 2007).  Thus, we used an LTP induction protocol comprising 

application of IP3 (100 µM·µJ), which produces very small responses by itself 

(Fig. 3.4), 50 ms prior to the pairing of synaptic stimulation (20 stimuli at 50 Hz) 

and a burst (5 APs at 20 Hz), where the onsets of synaptic stimulation and burst 

were simultaneous.  It should be noted that this type of simultaneous synaptic 

stimulation-burst pairing by itself (without prior IP3 application) is ineffective at 

inducing NMDAR LTP (Harnett et al., 2009).  The IP3-synaptic stimulation-burst 

combination was repeated 10 times every 20 s.  While this induction protocol 

utilizing a low concentration of IP3 resulted in relatively small LTP of NMDAR 

EPSCs in group housed controls, socially isolated animals exhibited significantly 

larger magnitude of LTP (Fig. 3.7).  IP3-induced facilitation of single AP-evoked 

IK(Ca), which was assessed immediately before running the LTP induction protocol 
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in each cell, was significantly increased in isolated rats, confirming our previous 

results from Fig 3.5 (Fig. 3.7d).  Furthermore, the magnitude of NMDAR LTP was 

positively correlated with that of IP3-induced IK(Ca) facilitation across neurons from 

both group housed and isolated animals (r = 0.61, P < 0.05) (Fig. 3.7e), but had 

no relationship with the basal size of IK(Ca, or with NMDA EPSC amplitude (Fig 

3.8a,b).  These results strongly suggest that social isolation enhances the 

induction of NMDAR plasticity via an increase in IP3-induced facilitation of AP-

evoked Ca2+ signals. To determine the locus of LTP expression, we measured 

paired pulse ratio and 1/CV2 prior to and following LTP induction (Fig 3.8c). 

Neither 1/CV2 nor PPR were altered by our LTP induction protocol, suggesting a 

postsynaptic expression mechanism (Malinow and Tsien, 1990) 

We further attempted to induce NMDAR LTP by combining IP3 application with 

burst alone, i.e., without synaptic stimulation, in neurons from socially isolated 

rats.  This IP3-burst protocol failed to induce measurable LTP, even if robust IP3-

induced IK(Ca) facilitation was observed (Fig. 3.7b-d).  This observation is 

consistent with our previous study demonstrating that LTP induction also requires 

synaptic NMDAR activation at the time of postsynaptic burst, which likely 

accounts for the input specificity of LTP (Harnett et al., 2009).   
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Figure 3.7. Social Isolation Results in Increased Susceptibility to the 
Induction of NMDAR LTP. (A) Example experiments to induce NMDAR LTP in 
group housed and socially isolated rats.  Time graphs of NMDAR EPSC 
amplitude are shown on the left.  The LTP induction protocol, which consisted of 
IP3-synaptic stimulation-burst combination (illustrated in the right inset), was 
delivered at the time indicated by the arrow.  Traces of NMDAR EPSCs at times 
indicated by numbers in the time graphs are also shown. (B) Summary time 
graph of NMDAR LTP experiments (grouped: 7 cells from 6 rats, isolated: 8 cells 
from 8 rats, isolated/LTP induction without synaptic stimulation: 5 cells from 3 
rats). (C) Summary graph plotting the magnitude of NMDAR LTP (F2,17 = 13.2, p 
< 0.001, one-way ANOVA). (D) Summary graph plotting the magnitude of IK(Ca) 
facilitation produced by preceding application of IP3 (100 µM·µJ) (F2,17 = 5.86, p < 
0.05, one-way ANOVA).  Example traces depicting IP3-induced facilitation of IK(Ca) 
are shown on the right.  IP3 was applied at the time indicated. (E) The magnitude 
of NMDAR LTP is plotted versus the magnitude of IP3-induced facilitation of IK(Ca) 
in the experiments where LTP was induced with the IP3-synaptic stimulation-
burst protocol.  Dashed line is a linear fit to all data points from both group 
housed and socially isolated rats.  *p < 0.05, ***p < 0.001 (Bonferroni post hoc 
test).  Error bars indicate SEM. 
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Fig 3.8. NMDAR LTP is Expressed Postsynaptically, and is Not Correlated 
with Baseline NMDAR EPSC or IK(Ca) Size. (A) Summary basal IK(Ca) data in 
grouped and isolated animals (t13=1.48, p=0.16, t-test) (left). Scatterplot of basal 
IK(Ca) vs. NMDAR LTP magnitude showing no significant correlation (Pearsonʼs r2 
= 0.04, p = 0.49). (B) Summary baseline NMDAR EPSC data in grouped and 
isolated animals (t13=1.18, p=0.26, t-test) (left). Scatterplot of baseline NMDAR 
EPSC data vs. NMDAR LTP magnitude showing no significant correlation 
(Pearsonʼs r2 = 0.02, p=0.64). Dashed lines represent best fit to the data. (C) 
Summary coefficient of variation data for grouped and isolated animals, pre and 
post LTP induction (Grouped: t7=1.67, p =0.14; Isolated: t6=1.35, p=0.22; paired 
t-test) (left). Summary paired pulse ratio data (EPSC2/EPSC1) for grouped and 
isolated animals, pre and post LTP induction (Grouped: t7=0.96, p=0.37; Isolated: 
t6=0.07, p=0.95; paired t-test).  These data were obtained from the same cells as 
in Fig 3.7. Error bars indicate SEM.  
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3.4 Previous social isolation occludes amphetamine-induced enhancement 

