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Cigarette smoking is often associated with anxiety disorders. Evidence has 

accumulated to indicate that smokers may be at a greater risk for the development of an 

anxiety disorder.  A neural basis has not been established for the transition between 

smoking and anxiety-related behavior.  To address this question, rats at postnatal day (P) 

32 (adolescent) and P61 (adult) were administered subcutaneous injections of nicotine 

(0.5 mg/kg; free base) or saline control three times per week (Mon., Wed., Fri.) for two 

weeks (6 total injections).  Seventeen days following nicotine cessation, rats were tested 

for fear conditioning and fear extinction.  Rats dosed with nicotine during adolescence 

exhibited no alterations in later fear conditioning and fear extinction.  In contrast, adult 

nicotine exposure enhanced conditioned fear retrieval, but had no lasting effect on fear 

extinction.  Twenty-four hours following behavioral testing, brains were extracted for 



 

Golgi-cox staining and dendrites of principal neurons from the basolateral amygdala 

complex (BLA) and pyramidal neurons from the infralimbic cortex (IL) were digitally 

reconstructed for morphometric analysis.  In the adult group, enhanced fear retrieval was 

accompanied by increased complexity of basilar dendrites in the BLA.  In the adolescent 

group, nicotine was found to reduce apical dendritic arbors.  Dendritic remodeling was 

lateralized in the BLA for both age groups. Dendrites were unaffected by nicotine in the 

IL, indicating region-specific dendritic alteration in response to nicotine.  Together, these 

data implicate dendritic reorganization in the amygdala as a factor in development of 

anxiety-related behavior following cessation from chronic nicotine exposure. 
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CHAPTER 1: INTRODUCTION 

 

 

Nicotine is one of the most heavily used addictive drugs, with approximately 

29.6% of the U.S. population (age 12 and older) current cigarette smokers (SAMHSA, 

2008).  The health risks and high abuse liability of smoking cigarettes are well known 

(NIDA, 2006).  Less well understood is the link between nicotine and psychological 

health. According to the National Survey on Drug Use and Health (NSDUH), persons 

with nicotine dependence were twice as likely to experience serious psychological 

distress in the past year compared with those not dependent on nicotine (SAMHSA, 

2008).  Recent research has indicated that this association is due, at least in part, to the 

contribution of smoking to the development of anxiety disorders (Johnson et al., 2000).  

An increased risk of an anxiety disorder as a consequence of smoking represents 

an important public health concern due to potential health risks associated with anxiety 

(Kubzansky, Kawachi, Weiss, & Sparrow, 1998).  In addition, the development of 

anxiety-related or depressive disorders from smoking may contribute to its abuse 

potential (Picciotto, Brunzell, & Caldarone, 2002).  Experimental approaches using 

animal models have contributed greatly to our understanding of the neurobehavioral 

consequences of chronic drug use and are ideal for examining causal neurobehavioral 

changes associated with the transition from chronic nicotine exposure to elevated risk of 
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anxiety-like behavior.  In particular, rodents have been used extensively to study the 

neurobehavioral aspects of Pavlovian fear conditioning (LeDoux, 2000).  Fear 

conditioning has been shown to be an important neurobehavioral model for the study of 

anxiety in humans (Milad, Rauch, Pitman, & Quirk, 2006).    

Two key pieces of preclinical evidence have supported a role for nicotine in the 

development of anxiety-related behavior.  In our laboratory it was shown that nicotine 

infusion followed by an extended abstinent period produced an enhancement of both 

acquisition of fear conditioning and cued recall when nicotine was dosed during 

adolescence (L. N. Smith et al., 2006).  These data were followed up by work showing 

that cued fear extinction, but not the acquisition of fear conditioning, was impaired 

following long-term discontinuation from repeated nicotine injections in adults (Tian et 

al., 2008).  Together, these preclinical data support evidence in humans suggesting that 

chronic nicotine has the potential to produce long-lasting alteration of anxiety-related 

behavior.  Although a causal relationship between prior smoking and anxiety disorders 

has begun to be established, little work has identified a neural basis for this relationship. 

The basolateral amygdala complex (BLA) and infralimbic region (IL) of the 

medial prefrontal cortex (mPFC) are key brain structures mediating behavioral states of 

fear and anxiety (Quirk & Mueller, 2008).  Anxiety-related behavior has been associated 

with structural alterations of dendrites in the amygdala and mPFC in response to stress 

(Izquierdo, Wellman, & Holmes, 2006; Vyas, Jadhav, & Chattarji, 2006; Vyas, Mitra, 

Shankaranarayana Rao, & Chattarji, 2002; Vyas, Pillai, & Chattarji, 2004; C. L. Wellman 

et al., 2007).  Alterations in the complexity of dendrites has important consequences for 
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neuron physiology, connectivity and information-processing (Hernandez-Echeagaray, 

Starling, Cepeda, & Levine, 2004; Krichmar, Velasquez, & Ascoli, 2006; Liu & 

Aghajanian, 2008).  No work has directly characterized the dendritic morphology of 

neurons in the BLA and IL in response to chronic nicotine exposure. 

This experiment was designed to investigate the dendritic morphology of neurons 

in the BLA and IL following protracted abstinence from chronic nicotine exposure.  

Considering the major role for the BLA and IL in mediating fear conditioning and 

extinction, dendritic remodeling in response to nicotine would likely impact fear 

conditioning and extinction behavior.  Therefore, fear conditioning and extinction 

behavior were assessed in rats after protracted abstinence from chronic nicotine 

administration.  In the same animals, Golgi-Cox stained neurons from the BLA and IL 

were digitally reconstructed for morphological analysis in order to establish a functional 

relationship between morphological alteration of dendrites and fear conditioning or 

extinction behavior.   

  A second, related question is whether nicotine produces comparable impact on 

the adolescent brain.  Smoking most often begins in adolescence (Nelson et al., 2008)  

and a growing body of evidence indicates that the neurobehavioral impact of adolescent 

nicotine exposure differs from adults (Adriani et al., 2004). Therefore, a second aim of 

the present experiments was to evaluate a comparison adolescent group for 

morphological and behavioral changes following chronic nicotine exposure. 

A diverse body of evidence has accumulated for hemispheric specialization of 

emotional processing in humans (Adolphs, Damasio, Tranel, & Damasio, 1996; Ahern & 



4 

Schwartz, 1985; Bowers, Blonder, Feinberg, & Heilman, 1991; Mandal, Tandon, & 

Asthana, 1991).  There is a small but growing literature suggesting that the rodent 

amygdala and infralimbic cortex exhibit lateralized functioning in respect to fear 

conditioning and anxiety-related behavior (Baker & Kim, 2004; Sullivan & Gratton, 

1999).  No work has assessed hemispheric differences in dendritic morphology of the 

amygdala.  Furthermore, no work has examined whether nicotine produces lateralized 

dendritic restructuring in either the BLA or IL.  Therefore, the third aim of the present 

experiments was to include hemisphere as a factor in order to assess hemispheric 

differences in dendritic morphology of the BLA and IL in response to nicotine. 

BACKGROUND AND SIGNIFICANCE 

An association between smoking and anxiety-related behavior.  Clinical and 

epidemiological studies suggest that there is a bidirectional relationship between cigarette 

smoking and certain anxiety disorders.  Some studies suggest that anxious individuals are 

more likely to smoke cigarettes (Sonntag, Wittchen, Hofler, Kessler, & Stein, 2000)  for 

reasons such as self-medication or social factors such as reducing peer pressure (Sonntag 

et al., 2000).  Conversely, other clinical studies suggest that smoking increases the risk of 

anxiety disorders (Breslau & Klein, 1999; Breslau, Novak, & Kessler, 2004; Isensee, 

Wittchen, Stein, Hofler, & Lieb, 2003; Johnson et al., 2000; Morissette, Tull, Gulliver, 

Kamholz, & Zimering, 2007; West & Hajek, 1997).    

Indeed, studies in humans have suggested that smoking might be a causal factor in 

anxiety-related disorders.  While nicotine withdrawal-related increases in anxiety have 

been well-established (Grunberg, 2007), some data has indicated persisting increases in 
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anxiety-related effects well after cessation from nicotine.  Epidemiological reports in 

young adults found that smoking predicted the initiation of panic disorders (Breslau & 

Klein, 1999). This finding was replicated in a longitudinal design, showing that smoking 

in adolescence was associated with higher risk for agoraphobia, generalized anxiety 

disorder and panic disorder (Johnson et al., 2000).  Finally, in a prospective analysis, 

there was an increases risk for new onset of panic attacks with prior regular smoking 

(Isensee et al., 2003).   These data in humans establish the ability of nicotine to influence 

anxiety-related behavior.  Importantly, these data confirm the potential for nicotine to 

induce long-lasting influence on anxiety-related behavior. 

Animal models of nicotine consumption have confirmed the influence of nicotine 

on elevations in anxiety-related behavior following withdrawal.   Chronic nicotine 

administration has been shown to produce an increase in anxiogenic behavior in the light-

dark box 96 hours following withdrawal  (Costall, Kelly, Naylor, & Onaivi, 1989).  

These data were confirmed in the elevated plus maze 24 hours following withdrawal 

(Bhattacharya, Chakrabarti, Sandler, & Glover, 1995).  In a social interaction test, rats 

treated with nicotine for 14 days showed an anxiogenic response 72 hours following 

nicotine administration (Irvine, Cheeta, & File, 1999).  These studies indicate that 

nicotine has the potential to produce increases in anxiety-related behavior well after 

withdrawal symptomology has subsided.  Few studies have evaluated whether increased 

anxiogenic behavior persist at later timepoints. 

Fear conditioning.  Classical or Pavlovian fear conditioning is a phylogenetically early 

example of associative learning and is a prototypical model of nondeclarative (implicit) 
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memory.  Fear conditioning involves learning that a particular sensory stimulus predicts 

an aversive event.  It is the fundamental mechanism for learning to fear places, objects 

and animals.  Fear conditioning is a robust behavioral phenomenon that has been 

demonstrated across a number of species including simple invertebrates (Aplysia) (Jami, 

Wright, & Glanzman, 2007), rodents (Pare, Quirk, & Ledoux, 2004), primates (Rosen, 

2006) and humans (Hawkins, Abrams, Carew, & Kandel, 1983; LaBar, Gatenby, Gore, 

LeDoux, & Phelps, 1998).  The ease with which the fear response is learned, the 

reliability of the behavioral response and the long duration of the memory makes fear 

conditioning one of the oldest and most extensively used paradigms.   

One of the earliest and best known examples of fear conditioning is the famous 

little Albert experiment (Watson & Rayner, 2000).  Little Albert was an 11-month old 

infant that exhibited curiosity (no fear) when presented with a white rat.  When Albert 

touched the rat, the experimenters banged a steel bar with a hammer which caused Albert 

to cry.  Afterwards, Albert would cry and retract his hand when the rat was near his hand.  

In this case, Albert learned to fear a neutral stimulus (the rat) when it was paired with an 

aversive stimuli (loud banging).   

Modern fear conditioning involves presenting an otherwise emotionally neutral 

conditioning stimulus (CS) such as an auditory tone or light in conjunction with an 

aversive unconditioned stimulus (US) such as a footshock.  Upon one or several CS-US 

pairings, the CS comes to elicit a conditioned response (CR) that would typically occur in 

the presence of danger or threat.  Conditioned responses include defensive behaviors 

(freezing or escape responses), autonomic nervous system responses (elevated blood 
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pressure and heart rate) and neuroendocrine responses (hormone release from pituitary 

and adrenal gland).  The responses are neither learned nor voluntary.  Rather, they are 

innate, autonomic response to threat that are expressed in the presence of appropriate 

sensory stimuli.  Therefore, fear learning is evidenced by the automatic activation of an 

innate fear response to a new or learned threat (CS).   

The role of the amygdala in fear conditioning.  The amygdala has long been known as 

critical to the acquisition and expression of Pavlovian fear conditioning.  Kluver and 

Bucy (1939) were the first to relate lesions of the anterior temporal lobe in monkeys with 

extreme tameness and lack of fear.  Since those initial studies, many more studies have 

confirmed a major role for the amygdala in fear learning.  (LeDoux, 2000; Sah, Faber, 

Lopez De Armentia, & Power, 2003).   

The rat amygdala consists of approximately 12-13 defined regions (Pitkanen, 

Savander, & LeDoux, 1997; Sah et al., 2003).   Sensory (CS) and nociceptive (US) inputs 

directly from the thalamus or via the cortex converge mainly in the basolateral complex 

of the amygdala (BLA). The BLA consists of the lateral, basal and accessory basal nuclei 

(LeDoux, 2000).  It is generally understood that contextual information converges in the 

BLA via the hippocampus (Rudy, Huff, & Matus-Amat, 2004).  The BLA projects to the 

central nucleus of the amygdala (CeA). The CeA controls behavioral, autonomic and 

endocrine response to threat and danger through extensive projections to numerous 

midbrain and brain stem regions.   

Three principal sets of observations support the critical role of the BLA in fear 

conditioning.  The lateral amygdala (LA) of the BLA complex has received much 



8 

attention in particular as the initial site of neural plasticity underlying fear learning.  First, 

lesions or temporary inactivation of the LA during fear learning consistently blocks the 

acquisition of conditioned fear responses (Amorapanth, LeDoux, & Nader, 2000; 

Goosens & Maren, 2001; LeDoux, Cicchetti, Xagoraris, & Romanski, 1990; Wallace & 

Rosen, 2001).  These data implicate the LA in plasticity underlying long-term storage of 

fear memories.  Second, electrophysiological studies have corroborated lesion evidence 

demonstrating that LA neurons show long-term potentiation (LTP) upon stimulation of 

thalamic inputs (McKernan & Shinnick-Gallagher, 1997; Quirk, Armony, & LeDoux, 

1997; Quirk, Repa, & LeDoux, 1995; Repa et al., 2001; Rogan, Staubli, & LeDoux, 

1997).  A large body of evidence has established that LTP at excitatory synapses is the 

most likely mechanism underlying learning and memory (Sah, Westbrook, & Luthi, 

2008).  

Third, modulating molecular-signaling mechanisms in LA alters long-term 

memory for fear conditioning.  Interference with N-methyl-D-aspartate receptor 

(NMDAR) signaling (Fanselow, Kim, Yipp, & De Oca, 1994; Walker, Ressler, Lu, & 

Davis, 2002) and protein synthesis (Lamprecht, Farb, & LeDoux, 2002) inhibits long-

term memory of conditioned fear.  Together, these data converge to make a convincing 

case for the critical role of the BLA in fear conditioning.    

The basal nucleus of the amygdala also likely plays a role in fear conditioning.  

The basal nucleus receives projections from the LA (Sah et al., 2003) and larger lesions 

of the BLA disrupted conditioned freezing and the long-term retention of the fear 

memory (Rosen, 2004).  Lesions of the LA only blocked the long-term freezing response, 
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suggesting that the basal nucleus plays a role both in freezing during conditioning and in 

the long-term fear conditioned response.  In addition, the basal nucleus receive dense 

projections from the ventral hippocampus (CA1 and subiculum)(Canteras & Swanson, 

1992), and damage to the basal nucleus disrupts contextual conditioning (Maren & 

Fanselow, 1995).  In addition,  stimulation of the hippocampus induces LTP in the basal 

nucleus of the amygdala, suggesting synaptic plasticity in the basal nucleus in response to 

hippocampal activation (Maren & Fanselow, 1995).  These data support the role for 

hippocampal projections to the basal nucleus in the processing of complex information 

about context.  Overall, these data provide converging evidence suggesting that the site of 

initial plasticity underlying fear consolidation and expression most-likely involves the 

BLA complex.   

Fear extinction.  Animal models of fear inhibition (extinction) are not new.  Pavlov 

(1927) discovered that the conditioned salivary response of his dogs to the food-signaling 

cue decreased when the cue was presented without food.  Importantly, Pavlov also 

observed that the expression of extinction dissipated with the passage of time indicating 

that extinction does not “erase” a conditioned memory but instead, is a form of inhibition.  

Evidence that fear extinction represent new learning rather than forgetting is based on a 

corpus of data showing that after extended intervals following extinction, the 

extinguished CR spontaneously reappears (Bouton, Westbrook, Corcoran, & Maren, 

2006).  In addition, the CR can be elicited by the reintroduction of the US or context in 

which the US appeared (Myers & Davis, 2002).  Therefore, fear extinction is not 
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synonymous with forgetting but rather is an active process of inhibitory learning whereby 

the extinction memory competes with the original fear memory for inhibitory control.   