of mGluR-dependent Ca2+ signal facilitation 

Repeated in vivo exposure to amphetamine or ethanol enhances mGluR-

induced facilitation of AP-evoked Ca2+ signals via a PKA-dependent increase in 

IP3 sensitivity (Ahn et al., 2010; Bernier et al., 2011).  We next asked if 

amphetamine experience could further enhance mGluR/IP3 signaling following 

prolonged social isolation.  In these experiments, once daily injections of 

amphetamine (5 mg/kg, i.p.) were made for 1 day or 3 days in group housed and 

socially isolated rats.  In group housed animals, 3 day, but not 1 day, 

amphetamine exposure increased the effect of DHPG on IK(Ca) compared to naïve 

controls (Fig. 3.9), in line with our previous study (Ahn et al., 2010).  However, 1 

day and 3 day amphetamine exposure failed to affect the DHPG effect on IK(Ca) in 

socially isolated animals.  Importantly, DHPG effects became comparable 

between group housed and isolated rats after 3 days amphetamine exposure.  

Thus, previous social isolation occludes the enhancement of mGluR-dependent 

Ca2+ signal facilitation produced by repeated amphetamine exposure, suggesting 

a shared mechanism of action between social isolation during the critical period 

and repeated amphetamine exposure.  

 

 



  85 

 

 

Figure 3.9.  Repeated 
Amphetamine Exposure Does Not 
Produce Further Enhancement of 
mGluR-Dependent Facilitation of 
AP-Evoked Ca2+ Signals in Socially 
Isolated Animals. (A) Example 
traces illustrating DHPG-induced 
facilitation of IK(Ca) after 1 d or 3 d 
amphetamine (AMPH) treatment in 
group housed and socially isolated 
rats. (B) Summary graph plotting 
DHPG effect on Ik(Ca) after 
amphetamine treatment in group 
housed and socially isolated rats 
(grouped/1 d AMPH: 13 cells from 6 
rats, grouped/3 d AMPH: 14 cells 
from 5 rats, isolated/1 d AMPH: 13 
cells from 5 rats, isolated/3 d AMPH: 
14 cells from 7 rats).  Data for naïve 
animals were from those shown in 
Fig 1c (housing condition: F1,84 = 
12.5, p < 0.001, two-way ANOVA).  
*p < 0.05, **p < 0.01 versus grouped 
animals (Bonferroni post hoc test).  
Error bars indicate SEM. 
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3.5 Early life social isolation promotes the learning of drug-associated 

contextual stimuli  

Enhancement of mGluR-dependent NMDAR plasticity in the VTA may 

facilitate the learning of environmental stimuli associated with rewards, including 

addictive drugs such as amphetamine and ethanol (Ahn et al., 2010; Bernier et 

al., 2011).  Hence, we asked if early life social isolation promotes the learning of 

drug-associated cues using a CPP paradigm.  In these experiments, rats were 

group housed or socially isolated for 3 weeks from P21 (P21–42), as in the 

electrophysiology experiments.  Then, after initial preference for the two 

compartments was determined on the pretest day, rats were subjected to 1 day 

conditioning with amphetamine (5 mg/kg, i.p.).  One day later, a posttest was 

performed to determine the change in preference for the amphetamine-paired 

compartment.  Socially isolated rats displayed a significantly greater increase in 

the preference for the amphetamine-paired compartment (Fig. 3.10a), resulting in 

larger CPP magnitude (Fig. 3.10b).  Furthermore, we found that 1 day 

conditioning with ethanol (0.5 g/kg, i.p.) produced significant CPP only in socially 

isolated rats (Fig. 3.10c,d).  Three week isolation during a later adolescent period 

(P42–63) or 1 week isolation from P21 (P21–28) failed to enhance amphetamine 

or ethanol CPP with 1 d conditioning (Fig. 3.11).  The magnitude of amphetamine 

CPP increased as the conditioning period was extended (3–7 days) in both group 

housed and isolated animals (P21–42).  However, the difference between the two 
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types of animals became smaller, and group housed rats exhibited robust CPP 

comparable to isolated ones after 7 d amphetamine conditioning (Fig. 3.10e).  

Together, these results demonstrate that prolonged isolation during early 

adolescence results in an increase in the rate of learning of drug-associated 

environmental stimuli. 

We next compared the rate of extinction of amphetamine CPP between 

group housed and socially isolated animals (P21–42).  Following 7 days of 

amphetamine conditioning, during which both types of rats acquired similar CPP 

(Fig. 3.10e,f), animals were subjected to consecutive posttests (once daily for 14 

d) to repeatedly expose them to the CPP compartments without amphetamine.  

During this 14 d extinction training, socially isolated animals displayed 

significantly slower decline in amphetamine CPP compared to group housed 

controls (Fig. 3.10f).  In particular, preference for the amphetamine-paired side 

was significantly elevated for 13 d in isolated animals but only for 8 d in group 

housed controls (Fig. 3.13).  Therefore, contextual drug memory is more resistant 

to extinction in animals raised in isolated conditions. 
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Figure 3.10.  Social Isolation during Early Adolescence Enhances 
Amphetamine and Ethanol CPP. (A) Changes in the preference for the 
amphetamine-paired side after 1 d conditioning are shown for group housed and 
socially isolated rats (grouped: t12 = 2.90, p < 0.05; isolated: t12 = 5.51, p < 0.001, 
paired t test). (B) Summary graph plotting the 1 d amphetamine CPP score in 
rats group housed or isolated during P21-42 or P42-63 (grouped/P21–42: 13 
rats, isolated/P21–42: 13 rats, grouped/P42–63: 9 rats, isolated/P42–63: 9 rats; 
housing condition: F1,40 = 4.76, p < 0.05; housing period: F1,40 = 6.72, p < 0.05; 
housing condition × housing period: F1,40 = 5.88, p < 0.05, two-way ANOVA). (C) 
Changes in the preference for the ethanol-paired side after 1 d conditioning are 
shown for group housed and socially isolated rats (grouped: t9 = 0.55, p = 0.60; 
isolated: t8 = 8.20, p < 0.0001, paired t test). (D) Summary graph plotting the 1 d 
ethanol CPP score in rats group housed or isolated during P21–28 or P21–42 
(grouped/P21–28: 7 rats, isolated/P21–28: 10 rats, grouped/P21–42: 10 rats, 
isolated/P21–42: 9 rats; housing condition: F1,32 = 5.87, p < 0.05, two-way 
ANOVA).  Bars in (B) and (D) are color coded as in Figure 1C. (E) Summary 
graph plotting the amphetamine CPP score with different conditioning periods 
(grouped/1 d: 13 rats, grouped/3 d: 9 rats, grouped/7 d: 10 rats, isolated/1 d: 13 
rats, isolated/3 d: 9 rats, isolated/7 d: 8 rats; housing condition: F1,56 = 7.42, p < 
0.01, conditioning period: F2,56 = 47.1, p < 0.0001, two-way ANOVA). (F) 
Summary graph plotting amphetamine CPP score during 14 consecutive 
posttests following 7 d conditioning in group housed and socially isolated rats 
(housing condition: F1,208 = 8.77, p < 0.01; posttest day: F13,208 = 45.1, p < 
0.0001; housing condition × posttest day: F13,208 = 2.84, p < 0.001, mixed two-
way ANOVA).  *p < 0.05, **p < 0.01 versus grouped animals (Bonferroni post hoc 
test).  Error bars indicate SEM.  Experiments associated with Figure 3.10 were 
performed by Mickael Degoulet. 
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Figure 3.11.  Long-Term Isolation during a Later Adolescent Period 
(P42−63) or Short-Term Post-Weaning Isolation (P21−28) Does Not 
Enhance Amphetamine or Ethanol CPP. (A) Changes in the preference for the 
amphetamine-paired side after 1 d conditioning are shown for rats that were 
group housed or isolated during P42−63 (grouped: t8 = 2.66, p < 0.05; isolated: t8 
= 1.67, p = 0.13, paired t test). (B) Changes in the preference for the ethanol-
paired side after 1 d conditioning are shown for rats that were group housed or 
isolated during P21−28 (grouped: t6 = 0.65, p = 0.54; isolated: t9 = 1.43, p = 0.19, 
paired t test). Experiments associated with Figure 3.11 were performed by 
Mickael Degoulet. 
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Figure 3.12.  Extended Conditioning (3 d and 7 d) Induces Robust 
Amphetamine CPP in Both Group Housed and Isolated Rats. (A) Changes in 
the preference for the amphetamine-paired side after 3 d conditioning are shown 
for group housed and isolated rats (grouped: t8 = 10.0, p < 0.0001; isolated: t8 = 
9.29, p < 0.0001, paired t test). (B) Changes in the preference for the 
amphetamine-paired side after 7 d conditioning are shown for group housed and 
isolated rats (grouped: t9 = 18.1, p < 0.0001; isolated: t7 = 8.39, p < 0.0001, 
paired t-test). Experiments associated with Figure 3.12 were performed by 
Mickael Degoulet. 
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Figure 3.13.   Extinction of Amphetamine CPP Is Slower in Socially Isolated 
Rats. The preference for the amphetamine (AMPH)-paired side is plotted for the 
pretest and for 14 consecutive posttests following 7 d conditioning in group 
housed and socially isolated rats (grouped: F14,126 = 39.8, p < 0.0001; isolated: 
F14,98 = 19.4, p < 0.0001, repeated measures one-way ANOVA).  The shaded 
area represents days in which the preference for the amphetamine-paired side 
was significantly larger than the initial preference for that side in the pretest (p < 
0.05, Bonferroni post hoc test).  Error bars indicate SEM. Experiments 
associated with Figure 3.13 were performed by Mickael Degoulet.  
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3.6 Intra-VTA injection of mGluR or NMDAR antagonists blocks learning of 

drug-associated contextual stimuli  

Lastly, we tested the effects of intra-VTA injections of the mGluR1 

antagonist LY367385 and the NMDAR antagonist AP5 on amphetamine CPP in 

rats isolated for 6 weeks (P21–63; bilateral guide cannulae implanted at P56).  

Robust amphetamine CPP with 1 day conditioning was consistently observed in 

these animals when the vehicle (PBS) was injected into the VTA before the 

amphetamine conditioning session or the posttest (Fig. 3.14 and Fig 3.15).  CPP 

acquisition was suppressed by both LY367385 and AP5 when injected before the 

amphetamine conditioning session, while AP5, but not LY367385, attenuated 

CPP expression when injected before the posttest.  These results are consistent 

with the role of NMDAR LTP in this form of contextual learning.  Here, inhibition 

of LTP induction via mGluR1 blockade would suppress CPP acquisition, while 

blockade of NMDARs at the glutamatergic synapses activated by contextual 

stimuli of the CPP box would suppress both CPP acquisition, via inhibiting LTP 

induction, and expression, via blocking potentiated NMDAR-mediated excitation.  