Fear extinction is thought of as a variant of behavioral perseveration where an 

organism must change its behavior when the correct response becomes ambiguous (Quirk 

& Mueller, 2008).  Simply stated, when the CS no longer signals danger, the organism 

must alter its behavior to accommodate new learning.  Fear extinction is behaviorally 

tested following Pavlovian fear conditioning as described above.  If repeatedly re-

exposed to the CS in the absence of the US, the animals will gradually lose the ability to 

elicit the freezing response.  The weakening of the CR upon repeated CS presentation is 

termed fear extinction.   

Fear conditioning and fear extinction in rodents has been accepted as model 

systems for elucidating neurobehavioral mechanisms associated with anxiety and fear 

related disorders in humans (Miller & McEwen, 2006; Ressler & Mayberg, 2007).   

Although the behavioral-autonomic-hormonal conditioned response is an adaptive 

component of an animals defense mechanism, it is generally accepted that augmentation 

of the fear response corresponds with human anxiety-related disorders (J. J. Kim, 2008).  

Indeed, an enhancement in fear conditioning or deficit in fear extinction is considered to 

contribute to anxiety-related disorders (Milad et al., 2006).  This relationship was 

recently demonstrated in rats selectively bred for high and low trait anxiety. Those rats 

bred for high anxiety exhibited impaired extinction of learned fear, suggesting a 

relationship between trait anxiety and fear extinction (Muigg et al., 2008).  

Understanding neurocircuitry related to emotional learning will likely provide a basis for 
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new pharmacotherapy in the treatment of complex mood and anxiety disorders (Ressler 

& Mayberg, 2007).   

Role of the basolateral amygdala in fear extinction.  It is difficult to assess the role of 

the BLA in extinction with irreversible lesions of the BLA because the fear response is 

eliminated.  Techniques such as microinfusion and in vivo electrophysiology have been 

useful in elucidating a role for the BLA in the extinction of conditioned fear  (Barad, 

Gean, & Lutz, 2006).  Intra-BLA microinjections of the glycine receptor agonist d-

cycloserine dose-dependently facilitated extinction while microinjection of the NMDA 

antagonist APV blocked extinction (Walker et al., 2002).  These data suggest that BLA 

NMDARs are involved in extinction learning.  Electrophysiological evidence showed 

that cell spiking was increased in the lateral amygdala (LA) after fear conditioning and 

reduced after extinction (Quirk et al., 1995).  These results are supported by another in 

vivo electrophysiological study showing that electrical field response to the CS increased 

in LA during fear conditioning and decreased with extinction (Rogan et al., 1997).  

Collectively, these data suggest a correlation between the excitability of amygdala 

neurons and fear extinction.   Overall, it appears that fear extinction alters the intrinsic 

excitability of AMG neurons and thus falls into line with classical views that link 

synaptic strength with learning and behavior (Barad et al., 2006).  Although evidence is 

only beginning to accumulate for the involvement of the amygdala in fear extinction 

(Barad et al., 2006), the mPFC has received the most attention as a key inhibitory 

substrate during the extinction of a fear memory. 
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Infralimbic cortex and fear extinction.  The mPFC is broken into subregions that include 

the IL and prelimbic (PL) cortices, and dorsal cingulate cortex (Cg1).  The IL subregion 

of the mPFC in particular has received the most attention as a critical neural substrate of 

fear extinction.  Both rodent (A. J. McDonald, Mascagni, & Guo, 1996) and primate 

(Chiba, Kayahara, & Nakano, 2001) evidence shows that the IL has reciprocal 

connections with the amygdala.  Cortical control of the amygdala provides a mechanism 

by which fear expression can be regulated.     

Lesion studies (Quirk, Russo, Barron, & Lebron, 2000), recording evidence 

(Milad & Quirk, 2002), microstimulation (Milad & Quirk, 2002; Vidal-Gonzalez, Vidal-

Gonzalez, Rauch, & Quirk, 2006) and metabolic mapping techniques (Barrett, Shumake, 

Jones, & Gonzalez-Lima, 2003) have all supported the role of the IL in the retention 

and/or expression of fear extinction.  Lesions of the IL subregion resulted in decreased 

retrieval of extinction learning the next day following acquisition (Quirk et al., 2000).  IL 

lesions did not alter within-session extinction learning, suggesting that the intact IL is 

necessary for the retrieval of an extinguished fear response.  Microstimulation 

experiments support lesion work by showing that electrical stimulation of the IL reduced 

freezing (Milad & Quirk, 2002).  These data suggest that that IL stimulation is sufficient 

to stimulate extinction memory.  Unit recording techniques showed that IL neurons fire to 

the tone (CS) on the day following extinction and firing rates were inversely correlated 

with freezing.  That is, rats that froze the least showed the greatest tone elicited activity in 

the IL, suggesting that enhanced firing of IL neurons stimulates extinction memory 

(Milad & Quirk, 2002).  No potentiation was observed in the PL cortex.  Metabolic 
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mapping techniques have corroborated electrophysiological and lesion studies by 

showing increased metabolic activity during extinction recall in the IL, but not PL area 

(Barrett et al., 2003).  Collectively, converging evidence suggests that the IL is involved 

in the consolidation and/or retention as opposed to the acquisition of fear extinction.  

Specifically, these results suggest that extinction is mediated by structures (i.e., the IL 

cortex) that inhibit the conditioned response.  The IL appears to be less involved in 

extinction learning and more involved during the recall of an extinction memory.  

Dendritic morphology.   Ramon y Cajal (1899) first speculated that the complex structure 

of a given dendrite reflects the number of connections it receives.  That is, more complex 

dendritic fields may have an increased potential for synaptic contact relative to less 

complex dendritic fields (Chklovskii, 2004).  This work focuses on dendritic morphology 

in response to nicotine using the classic Golgi-cox staining method to visualize dendrites.   

Dendrites are morphologically complex structures that conduct signals from 

postsynaptic terminals to the cell body for integration.  Theoretical work has attempted to 

establish how neuronal shape reflects computational power.  For instance, alterations in 

dendritic shape may influence receptive surface area or circuit connectivity (Chklovskii, 

Schikorski, & Stevens, 2002; Stepanyants, Hof, & Chklovskii, 2002). Therefore, 

experience-induced dendritic remodeling has the potential to strengthen and potentially 

reorganize intracortical circuits (Chklovskii, 2004).  Changes in cellular membrane 

surface area due to extension or retraction of dendrites may have important functionally 

consequences for a given neural circuit since correlational (Bilkey & Schwartzkroin, 

1990; Larkman & Mason, 1990), computational (Krichmar et al., 2006; Mainen & 
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Sejnowski, 1996; Moyer, Wolf, & Finkel, 2007) and experimental (Hernandez-

Echeagaray et al., 2004; Liu & Aghajanian, 2008) evidence has shown a relationship of 

dendritic morphology and neuronal firing patterns.  Modeling studies have yielded a 

strong theoretical basis for the idea that the morphological properties of neurons affect 

firing patterns.  For instance, in a simulated current clamp experiment, Krichmar and 

colleagues showed that the morphology of beta-catenin expressing hippocampal neurons 

coincided with action potential amplitude (Krichmar et al., 2006).  That is, hippocampal 

neurons with greater surface area and more branches possessed higher spike rates and 

increased sensitivity for firing.  These data provide evidence showing that by altering 

dendritic aborization, the electrophysiological behavior of neurons is also altered.  

Experimental work has supported this idea.  For example, in an experiment assessing 

dopamine modulation of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) current in dissociated medium spiny neurons, the magnitude of the current was 

dependent on the dendritic elaboration of the neuron (Hernandez-Echeagaray et al., 

2004).  Cells displaying at least three primary dendrites and several secondary and 

tertiary dendrites exhibited greater AMPA current amplitude in response to quinpirole 

(dopamine D2 agonist) than cells with fewer dendritic segments.  In another experiment, 

apical dendritic retraction of medial prefrontal pyramidal neurons in response to stress 

correlated with the magnitude of 5-hydroxytrytophan (5-HT) and hypocretin-induced 

excitatory post-synaptic potentials (EPSP’s) (Liu & Aghajanian, 2008).  Decrements in 

both apical dendritic length and EPSP’s were found after chronic stress, suggesting that 

morphological changes in dendrites impacts post-synaptic potentials. Together, these data 
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provide experimental evidence that supports computational work showing that the extent 

of dendritic elaboration is an important variable in the physiological properties of the 

neurons.  However, it is worth noting that no study to date has directly demonstrated in 

vivo that a change in dendritic morphology resulted in a change in neuronal physiology. 

The functional (behavioral) consequences of morphological alterations is unclear.  

However, a number of studies have suggested a relationship between morphological 

alteration of dendrites and behavior (Brown & Kolb, 2001; Izquierdo et al., 2006; C. G. 

McDonald et al., 2005; C. G. McDonald et al., 2007; Mitra & Sapolsky, 2008; Pego et 

al., 2008; Robinson & Kolb, 1997, 1999; Vyas et al., 2006; C. L. Wellman et al., 2007).  

Izquierdo and colleagues (2006) showed that three episodes of uncontrollable stress 

reduced terminal branch length from apical dendrites of neurons in the IL and attenuated 

the acquisition of fear extinction compared to non-stressed controls.  Considering the 

mediating role of the IL in fear extinction, these data suggesting a relationship between 

IL dendritic adaptations and fear extinction in response to stress (Izquierdo et al., 2006).  

Parallel to this finding, transgenic mice that lacked the 5-HT transporter gene exhibited 

impaired fear extinction recall as well as increased total length of the apical tree of IL 

pyramidal neurons (C. L. Wellman et al., 2007).  Finally, prolonged stress was found to 

enhance dendritic arborization and spine density of BLA principal neurons as well as 

inducing anxiogenic behavior in the elevated plus maze (Vyas et al., 2004).  Considering 

the role of the amygdala and infralimbic cortex in mediating anxiety-related behavior, 

these data suggest that enhanced dendritic surface area underlies increased anxiety-

related behavior.  Collectively, these findings add support for the idea that morphological 
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alteration in dendrites has functional implications for behavioral output.  These data also 

provide strong support for the hypothesis that alterations in BLA and IL dendritic 

morphology in response to nicotine have implications for fear conditioning and extinction 

behavior. 

Nicotine and the brain.  It is currently understood that the primary addictive substance in 

tobacco is nicotine (US Department of Health and Human Services, 1998).  The neuronal 

nicotinic acetylcholine receptor (nAChR) is the primary site of action for nicotine in the 

brain.  nAChRs are ligand-gated ion channels made up of five subunits organized around 

a central pore.  Most nAChRs are believed to comprise heterologous subunits. Twelve 

distinct subunits (α2-α9 and β2-β4) in the brain have been identified to date (Mansvelder, 

van Aerde, Couey, & Brussaard, 2006; Millar & Gotti, 2009).  nAChRs regulate the 

activity of multiple neurotransmitter pathways in the central nervous system and are 

important modulators of emotion and cognition (Mansvelder, van Aerde, Couey, & 

Brussaard, 2006).    

Nicotinic receptors within the CNS are situated predominately on presynaptic 

terminals (Wonnacott, 1997), but are also found postsynaptically.  Acute nicotine 

stimulates the release of many neurotransmitters in the brain including dopamine 

(Carboni, Silvagni, Rolando, & Di Chiara, 2000), glutamate (Mansvelder & McGehee, 

2000), γ-aminobuteric acid (GABA), norepinephrine (Fu, Matta, Kane, & Sharp, 2003), 

and serotonin (Kenny, File, & Neal, 2000).  In particular, nicotine has been found to alter 

the release of neurotransmitters in the medial prefrontal cortex and amygdala, brain 

regions implicated in fear conditioning and fear extinction.   
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Nicotine has been found to activate the infralimbic cortex.  Pharmacologic 

magnetic resonance imaging (phMRI) in rats showed that relative cerebral blood volume 

(rCBV) in response to nicotine was highest in the IL relative to hippocampus, nucleus 

accumbens and thalamus, among other regions (Choi, Mandeville, Chen, Kim, & Jenkins, 

2006). Because nicotine binds with high affinity to the α4β2 nAChR subtype, activation 

of the IL in response to nicotine is consistent with the high expression of the α4β2 

subunit in that region (Mugnaini et al., 2002).  Although nicotine has been shown to 

directly activate the IL, no work has attempted to assess the dendritic morphology of IL 

pyramidal neurons following chronic nicotine exposure.  

  nAChRs are also localized in the AMG (Barros, Ramirez, & Izquierdo, 2005) and 

nicotine has been shown to activate AMG neurons.  Acute nicotine has also been shown 

to increase markers of activity in the amygdala including cFos mRNA expression 

(Shram, Funk, Li, & Le, 2007) and relative cerebral blood volume (rCBV) using 

pharmacological magnetic resonance imaging (phMRI) in rats (Gozzi et al., 2006).  A 

number of experiments using both electrophysiological and molecular techniques has 

established that nicotine has the potential to alter both glutamatergic and GABAergic 

neurotransmission in the BLA.  In vitro whole cell patch recordings from AMG neurons 

showed that acute nicotine enhanced both glutamatergic and GABAergic synaptic 

transmission via presynaptic nAChRs (Barazangi & Role, 2001).  This finding is 

supported by molecular evidence showing that postsynaptically, nicotine upregulates 

mRNA and protein expression of a genes involved in glutamatergic (Kane et al., 2005) 

and GABAergic (Sun et al., 2007) synaptic transmission.  In another experiment using 
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patch clamp recordings, nicotine facilitated sustained glutamatergic postsynaptic currents 

and the degree of facilitation was dependent on the activity of cortical input (Jiang & 

Role, 2008).  These data suggest that nicotine has the ability to produce activity-

dependent modulation of corticoamygdala circuits.  In support of this work, long term 

changes in synaptic strength have also been found in the amygdala following chronic 

nicotine dosing.  Chronic nicotine produced lasting facilitation of long-term potentiation 

(LTP) in the amygdala, indicating that nicotine has the ability to induce long term 

modifications of synapses in the amygdala (Huang, Kandel, & Levine, 2008).  These data 

collectively show that both acute and chronic nicotine has the potential to alter both 

glutamatergic and GABAergic activity of amygdala neurons.  No work has explored the 

potential of nicotine to produce structural alterations of amygdala dendrites. 

Adolescent nicotine.  Regular tobacco consumption typically begins in adolescence, a 

developmental period during which the brain has not fully matured.  Both amygdala and 

prefrontal brain regions show considerable developmental maturation through 

adolescence.  For example, numerous studies have shown that the frontal cortex 

represents the greatest cortical difference between human adolescents and adults (Sowell, 

Thompson, Holmes, Jernigan, & Toga, 1999).  Generally, prefrontal cortex volume 

decreases through adolescence in humans (Gogtay et al., 2004; Sowell et al., 1999; 

Sowell, Thompson, Tessner, & Toga, 2001) and rats (van Eden, Kros, & Uylings, 1990).  

In particular, the ventral regions of the mPFC that include the PL and IL undergo a 

relatively late-wave of neuronal loss between adolescence and adulthood (Markham, 

Morris, & Juraska, 2007).     Prefrontal cortex development is non-linear with cortical 
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thickness increasing to early childhood and declining between adolescence and young 

adulthood (Shaw et al., 2006).  Reduction in cortical thickness coincides with continued 

synaptic remodeling (Lewis, 1997), loss of excitatory glutamatergic synapses 

(Huttenlocher, 1984; Zecevic, Bourgeois, & Rakic, 1989) and increased prefrontal 

functioning through adolescence (Casey, Giedd, & Thomas, 2000).  Together, these data 

indicate that the prefrontal cortex exhibits a high degree of plasticity through the 

adolescent period.   

Axonal connections between the prefrontal cortex and the amygdala also show 

continued maturation through adolescence.  Fibers originating from the BLA showed a 

sharp increase in density within the IL cortex through the adolescent period 

(Cunningham, Bhattacharyya, & Benes, 2002). There is also evidence for continued 

ingrowth of dopaminergic and serotonergic projections onto both pyramidal cells and 

GABAergic interneurons in the mPFC (Benes, Taylor, & Cunningham, 2000; 

Cunningham et al., 2002; Kalsbeek, De Bruin, Feenstra, & Uylings, 1990).  Recently, it 

was determined that projections from the BLA to GABAergic interneurons in layer II and 

V of the mPFC continues through the adolescent period (Cunningham, Bhattacharyya, & 

Benes, 2007).   

Collectively, these data indicate that adolescence is a critical developmental 

period for prefrontal and amygdala brain regions.  The ongoing maturation of the 

prefrontal cortex and amygdala may render adolescents uniquely vulnerable to 

environmental factors including nicotine’s neurobehavioral effects (Slotkin, 2002; R. F. 
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Smith, 2003).   Indeed, nicotine exposure during adolescence has been found to produce 

long-lasting neurobehavioral changes that differ from adult exposure. 