Furthermore, AP5 may also interfere with DA neuron burst firing triggered by 

amphetamine, as it would for the bursts triggered by cocaine (Chauvet et al., 

2009; El Rawas et al., 2009), providing an additional mechanism to inhibit 

plasticity induction during amphetamine conditioning sessions. 
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Figure 3.14.  Involvement of mGluR1 and NMDAR in the VTA in the 
Acquisition and Expression of Amphetamine CPP in Socially Isolated Rats 
(P21-63). (A) Representative photomicrograph of a cresyl violet-stained section 
illustrating bilateral cannula placements.  This section was obtained from a rat 
injected with LY367385 before the amphetamine conditioning session.  The 
boxed area roughly corresponds to the areas schematized in (B). (B) Left: both 
LY367385 and AP5 blocked the acquisition of amphetamine CPP (F2,17 = 43.4, p 
< 0.0001, one-way ANOVA).  In these experiments, vehicle, LY367385, or AP5 
was injected into the VTA before the single amphetamine conditioning session 
during 1 d CPP training.  Right: AP5, but not LY367385, attenuated the 
expression of amphetamine CPP (F2,15 = 12.0, p < 0.001, one-way ANOVA).  
Vehicle, LY367385, or AP5 was injected into the VTA before the posttest 
following 1 d amphetamine CPP conditioning.  Approximate locations (mm from 
bregma) of cannula tips are depicted at the bottom.  **p < 0.01, ***p < 0.001 
versus vehicle control (Bonferroni post hoc test).  Error bars indicate SEM. 
Experiments associated with Figure 3.14 were performed by Mickael Degoulet. 
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Figure 3.15.  Effects of LY367385 and AP5 on the Acquisition and 
Expression of Amphetamine CPP in Socially Isolated Rats (P21–63). 
(A) Changes in the preference for the amphetamine-paired side are shown for 
rats that received intra-VTA injection of vehicle, LY367385, or AP5 before the 
amphetamine conditioning session during 1 d CPP training (vehicle: t5 = 10.4, p < 
0.001; LY367385: t7 = 0.13, p = 0.90; AP5: t5 = 0.82, p = 0.45, paired t test). 
(B) Changes in the preference for the side paired with intra-VTA injection of 
LY367385 or AP5 are plotted (LY367385: t5 = 1.42, p = 0.22; AP5: t6 = 2.14, p = 
0.08, paired t test).  In these experiments, both compartments of the CPP box 
were paired with i.p. injection of saline. (C) Summary bar graph plotting the CPP 
scores for intra-VTA LY367385 and intra-VTA AP5.  Inset: approximate locations 
(mm from bregma) of cannula tips for the experiments in (B) and (C). (D) 
Changes in the preference for the amphetamine-paired side are shown for rats 
that received intra-VTA injection of vehicle, LY367385, or AP5 before the posttest 
following 1 d CPP training (vehicle: t4 = 23.4, p < 0.0001; LY367385: t5 = 9.43, p 
< 0.001; AP5: t6 = 1.09, p = 0.32, paired t-test). Experiments associated with 
Figure 3.15 were performed by Mickael Degoulet.  
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Chapter 4: Discussion 

 

The cells and circuits of the brain are shaped by experience during critical 

developmental periods.  This is best illustrated by the critical period plasticity in 

the primary sensory cortex, in which sensory deprivation during early postnatal 

development produces deficiencies in cortical structure and function (Berridge 

and Robinson, 1998; Fiorillo et al., 2003; Parkinson et al., 2002).  The present 

study demonstrates that social deprivation during early adolescence in rats 

enhances synaptic plasticity of NMDAR-mediated glutamatergic transmission in 

the VTA, a subcortical area critically involved in reward-based learning and the 

development of addictive behaviors.  This enhancement of synaptic plasticity, or 

metaplasticity, occurs via increased mGluR/IP3-mediated Ca2+ signaling that 

drives NMDAR plasticity induction.   Socially isolated animals display an increase 

in the rate of learning of drug-associated contextual stimuli that may result from 

alterations in mGluR/IP3-mediated Ca2+ signaling and NMDAR plasticity.  

Furthermore, once acquired, drug-associated memory is more resistant to 

extinction in isolated animals.  Therefore, changes in this form of Ca2+ signaling 

and synaptic plasticity may represent a mechanism through which addiction 

vulnerability is regulated during a critical period in adolescence.   
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4.1 Adolescence as a critical period of social isolation 