In support of the idea, work in our laboratory has recently shown that dendritic 

remodeling in response to nicotine is age-dependent (Bergstrom, McDonald, French, & 

Smith, 2008).  When nicotine was administered in adolescence, the pattern of dendritic 

morphology in the PL region of the mPFC was different from nicotine administered in 

adults.  Importantly, these effects were found after five weeks protracted abstinence from 

nicotine, suggesting that the impact of nicotine on the developing brain is a long-lasting 

phenomenon.  These data are supported by neurochemical evidence showing that low 

dose nicotine interacts with stressors to elevate plasticity-related immediate early genes 

arc, NGFI-B, and c-Fos in the prefrontal cortex (Schiltz, Kelley, & Landry, 2007) and 

acute nicotine administration has been shown to increase expression of arc and c-Fos 

mRNA in mPFC to a greater extent in adolescents than in adults (Schochet, Kelley, & 

Landry, 2005).  Interestingly, arc is a dendritically targeted mRNA and the protein 

product is involved in synaptic modification (Bramham, Worley, Moore, & Guzowski, 

2008).  Collectively, these data demonstrate the differential capacity for neural sensitivity 

and plasticity in response to nicotine in the adolescent and adult prefrontal cortex.  The 

impact of nicotine on the developing amygdala and infralimbic cortex, brain regions 

implicated in fear conditioning and extinction, has not been endeavored.   

Hemispheric lateralization. Specialization of hemispheric function in humans is well-

documented.  The best known example of lateralized function is for language processing.  

Damage to the left inferior frontal lobe results in loss of speech production (Wernicke’s 
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aphasia) while damage to the left superior temporal gyrus results in loss of speech 

comprehension (Broca’s aphasia).   Damage to similar regions of the right hemisphere 

does not produce deficits in language processing, suggesting the left hemisphere as 

dominant for verbal communicative function.     

In contrast to language processing, processes related to emotional perception and 

expression have reliably been shown to be localized to the right hemisphere.    For 

example, patients with damage to the right hemisphere have difficulty recognizing facial 

expressions of fear and sadness (Adolphs et al., 1996; Bowers et al., 1991; Mandal et al., 

1991), but not happiness.  These data are supported by electroencephalographic (EEG) 

evidence showing greater right-hemisphere activation in response to fearful stimuli 

(Ahern & Schwartz, 1985).  Together, these studies provide evidence for greater 

involvement of the right hemisphere in human emotional processing.  Given the crucial 

role for the amygdala in emotional processing, it is not surprising that amygdala 

lateralization has been demonstrated in respect to fear and anxiety. 

As expected, the right amygdala shows greater involvement in emotional 

processing.  In humans, enhanced recall for fearful emotional stimui found to be 

associated with increased right amygdala activation (Cahill et al., 1996).  In a fear 

conditioning paradigm, the magnitude of conditioned fear response was correlated with 

cerebral blood flow in the right amygdala (Morris, Ohman, & Dolan, 1998).  Lesion 

evidence corroborated this finding showing that startle potentiation was disrupted in a 

patient with localized damage to the right amygdala (Angrilli et al., 1996).   
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Animal studies have supported human work showing right amygdala dominance 

in emotional processing.  Lidocaine infusion in the right amygdala produced deficits in 

inhibitory avoidance learning (Coleman-Mesches & McGaugh, 1995).  Similar left 

amygdala inactivation did not produce deficits, suggesting that the right amygdala plays a 

larger role in memory consolidation for aversive experiences.  In another related 

experiment, performance on the elevated plus maze (an animal model of anxiety) was 

correlated with greater serotonin in the right amygdala as measured by high performance 

liquid chromatography (HPLC) (Andersen & Teicher, 1999).   In support of these data, 

the protein product of the immediate early gene c-fos (Fos) was found to be increased in 

the right basolateral amygdala, compared to the left, following contextual fear 

conditioning (Scicli, Petrovich, Swanson, & Thompson, 2004).   Finally, lesions of the 

right amygdala produced greater deficits in the conditioned response to a contextual fear 

than did left amygdala lesions (Baker & Kim, 2004).  Together, all of these data provide 

convincing evidence for right amygdala bias in emotional processing.  Despite 

compelling evidence for lateralization of amygdala function no work has compared the 

dendritic morphology of neurons in the right and left BLA.  Furthermore, no work has 

established whether nicotine preferentially alters the structure of BLA dendrites in either 

hemisphere.   

Like the BLA, hemispheric specialization of the prefrontal cortex in emotional 

processing is well-documented in humans.   Work in rodents has supported humans 

studies showing that the right prefrontal cortex integrates emotional and physiological 

response, especially to stress (Czeh, Perez-Cruz, Fuchs, & Flugge, 2008).  Lesion 
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evidence has shown that the development of ulcers in response to stress was eliminated in 

rats with right prefrontal lesions (Sullivan & Gratton, 1999).  In addition, a series of 

experiments has demonstrated that dopamine (DA) turnover in the prefrontal cortex may 

be lateralized in response to stress.  For example, when the duration of a mild stressor 

was lengthened from 15-60 minutes, the utilization of DA shifted from the left to right 

prefrontal cortex (Carlson, Fitzgerald, Keller, & Glick, 1991).  In a follow-up experiment, 

uncontrollable but not controllable stress increased DA turnover in the right relative to 

left prefrontal cortex (Carlson, Fitzgerald, Keller, & Glick, 1993).  Finally, when rats or 

mice were placed in a novel environment (anxiogenic environment), DA turnover was 

increased in the right, relative to left, mPFC (Berridge, Mitton, Clark, & Roth, 1999).  

These experiments bolster evidence suggesting that the right prefrontal cortex is 

especially active in a stressful environment.  They further suggest that hemispheric 

differences in extracellular DA may play a role in stress and anxiety response.  Together, 

it appears that both the prefrontal cortex and amygdala exhibit greater activation in the 

right  relative to the left hemisphere in emotional processing.   

Recent findings suggest that interhemispheric structural differences may also be 

related to neurobehavioral adaptations during stress.  In a detailed neuroanatomical 

experiment, stress eliminated hemispheric differences in dendritic morphology of 

neurobiotin-filled Layer III pyramidal neurons from the right PL and IL cortex (Perez-

Cruz, Muller-Keuker, Heilbronner, Fuchs, & Flugge, 2007).   Stress has consistently been 

shown to remodel dendrites in the mPFC (Cook & Wellman, 2004; Izquierdo et al., 

2006), but this experiment was the first to show lateralized dendritic remodeling in 
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response to a stressor.  No work has demonstrated lateralized dendritic remodeling in 

response to a psychostimulant.  Lateralized dendritic remodeling in the prefrontal cortex 

may be expected since asymmetries in dopamine activation have been reported (Berridge 

et al., 1999; Carlson et al., 1991, 1993) and psychostimulants, including nicotine, alter 

prefrontal dendritic morphology (Bergstrom et al., 2008; Robinson & Kolb, 1997, 1999, 

2004).  

Summary of questions asked. The experiment conducted here seeks to answer the 

following questions: 

1. Does nicotine exposure produce lasting alterations in fear conditioning 

or fear extinction behavior? 

2. Does nicotine have the ability to alter the dendritic morphology of 

neurons in the basolateral amygdala and infralimbic cortex? 

3. How does a comparison nicotine-dosed adolescent group respond to 

fear conditioning as an adult? 

4. Do alterations to BLA or IL dendritic morphology in response to 

nicotine depend on the age at which the rat is exposed? 

5. If alterations in dendritic morphology are found in response to nicotine, 

are they lateralized? 
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CHAPTER 2:  RESEARCH DESIGN AND METHODS 

 

 

Animals and drugs.  Male Sprague-Dawley rats (N=60) were ordered from a commercial 

supplier (Harlan Sprague Dawley, Indianapolis, IN) and arrived at our facility at either 

postnatal day (P) 21 or ~P50 in order to acclimate to our colony room.  After arrival, rats 

were group-housed by age (5/cage) with a 12-hour light cycle (lights on at 0700) and ad 

libitum access to food and water.  An ad libitum feeding schedule was used since few 

studies have addressed the effects of food restriction during adolescent development 

(Carney et al., 2004).  In addition, all work to date in our laboratory has utilized an ad 

libitum feeding schedule.  All behavioral testing took place during the light phase.  Rats 

were administered nicotine (0.5 mg/kg; free base) or saline control via subcutaneous 

(s.c.) injection three times per week (Mon., Wed., Fri.) for two weeks.  Rats were 

administered nicotine or control during either adolescence (n=30; P32-43) or adulthood 

(n=30; P60-71).  The accepted age range for adolescence in rats conservatively ranges 

from P28–45 (Spear, 2000) and most neurobehavioral systems reach maximal maturation 

by P60, and are considered adults beyond this age (Herlenius & Lagercrantz, 2004).  

Seventeen days following dosing all groups underwent fear conditioning, extinction and 

extinction recall sessions.  Therefore, behavioral testing began in adulthood (≥ P60) for 

each age group.  
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Figure 1: Experimental design.  Timeline of dosing (nicotine and control), drug-free and 

behavioral testing periods for the adult and adolescent groups.  Postnatal day (P) is 

depicted to correspond with the phase of the experimental design for both the adolescent 

and adult groups.  

 

Apparatus.  Two identical observation chambers (30 x 24 x 21 cm; Coulbourn 

Instruments, Allentown, PA) were used for all testing. The chambers were constructed of 

aluminum side walls and Plexiglas rear wall, ceiling, and hinged front door.  The 

chambers were situated in sound-attenuating cabinets (Coulbourn Instruments, 

Allentown, PA). The floor of each chamber consisted of 19 stainless-steel rods (4 mm in 

diameter) spaced 1.5 cm apart (center-to-center). Rods were connected to a shock source 

and solid-state grid scrambler (Med Associates, St. Albans, VT) for the delivery of 

footshock USs. A speaker mounted outside a grating in one wall of the chamber was used 

for the delivery of acoustic CSs.  Delivery of shock and auditory tones was controlled by 

a Freezscan control box (Cleversys, Reston, VA, USA).  Sensory stimuli were adjusted 
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within these chambers to generate two distinct contexts.  Altering the context in which 

extinction training takes place functions to reduce spatial memory of the original fear 

conditioning context (contextual conditioning).  Thus, any observed pretreatment effects 

on associative learning can be more attributed to BLA-IL interactions rather than 

hippocampal-dependent contextual memory.   

For the first context (context A), both houselights mounted opposite the speaker 

were turned off, and room lights turned off.  The room was dimly illuminated by a red 

light (lux = 1.0).  The doors of the sounds attenuating chambers were left open for the 

duration of testing. The chambers were cleaned with a 1% acetic acid solution, and paper 

in plastic pans located underneath the grid floors was sprayed with the same solution to 

provide a distinct odor.  Fans in the testing room were off.  Rats were transported to this 

context in clear plastic cages in squads of two immediately before testing. For the second 

context (context B), both house light were turned on and the lights in the testing room 

were on.  Rats were placed into opposite chambers from that in which they were 

conditioned in. Additionally, the doors on the sound-attenuating cabinets were closed and 

the chambers cleaned with a 70% EtOH solution.  The paper located in plastic pans 

underneath the grid floors was sprayed with the same solution to provide a distinct odor.  

A black plastic square was placed on top of the bars so that none of the bars were 

exposed.  Finally, the aluminum side walls were covered with black and white paper to 

provide a distinct context from context A.   

Behavioral procedure.  For this experiment, "context A" refers
 
to the fear conditioning 

context and “context B” refers to the fear extinction context.  For fear conditioning, rats 
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were presented with 3 minutes habituation to the chamber followed by 3 CS-US 

coterminating pairings (CS = 10s, 84db; 2.9 kHz, US = 1.0 s; 0.5 mA) with 60s no 

stimulus intertrial intervals (ITI). 90 seconds following the final shock, rats were returned 

to their respective homecages.  Total test time was 7 minutes.  Following testing, rats 

were returned to the testing room for acclimation to context B.  Rats were transported in 

individual wire cages to a holding room 25 minutes prior to habituation in context B. Rats 

were habituated to context B for 30 minutes.  The purpose of the habituation session was 

to reduce contextual and/or novelty fear to context B.  During the habituation session, rats 

were not presented with any CSs.  Following habituation rats were returned to their 

respective home cages. 

The extinction training phase began 24 h following fear conditioning and 

consisted of a single extinction training session.  Rats were transported in individual wire 

cages to a holding room 40 minutes prior to extinction in context B.  For extinction 

training, rats were presented with 35 CS presentations (10s; 84 dB, 3 kHz; 60 s ITI) 

without footshock beginning 3 minutes after placement in context B.  90 seconds 

following the final CS presentation, rats were returned to their respective homecages.  

Total test time was 44 minutes. 

The extinction recall phase began 24 h following extinction training and consisted 

of a single extinction recall session.  Rats were transported in individual wire cages to the 

holding room 10 minutes prior to testing.  For extinction recall, rats were presented with 

10 tone presentations (10s; 84 dB, 3 kHz; 60 s ITI) without footshock beginning 3 
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minutes after placement in context B.  80 seconds following the final CS presentation, 

rats were returned to their respective homecages.  Total test time is 15 minutes. 

Data analysis.  Freezing behavior was used to indicate a measure of conditioned fear.  

Freezing behavior was digitized during all auditory fear conditioning sessions.  Freezing 

is defined as the absence of all movements except those related to breathing (Blanchard 

and Blanchard, 1972) and was quantified during the 60 s ITI from digitized videos using 

commercial software (FreezeScan, Clever Systems, Reston, VA).  The parameters set for 

detection of freezing behavior were as follows: N=90, M=85, and motion detection 

threshold set at 30.  Parameters were set so that FreezeScan software recorded a freezing 

episode if the rat stayed motionless for 85 frames out of 90 (30 frames per sec) (3.2 sec).  

Similarly, when the animals is in freezing mode, if there are 85 frames in which the 

animals moves out of 90, then the system regards the animals as moving and the freezing 

event ends   Percentage freezing (number of frames spent motionless out of total number 

of frames/99) was the dependent variable in the 60 sec ITI.  

Factors of age (adolescent vs. adult) and pretreatment (nicotine vs. control) were 

the between-group factors.  The presence of an interaction was followed with an analysis 

of simple main effects utilizing one-way analysis of variance (ANOVA).  Homogenity of 

variance was evaluated using Levene’s test (Levene, 1960).  Detection of heterogeneity 

of variance led to reanalysis using the Brown-Forsythe statistic (Brown & Forsythe, 

1974).  For ANOVA with repeated measures, extinction trials (average of three freezing 

epochs (60s ITI)) was the within-group factor.  Violation of the assumption of sphericity 

was corrected using the Greenhouse-Geisser correction for degrees of freedom 
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(Greenhouse & Geisser, 1959).  The presence of an interaction led to follow-up analyses 

using independent sample t-tests.  A superscripted letter “a” indicated Greenhouse-

Geisser or Brown-Forsythe corrected values throughout text.  Significance was 

determined by p < 0.05 for all tests.      

Neuroanatomy.  The day following behavior, rats (P63 and P92) were deeply 

anesthetized with ketamine solution (1.0 mL/kg) and perfused intracardially with 0.9% 

NaCl.  Brains were then removed and placed into Golgi-Cox solution (a 5% solution each 

of potassium dichromate, mercuric chloride and potassium chromate) for 14 days at room 

temperature (~22 C).  Following Golgi-Cox immersion, brains were stored in a 30% 

sucrose solution until vibratome sectioning (200 µm sections).  To differentiate the 

hemispheres, a sagittal cut was made with a razor blade along the prefrontal and parietal 

cortices of the right hemisphere.  Sections were stained and processed using the protocol 

of (Gibb & Kolb, 1998).  The Golgi-Cox solution was prepared according to the recipe of 

(Glaser and Van der Loos, 1981).  Briefly, sections were alkalinized in 18.7% ammonium 

hydroxide, developed and fixed using Kodak Rapid Fix, dehydrated through a graded 

series of ethanols, and cleared in a solution of 1 part xylene, 1 part 100% alcohol and 1 

part chloroform.  