Adolescence is a stage of life during which heightened risk-taking, 

impulsivity, and social behavior coincide with the final stages of cortical, 

subcortical, monoaminergic and hormonal development (Andersen, 2003). The 

convergence of these neural, behavioral, and environmental factors make 

adolescents more likely to experiment with drugs and alcohol, and this 

experimentation is more likely to result in addiction (Andersen, 2003; Chambers 

et al., 2003; Crews et al., 2007).  Rodents experience a similar adolescent 

period, generally ranging from P28-42, during which similar developmental and 

social factors come into play (Spear, 2004). Adverse early life experiences such 

as abuse and neglect produce lasting and irreversible damage.  Such negative 

environmental factors exacerbate addiction risk during an already vulnerable 

period.  Here we have used social isolation of rats to model these adverse 

experiences.  In our study, only animals isolated for an extended period (≥ 3 

weeks) during early adolescence (P21–42), but not during a later period (P42–

63), display an increase in mGluR/IP3-dependent facilitation of AP-evoked Ca2+ 

signals, which cannot be reversed by resocialization for ≥ 3 weeks.  Thus, our 

data reveal a critical period in adolescence during which social isolation 

persistently affects this type of Ca2+ signaling.  A similar critical period during 

which social isolation in rodents produces profound and irreversible changes has 
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been identified previously (Einon and Morgan, 1977; Fone and Porkess, 2008; 

Lukkes et al., 2009d).  In these studies, long-term post-weaning isolation 

(“isolation rearing”) produces a number of behavioral abnormalities, such as 

heightened aggression and anxiety, which usually cannot be reversed by 

resocialization.  In contrast, isolation starting at mid- to late adolescence or 

adulthood (“isolation housing”) exerts milder and frequently reversible effects 

(Cilia et al., 2001; Wolffgramm, 1990; Wright et al., 1991) [but see (Wallace et al., 

2009)].  Thus, enhanced mGluR facilitation of Ca2+ signaling and NMDAR 

metaplasticity represent a mechanism through which addiction vulnerability may 

be altered that is specific to a critical period in adolescence. 

 

4.2 Mechanistic convergence of amphetamine exposure and social 

isolation  

Interestingly, amphetamine exposure is capable of enhancing mGluR-

induced Ca2+ signaling even at P42, an age where social isolation has no effect.  

Furthermore, increased mGluR-dependent Ca2+ signaling following repeated 

ethanol exposure during early adolescence can be reversed after a month of 

abstinence (Bernier et al., 2011), as opposed to the persistence of the social 

isolation effect after resocialization.  These observations suggest that social 

isolation and drug exposure engage different mechanisms to achieve a common 

neuronal adaptation, as described above.  Emerging evidence implicates 
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epigenetic modifications of the genome in experience-dependent plasticity of 

developing brain that persists into adulthood, such as neocortical plasticity 

resulting from sensory deprivation during a postnatal critical period (Brown et al., 

2003).  It is not known if similar mechanisms are involved in the persistent effects 

of social deprivation during early adolescence observed in the current and 

previous studies (Einon and Morgan, 1977; Fone and Porkess, 2008; Lukkes et 

al., 2009d).  A possible molecular mechanism of convergence between drug 

experience and adverse environmental experience is the transcription factor 

cAMP response element binding (CREB). Both social isolation and acute/chronic 

drug exposure alter the activity of CREB. Following social isolation, there is a 

decrease in CREB activity in the accumbens shell that leads to increased anxiety 

behavior (Wallace et al., 2009).  Acute and chronic administration of drugs of 

abuse may activate CREB, or in some case inhibit CREB activity (Hyman et al., 

2006; Nestler, 2005a).  

 

4.3 Possible involvement of PKA in isolation-mediated effects on 

mGluR/IP3-mediated Ca2+ signaling 

Our data indicate that IP3 sensitivity is increased in socially isolated rats.  

Animals repeatedly exposed to amphetamine or ethanol also display similar 

increases in IP3 sensitivity, which is reversed by inhibition of PKA activity in brain 

slices prepared from these animals (Ahn et al., 2010; Bernier et al., 2011).  This 
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is consistent with PKA-mediated phosphorylation of IP3 receptors increasing their 

affinity for IP3 (Bock et al., 2008), although there are other potential mechanisms 

by which PKA can enhance IP3-induced Ca2+ signaling (Ferdman et al., 2007).  

We found that previous social isolation occludes the effect of repeated 

amphetamine exposure in increasing DHPG-induced facilitation of IK(Ca), 

suggesting the involvement of a common neuroadaptation.  This occlusion is not 

due to saturation at the level of IP3 signaling, as IP3 sensitivity can be further 

elevated in socially isolated animals by acute stimulation of PKA activity with 

CRF, which activates adenylyl cyclase via CRF2 receptors, as has been reported 

in animals repeatedly treated with ethanol (Bernier et al., 2011).  It is well 

established that chronic exposure to addictive drugs leads to increased 

expression levels of adenylyl cyclase and/or PKA proteins (Beninger and Hahn, 

1983; Chauvet et al., 2012).  Therefore, it is possible that long-term social 

isolation may also upregulate these proteins, causing an increase in basal IP3 

sensitivity.  

 

4.4 Elevation in IP3 is necessary for NMDAR LTP induction 

Socially isolated animals display enhanced NMDAR LTP in DA neurons of 

the VTA compared to group housed controls.  In previous studies, NMDAR LTP 

has been induced by pairing sustained glutamatergic input stimulation with 

postsynaptic burst firing (Ahn et al., 2010; Bernier et al., 2011; Harnett et al., 
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2009).  LTP induced in this manner depends on the timing of the burst relative to 

the onset of presynaptic stimulation, and is maximal with a delay of 1.2 seconds. 

We hypothesized that this timing requirement may be due to a need for mGluR 

activation to cause sufficient elevation in cytosolic IP3 levels to facilitate burst-

evoked Ca2+ signals. To test this, we replaced glutamatergic input stimulation 

preceding the burst with photolytic application of a defined concentration of IP3 

directly into recorded neurons.  Thus, our results clearly demonstrate that 

increased IP3 sensitivity, not increased mGluR-dependent production of IP3, 

drives enhanced LTP induction.  