Golgi-Cox stained neurons were reconstructed in three-dimensions using 

Neurolucida (MBF Biosciences, Colchester, VT, USA) interfaced to an Olympus BX51 

light microscope. To eliminate bias, all neurons were traced by an experimenter blind to 

drug history.  Ethanol dehydration and xylene clearance cause shrinkage of the tissue 

(Pyapali, Sik, Penttonen, Buzsaki, & Turner, 1998).  To account for tissue shrinkage, 
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measurements from the top and bottom of the section were taken.  This value was 

compared across groups. Neuronal tracing was conducted at 40 or 60X.  Neurons were 

selected for tracing only if they were well impregnated and possessed unobstructed 

dendrites that could be followed without interruption.  IL morphological analysis was 

restricted to pyramidal neurons located between bregma +3.2 mm. and +2.2 mm.  IL 

pyramidal neurons were selected from Golgi-stained tissue based on their location 

relative to major landmarks (e.g. – genu of the corpus collosum) and cortical distance 

from the ventral surface of the brain (Paxinos & Watson, 1998).  IL pyramidal neurons 

were sampled from all cortical
 
layers (Izquierdo et al., 2006).  To rule out artifactual 

morphological differences resulting from differential sampling across layers, soma-to-

pial differences were compared across pretreatment group and age.   Cells with a 

prominent, single apical tree extending from the apex of the soma toward the pial surface 

of the cortex, two or more basilar dendritic trees extending from the base of the soma, 

and dendritic spines were chosen for reconstruction.  BLA morphological analysis was 

restricted to principle neurons located between bregma −2.0 mm. and −3.8 mm.  Principle 

neurons in the BLA were differentiated from stellate neurons based on several 

morphological criteria.  Principle neurons of the BLA are also known as spiny, pyramidal 

or class I neurons.  Principle neurons are estimated to make-up 73% of the total neurons 

in the LA.  They are relatively spiny, possess an “apical-like” dendritric tree and non-

spherical dendritic field.  In contrast, stellate, or class II neurons are aspiny, possess a 

spherical dendritic field, with no obvious apical tree (Sah et al., 2003).   The BLA was 
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readily identifiable as the external capsule branches into two smaller fiber tracts that 

define its borders (see fig 2 and 7). 

   

Figure 2: Basolateral amygdala map. Figure adapted from Sah et al. (2003). Map 

showing rostral (A) to caudal (D) sections of the rat amygdaloid complex nuclei.  The 

different nuclei are divided into three groups as described in text. For the present 

experiment, neurons were only traced from the demarcated blue area that comprised the 

basolateral group as indicated by Sah et al., (2003). ABmc, accessory basal 

magnocellular subdivision; ABpc, accessory basal parvicellular subdivision; Bpc, basal 

nucleus magnocellular subdivision; e.c., external capsule; Ladl, lateral amygdala medial 

subdivision; Lam, lateral amygdala medial subdivision; Lavl, lateral amygdala 

ventrolateral subdivision; Pir, piriform cortex; s.t., stria terminalis (Sah et al., (2003).  
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Morphometric analysis.  Quantitative morphological measurements were extracted using 

Neuroexplorer (MBF Biosciences, Colchester, VT, USA) and L-Measure software 

(Scorcioni, Polavaram, & Ascoli, 2008).  Morphometric parameters included total length 

and total number of branches for both apical and basilar trees.  In order to determine the 

manner in which the dendritic tree branches, the total number of branches and mean 

number of branches were determined by branch order.  The branch order helped to 

determine the hierarchy of the branching scheme.  Branch order was assigned used the 

centrifugal method.  The centrifugal method begins at the origin of the tree and assigns 

the root segment branch order 1.  All other branches are assigned a branch order 1 larger 

than the parent segment.  In addition to a branch order analysis, distribution of total 

dendritic length and bifurcations (nodes) along the extent of the dendritic tree was 

determined by implementing a sholl-like analysis.  The sholl-like analysis differs from 

the classic sholl analysis in that a set of nested concentric spheres, rather than circles, is 

centered on the cell body.  Concentric spheres each measured 20 µm in radial distance.  

A superscripted letter “a” indicated Greenhouse-Geisser, Brown-Forsythe or Bonferroni 

corrected values throughout text.  

  Somatic surface area (µm
2
) and perimeter measurements were taken at their 

approximate maximum by tracing at the level in which the soma appears the largest 

(Duque, Tepper, Detari, Ascoli, & Zaborszky, 2007).  Soma-to-terminal length for the 

apical tree and number of dendritic trees originating from the soma was also determined.  

In addition, the hemisphere from which each neuron originated was recorded in order to 
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assess hemispheric differences in morphology (Baker & Kim, 2004; Perez-Cruz et al., 

2007).   

Data analysis 

Behavior.  Freezing behavior was used to indicate a measure of conditioned fear.  

Freezing behavior was digitized during all auditory fear conditioning sessions.  Freezing 

is defined as the absence of all movements except those related to breathing (Blanchard 

and Blanchard, 1972) and was quantified during the 60 s ITI from digitized videos using 

commercial software (FreezeScan, Clever Systems, Reston, VA).  Freezing parameters 

were set so that FreezeScan software recorded a freezing episode if the rat stayed 

motionless for 85 frames out of 90 (30 frames per sec) (3.2 sec).  Similarly, when the 

animals is in freezing mode, if there are 85 frames in which the animals moves out of 90, 

then the system regards the animals as moving and the freezing event ends.  Therefore, 

the parameters set for detection of freezing behavior were as follows: N=90, M=85, and 

motion detection threshold set at 30.    Percentage freezing (number of frames spent 

motionless out of total number of frames/99) was the dependent variable in the 60 sec 

ITI.  

Factors of age (adolescent vs. adult) and pretreatment (nicotine vs. control) were 

the between-group factors.  The presence of an interaction was followed with an analysis 

of simple main effects utilizing one-way analysis of variance (ANOVA).  Homogenity of 

variance was evaluated using Levene’s test (Levene, 1960).  Detection of heterogeneity 

of variance led to reanalysis using the Brown-Forsythe statistic (Brown & Forsythe, 

1974).  For ANOVA with repeated measures, extinction trials (average of three freezing 
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epochs (60s ITI)) was the within-group factor.  Violation of the assumption of sphericity 

was corrected using the Greenhouse-Geisser correction for degrees of freedom 

(Greenhouse & Geisser, 1959).  The presence of an interaction led to follow-up analyses 

using independent sample t-tests.  A superscripted letter “a” indicated Greenhouse-

Geisser or Brown-Forsythe corrected values throughout text.  Significance was 

determined by p < 0.05 for all tests.      

Morphology.  Each neuron was treated as an independent sample.  Variables age 

(adolescent vs. adult), pretreatment (nicotine vs. control) and hemisphere (right vs. left) 

were the between-groups factors.  Variables radial distance from the soma (Sholl-like 

analysis) and branch order were the within-group factors.  Significant interactions led to 

follow-up comparisons using independent samples T-test at distinct radii from the soma.  

To avoid spurious values due to multiple comparisons or an overly conservative post-hoc 

test, differences were considered to be significant only if the p-values for 3 or more 

consecutive points were < .05 (Luck, 2005).   To assess whether a relationship exists 

between IL and BLA dendritic morphology (total length) and extinction behavior 

(freezing %), Pearson’s test was used.  Significance was determined by p < 0.05 for all 

tests. 
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CHAPTER 3:  RESULTS 

 

 

Body weight.  In the adolescent group, ANOVA with repeated measures revealed a   

pretreatment x day interaction (
a
F[2.2, 60.7] = 3.3; p < .05).  Rats in the nicotine group 

weighed less over the course of pretreatment relative to the saline control group.  There 

was no overall effect (between-group difference) of pretreatment on weight.  When the 

adult group was analyzed seperately, nicotine-pretreated rats were found to weigh less 

overall (F[1, 28] = 6.8; p < .05) and also exhibited decreased weight over injection days 

relative to the control group (
a
F [2.5, 70.4] = 3.3; p < .05) (fig 3).  There was also an 

uncorrected significant difference in body weight on the first day of dosing, suggesting 

that subjects randomly selected for the nicotine group weighed less overall than rats 

selected for control group.  However, the difference in the body weight percentage 

change between the pretreatment groups was similar for the adult (2.5%) or adolescent 

(1.7%) group, suggesting that nicotine promoted equivalent body weight loss over 

injection days for both age groups. 
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Figure 3: Body weight.  Body weight over injections days for the adolescent (left panel) 

and adult (right panel groups.  There was a significant decrease in body weight in 

response to nicotine for both the adolescent (p < .05) and adult (p < .05) group over 

injections days.  There was an overall decrease in the weight of the nicotine-pretreated 

rats in the adult group (p < .05).  Circles represent mean body weight (grams) ± standard 

error of the mean.  