 

4.5 Increased mGluR/IP3-mediated Ca2+ signaling and NMDAR plasticity are 

likely mechanisms underlying increased reward learning in isolated 

animals 

NMDARs on dopamine neurons are critical for the development of drug and 

food CPP (Zweifel et al., 2009) [but also see (Thiriet et al., 2011)].  We found that 

amphetamine and ethanol CPP after a single conditioning session are greatly 

enhanced in rats isolated during early adolescence (P21–42).  In line with our 

findings on mGluR/IP3-dependent Ca2+ signaling in the VTA, enhancement of 

CPP is not observed if the isolation period is short (P21–28) or delayed (P42–

63), indicating that both cellular and behavioral changes are a consequence of 

long-term isolation during an adolescent critical period.  The intra-VTA 
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microinjection experiments support the idea that increased mGluR-dependent 

NMDAR LTP drives the enhancement of amphetamine CPP in isolated animals, 

although mGluR1 and NMDAR antagonists may affect other processes in the 

VTA as well (Kempermann et al., 2000; Luscher and Malenka, 2011). 

 

4.6 Isolation rearing and reward learning 

A number of studies have examined the effects of isolation rearing on 

operant learning in the form of psychostimulant self-administration (Howes et al 

2004, Bardo et al 2001, Phillips et al 1994, Schenk et 1987). For the most part, 

these studies indicate that the acquisition of psychostimulant self-administration 

is enhanced following isolation rearing (Bardo et al 2001, Howes et al 2004, 

Stairs et al 2011, but see Schenk et al 1987).  The effect on the maintenance of 

self-administration is less clear. Studies of isolation rearing and psychostimulant 

CPP have yielded mixed results: some report enhanced psychostimulant CPP 

following isolation rearing (Gehrke et al., 2006; Meyer et al., 2002; Zakharova et 

al., 2009), but others have shown no effect, or in some cases a reduction in CPP 

(Bowling and Bardo, 1994; Ribeiro Do Couto et al., 2009; Schenk et al., 1986; 

Wongwitdecha and Marsden, 1995). However, most of the isolation studies 

demonstrating negative results or a reduction in CPP have used a minimum of 

four conditioning trials. Given that the self-administration data reveal an effect of 

isolation on the speed of acquisition, with mixed effects on maintenance, it is 
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possible that using multiple conditioning trials may mask between-group 

differences. Indeed, an isolation-induced enhancement of CPP was only 

observed in our study following a single conditioning trial.  However, group 

housed rats acquire robust amphetamine CPP comparable to isolated animals 

after extended conditioning (3–7 d).  It is likely that enhancement of mGluR/IP3-

dependent NMDAR plasticity with repeated daily amphetamine exposure allows 

group housed animals to approach the performance level of isolated animals 

faster during extended conditioning.  Therefore, long-term social isolation 

increases the initial rate of learning of drug-associated contextual stimuli without 

affecting the maximal level of learning.  This may, at least partially, account for 

the discrepancies in previous studies investigating the impact of post-weaning 

social isolation on drug CPP (Bowling and Bardo, 1994; Schenk et al., 1986; 

Zakharova et al., 2009).  Post-weaning isolation has been shown to result in a 

similar increase in the rate of acquisition of conditioned approach to sucrose-

associated cues without affecting the asymptotic level of performance (Harmer 

and Phillips, 1998), raising the possibility that isolation-induced enhancement of 

NMDAR plasticity may facilitate appetitive Pavlovian conditioning in general.  

 

4.7 Isolation rearing and synaptic plasticity 

Enhanced NMDAR plasticity in the VTA stands in contrast to dampened 

glutamatergic synaptic plasticity after post-weaning social isolation observed in 
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other brain areas, such as the hippocampus and prefrontal cortex (Lu et al., 

2003a; Quan et al., 2010).  These studies have further shown impairments in 

learning and memory tasks that are dependent on these brain areas, such as 

spatial learning and reversal learning, as opposed to enhanced drug-induced 

contextual learning found in the present study.  Enhancement of synaptic 

plasticity of NMDARs may be viewed as “homeostatic metaplasticity” in which 

dopamine neurons increase their capacity to undergo activity-dependent synaptic 

strengthening to compensate for the paucity of synaptic drive and lack of 

opportunities for activity-dependent plasticity, as would occur when animals are 

placed in an impoverished environment deprived of social stimuli.  It remains to 

be determined how social isolation affects other forms of synaptic plasticity in the 

mesolimbic system that have been implicated in the development of addiction 

(Chauvet et al., 2011; El Rawas et al., 2011; Luscher and Malenka, 2011; Nader 

et al., 2012). 

 

4.8 Social isolation increases the persistence of drug-associated memory 

Enduring memories of drug-associated stimuli, which persist even when the 

drug becomes unavailable during abstinence or extinction, play a pivotal role in 

drug addiction (Beninger and Hahn, 1983).  Extinction involves both unlearning of 

previous conditioning and new inhibitory learning to suppress the expression of 

conditioned responses (Koob and Le Moal, 2001; Laviola et al., 2008).  Socially 
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isolated rats exhibit a slower rate of extinction of amphetamine CPP compared to 

group housed controls, even if the magnitude of CPP is comparable after the 

same 7 d conditioning.  This is consistent with general resistance to extinction 

observed with different memory tasks in isolation reared animals, which is 

thought to reflect impairments in the new learning processes during extinction 

training (Bezard et al., 2003; Fone and Porkess, 2008).  However, our results 

suggest that robust potentiation of NMDAR-mediated transmission developed 

during conditioning might make it more resistant to depotentiation (i.e., 

unlearning).  Therefore, enhanced NMDAR plasticity in the VTA resulting from 

early life social isolation may increase addiction vulnerability, not only at the time 

of isolation but also in the future, by promoting the acquisition of drug-associated 

memories and their endurance. 

 

4.9 Isolation rearing as a model of schizophrenia 

Prolonged social isolation during adolescence has been used to model 

psychiatric disorders such as depression and schizophrenia (Brenes and 

Fornaguera, 2008; Cilia et al., 2001; Marsden et al., 2011; Shao et al., 2009).  

Interestingly, some impairments induced by isolation rearing are shared by 

patients with schizophrenia. Isolation rearing produces deficits in sensorimotor 

gating, pre-pulse inhibition of the startle reflex, novel object recognition, and 

latent inhibition, all of which are compromised in individuals diagnosed with 
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schizophrenia (Geyer et al., 1993; Shao et al., 2009; Stevens et al., 1997; 

Watson et al., 2011).  In addition, alterations in the dopaminergic and 

serotonergic systems following social isolation parallel those seen in individuals 

with schizophrenia.  For example, reduced glutamatergic function in 5-HT 

neurons may be involved in the isolation-induced deficit in novel object 

discrimination, a task that is difficult for schizophrenia patients (Marsden et al., 

2011). The dopaminergic system of the schizophrenia patient is characterized by 

hyperfunction of subcortical structures, and hypofunction of frontal cortex.  A 

similar profile arises in isolation-reared animals, with low basal DA levels in PFC 

and enhanced drug-induced DA release in midbrain and accumbens (Fabricius et 

al., 2011). Treatment of isolated animals with antipsychotic drugs has also been 

shown to reverse some of the effects of isolation (Bakshi et al., 1998). Clozapine 

may reverse some isolation-induced learning impairments, and olanzapine 

restores pre-pulse inhibition of acoustic startle in isolated rats (Bakshi et al., 

1998; Li et al., 2007). Since co-morbid substance use disorders are common in 

schizophrenia patients, and isolation-rearing models many aspects of the 

disorder, it is possible that augmented mGluR/IP3-mediated Ca2+ signaling and 

NMDAR plasticity may contribute to the increased susceptibility of schizophrenia 

patients to substance abuse.  
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4.10 Future Directions 

 It is impossible to draw general conclusions about general effects of 

isolation rearing without rigorous study of females in addition to males.  There are 

far fewer studies of the effects of social isolation in females, and there is no 

consensus in the existing literature on precisely how social isolation differentially 

effects females (Advani et al., 2007; Bardo et al., 2001; Douglas et al., 2004; 

Ferdman et al., 2007). Thus, the effects of isolation rearing on Ca2+ signaling and 

plasticity as well as drug-induced contextual learning should be examined in VTA 

DA neurons of female rats.  

Our recordings were performed exclusively in cells of the lateral VTA, 

which project primarily to the nucleus accumbens shell (Ford et al., 2006; 

Ikemoto, 2007). This projection is widely implicated in reward learning and 

addiction (Hyman et al., 2006; Schultz, 1998; Wise, 2004), but having limited our 

sample in such a manner prevents us from drawing conclusions about the effect 

of our manipulation on the entire population of VTA DA neurons. The cells of the 

medial VTA project to many other areas such as accumbens core, medial shell, 

frontal cortex, and basolateral amygdala (Ford et al., 2006; Ikemoto, 2007; 

Lammel et al., 2008; Margolis et al., 2008). The question thus remains as to 

whether Ca2+ signaling and plasticity in VTA DA neurons are altered 

homogeneously throughout the VTA, or if there are divergent effects depending 

on the region to which the neurons project.  



  110 

Environmental enrichment confers protection against addiction 

vulnerability in some animal models and has even been shown to reduce cue-

induced reinstatement, an animal model of relapse (Chauvet et al., 2009; El 

Rawas et al., 2009; Solinas et al., 2008; Solinas et al., 2010).  Given that 

environmental enrichment produces the opposite effect of social isolation in 

terms of addiction vulnerability, it is tempting to hypothesize that environmental 

enrichment may exert opposite effects to social isolation on Ca2+ signaling and 

plasticity in DA neurons.  Thus, testing Ca2+ signaling and plasticity following a 

period of environmental enrichment may enlighten us as to the cellular 

mechanisms through which environmental enrichment and social isolation 

produce opposing changes in addiction vulnerability.   

An important question is whether or not these effects on Ca2+ signaling 

and plasticity are reversible.  Resocialization with previously isolated animals for 

a period of 3-4 weeks did not reverse these effects, but it is possible that a more 

prolonged period of resocialization, or perhaps a period of environmental 

enrichment, could reverse these effects.  Discovering a way to reverse these 

cellular alterations has implications for a way to reduce the risk of addiction in 

adolescents who have undergone adverse early life experiences. Furthermore, 

isolation during adolescence has been used as a non-pharmacological model of 

schizophrenia (Fabricius et al., 2011; Fone and Porkess, 2008; Geyer et al., 

1993; Marsden et al., 2011). Patients with schizophrenia have a much higher rate 
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of substance abuse than the general population (Hambrecht and Hafner, 1996).  

Since changes in Ca2+ signaling and plasticity may represent a mechanism 

leading to higher addiction liability in schizophrenia, it is possible that 

manipulations reversing these cellular effects could lessen addiction risk in these 

patients.  

We have determined that the magnitude of NMDAR plasticity may be 

modulated by alterations in IP3 sensitivity following social isolation, and there is 

indirect evidence that this change in sensitivity may be PKA dependent.  

However, direct verification of this involvement would provide a better 

understanding of the mechanisms through which social isolation alters addiction 

vulnerability.  If the involvement of PKA is proven, then the next step would be to 

determine the source of the increase in PKA activity caused by social isolation 

during adolescence. Additionally, many details of the timing requirements and the 

induction of NMDAR plasticity have been elucidated, but the expression 

mechanism of this plasticity has yet to be determined.  

While the measurement of SK-mediated outward currents in VTA DA 

neurons provides an indirect assessment of relative calcium levels in the cell, it 

may be sensitive to alterations in calcium sensitivity of SK channels, or to 

changes in the number of SK channels present in the cell.  Thus, it would be 

advantageous to measure intracellular Ca2+ levels using a genetically encoded 

Ca2+ sensor, introduced through viral transduction to the VTA.  This would ensure 
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that the recorded cells are DA neurons without relying on electrophysiological 

criteria that have been called into question (Margolis et al., 2010).  This would 

also avoid the potential confound of relying on consistent levels and functioning 

of SK channels and would provide a better idea of the spatiotemporal profile of 

the Ca2+ signal.   

We have evidence using direct release of IP3 into the cell to suggest that 

IP3 sensitivity is enhanced following isolation.  A likely mechanism is through 

phosphorylation of the IP3R; however, this has yet to be proven definitively.  If 

genetic deletion of known PKA phosphorylation sites on the IP3R impairs both 

mGluR/IP3-mediated Ca2+ signaling and NMDAR LTP, and slows the rate of 

learning of drug-associated contexts, this would lend great support to our 

hypothesis.  

The advent of optogenetics has opened a new and unforeseen range of 

possibilities in the past few years.  Now, it is possible to selectively stimulate 

particular sets of inputs by expression channelrhodopsin only in those cells and 

activating them with light (Boyden et al., 2005; Zhang et al., 2006).  This 

technique could be used to determine which inputs contribute to plasticity of 

NMDARs, if not all.  Furthermore, it is possible to express fluorescent tags along 

with channelrhodopsin specifically in VTA DA neurons such that they are readily 

identifiable in the slice and may be stimulated with light as well.  It may then be 

possible to use an induction protocol consisting of light activation of specific sets 
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of inputs paired with light activation of dopamine neurons so that 1) GABA 

antagonists would not have to be used to prevent activation of inhibitory inputs 2) 

There would be a much greater degree of certainty as to which neurons are 

being recorded from 3) The source of glutamatergic input would be known.    

Lastly, our data using intracranial injection of antagonists strongly 

suggests the involvement of mGluR/IP3-mediated Ca2+ signaling and NMDAR 

plasticity in Pavlovian learning.  However, NMDA receptors are present on non-

dopaminergic neurons as well, and may be exerting disparate effects.  Injection 

of a virus that will cause mGluRs or NMDARs to be non-functional specifically in 

VTA DA neurons will provide greater evidence as to the involvement of this 

pathway and this type of plasticity.   
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Chapter 5: Conclusion 

 

The data presented in this dissertation reveal a neurobiological 

mechanism through which environmental experience may modulate addiction 

vulnerability during a critical period in adolescence.  Using prolonged social 

isolation during adolescence as a model of adverse early life experience, we 

investigated alterations in Ca2+ signaling and plasticity in DA neurons of the VTA. 

Changes in cellular functioning are only observed when 1) isolation is initiated 

very early in adolescence and 2) isolation continues for a prolonged period ( > 3 

weeks). Following this critical period of isolation, mGluR/IP3-mediated Ca2+ 

signaling and NMDAR plasticity, as well as drug-associated contextual learning, 

are enhanced. Interestingly, prolonged social isolation occludes the effect of 

repeated amphetamine exposure on Ca2+ signaling and plasticity, suggesting a 

shared mechanism of action between repeated amphetamine experience and 

isolation.  

NMDARs are critical for burst firing in response to unexpected rewards 

and reward-related cues in DA neurons, thus alterations in their function may 

profoundly alter this type of learning.  In line with this, our behavioral data 

obtained using the conditioned place preference paradigm indicate an increase in 

the rate of Pavlovian learning of drug-associated cues in isolated animals.  Data 

using intra-VTA injection of NMDAR and mGluR antagonists during acquisition or 
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expression of CPP lend support to the idea that this form of mGluR-mediated 

Ca2+ signaling and NMDAR plasticity may represent the cellular substrate of 

associative reward learning that is an integral part of addiction.  These alterations 

appear to be irreversible, as resocialization does not reset Ca2+ signaling in these 

animals. I conclude, therefore, that adverse early life experience may irreversibly 

enhance addiction risk via changes in mGluR/IP3-mediated Ca2+ signaling and 

NMDAR plasticity in DA neurons of the VTA.  
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