 

Fear conditioning.  For fear conditioning, adolescent (nicotine n = 15; control n = 15) 

and adult (nicotine n = 15; control n = 15) pretreated animals were behaviorally tested 

seventeen days following nicotine or control treatment.  No freezing response was 

detected during the baseline period (fig. 4).  Two-way ANOVA with repeated measures 

on pairings indicated that all groups exhibited increased freezing response (F[2, 112]= 

64.6; p < .001) across three CS/US pairings.  There were no pretreatment or age group 

differences in freezing response across CS/US pairings (F[1, 56] = 1.5; n.s.), suggesting 

that all groups exhibited equivalent fear response to repeated CS/US pairings.  Paired T-

test on the first CS/US and last CS/US pairings revealed that all groups exhibited 
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significantly increased freezing response (t[59] = 11.2; p < .000).  Increased freezing 

response upon repeated CS/US pairings is indicative of acquisition of conditioned 

freezing. 

 

 

 

 

 

Figure 4: Fear conditioning. Acquisition of fear response (freezing percentage) over 

three CS/US pairings in the adolescent (a) and adult groups (b).  No group differences in 

the acquisition of the freezing response were observed.  All groups exhibited a significant 

increase in freezing over three CS/US presentations (p < .001).  

 

Fear extinction. Four subjects were excluded from the overall analysis  both extinction 

and extinction recall on the basis of high freezing percentage (> 2.0 standard deviations 

from the mean) during the three minutes prior to CS presentation.  Freezing response 

during the baseline period was equivalent for all groups (fig 5-6).  Extinction of 

conditioned fear was determined by comparing the highest (early) and lowest (late) 
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freezing response blocks over 18 CS presentations for each group.  The final 17 freezing 

epochs were not analyzed due to non-specific freezing responses.  The highest and lowest 

freezing response periods (block) was the average of three freezing epochs (60s ITI) that 

represented the observed maximum and minimum freezing response (fig 5-6 inset).     

Paired T-test revealed that all groups exhibited a significant decreased freezing 

response between early and late extinction blocks (t[55] = 8.5; p < .001).  A significant 

decreased freezing response upon repeated exposure to the CS is indicative of extinction 

acquisition. ANOVA with repeated measures on block revealed a significant main effect 

for block (F[1, 52] = 71.5; p < .001), suggesting that all groups exhibited decreased 

freezing response upon repeated CS presentations.  There was no interaction of age x 

drug x block or main effects detected.  

When the adolescent group was analyzed separately, ANOVA with repeated 

measures revealed no significant interaction of pretreatment x block.  These data 

indicated that pretreatment in the adolescent group did not alter within-session extinction.  

Independent samples T-test of drug yielded no significant differences for either the early 

or late extinction block.  

When the adult group was analyzed separately, ANOVA with repeated measures 

on block indicated significant main effect of pretreatment (F[1, 25] = 6.2; p < .05), but no 

significant interaction of block x pretreatment.  These data indicate that nicotine 

pretreatment in the adult group enhanced the cued freezing response (retrieval), but not 

the acquisition of extinction learning compared to control. 
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In order to directly compare freezing response across groups, a differences score 

was calculated by subtracting the early from late extinction blocks.  In the adult group, 

animals exposed to nicotine showed a 55.7% decrease in freezing between the early and 

late freezing blocks compared to 63.9% for controls.   Group comparisons of the 

differences score using ANOVA did not reveal significant age x treatment interactions or 

main effects.  In the adolescent group, animals exposed to nicotine showed a 54.4% 

decrease in conditioned freezing response between the early and late freezing blocks 

compared to 46.0% for controls.  Group comparisons of the differences score using 

ANOVA did not reveal significant age x treatment interactions or main effects. 

In the adult pretreatment group, nicotine enhanced conditioned freezing compared 

to control in the early extinction period (
a
F[1, 18.4] = 4.99; p < .05).  These results 

suggest that nicotine enhanced the cued freezing response compared to control 

pretreatment.   No significant effect of pretreatment was found in freezing response for 

the late extinction period (F[1, 26] = 1.76; n.s.).   These results demonstrate that in the 

late extinction period, the freezing response was equivalent across pretreatment group.  

Overall, these results indicate that nicotine enhanced fear retrieval but had no effect on 

the extinction of consolidated fear.  

Extinction recall.  Freezing response for recall was determined by averaging the 

percentage freezing over 10 CS presentations.  Univariate ANOVA revealed a significant 

interaction of age x pretreatment (F[1, 55] = 4.77; p < .05).  In the adolescent 

pretreatment group, there was no significant effect of pretreatment on freezing response 

during the recall period (t[27] = .69; n.s.).   
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In the adult pretreatment group, nicotine pretreatment enhanced the freezing 

response compared to control (t[25] = 3.05; p < .01).  These results show that 

enhancement of fear retrieval in the adult pretreatment group was retained 24 hours 

following the extinction.   

 

 

 

 

 

Figure 5. Fear extinction and recall (adolescent group). Fear extinction and recall 

behavior following chronic nicotine exposure during adolescence.  Nicotine during 

adolescence did not alter freezing during extinction or recall.  Inset line graph shows 

freezing response during 3 minutes habituation to the chamber (pre-CS) and over 6 

blocks (average of 3 freezing epochs).  Arrows indicate early and late blocks shown in 

the bar chart.  Bars and circles depict mean ± standard error of the mean (SEM).    
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Figure 6: Fear extinction and recall (adult group). Fear extinction and recall behavior 

following chronic nicotine exposure during adulthood.  Nicotine during adulthood 

increased the freezing response during the early extinction period (p < .05).  On the 

extinction recall test, freezing response in the nicotine group was elevated compared to 

controls (p < .01).  Inset line graph shows freezing response during 3 minutes habituation 

to the chamber (pre-CS) and over 6 blocks (average of 3 freezing epochs).  Arrows 

indicate early and late blocks depicted in the bar graph.  Bars and circles depict mean ± 

standard error of the mean (SEM).  * denotes p < .05 and ** denotes p < .01.  

 

BLA Morphometric analysis.  For the BLA, 2-6 neurons were reconstructed from each 

adolescent (nicotine n = 6; control n = 8) and adult (nicotine n = 8; control n = 8) 

pretreated animal.  A total of 61 neurons were reconstructed from the adolescent (nicotine 

n = 27; control n = 34) and 64 from the adult (nicotine n = 34; control n = 30) group (125 

total cells reconstructed).  Two outliers were dropped from the overall analysis of the 

BLA based on total length of combined apical and basilar branch order analysis (more 

than 2 standard deviations from the mean).   
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Figure 7: BLA photomicrograph.  Representative photomicrograph of a Golgi-cox 

stained rat brain section showing the BLA complex at approximately 3.6 mm posterior to 

Bregma.  The outlined area shows the region from which principal neurons were 

reconstructed.   
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Figure 8:  Photomicrograph of BLA principal neuron.  Representative micrograph of 

Golgi-stained principal neuron from the BLA complex. 
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Figure 9: BLA principal neuron representative reconstructions.  Representative 

reconstructions of BLA principal neurons from the adolescent (a) and adult (b) dose 

groups.   These nicotine (bottom panels) and control neurons (top panels) from the left 

(left panels) and right hemisphere (right panels) were selected because they are 

representative of dendritic lengths near their respective group means.  Scale bar 

represents 20 µm. 
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Overall three-way ANOVA revealed an age x hemisphere x pretreatment 

interaction (F[1, 117] = 5.9; p < .05) for number of basilar branches.  Analysis of total 

length only approached significance (p = .08).  For the apical tree, three-way ANOVA 

indicated an age x pretreatment interaction on total length (F[1, 117] = 4.6; p < .05) and 

number of branches (F[1, 117] = 5.6; p < .05) .     

When the adolescent group was analyzed separately, there was no overall effect 

of pretreatment on total length of the basilar tree (Fig 1).  However, nicotine was found to 

increase the total length of the apical tree relative to control (F[1, 59] = 6.2; p < .05).  In 

the adult group, nicotine increased the total length (F[1, 62] = 5.0; p < .05) of basilar 

dendrites compared to control.  There were no pretreatment effects for apical dendrites. 
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Figure 10: BLA total length.  Total length of basilar and apical dendrites from BLA 

principal cells in the adolescent (top panel) and adult (bottom panel) pretreated groups.  

Bars represent mean ± SEM.  a) Nicotine increased the total dendritic length from the 

apical tree in the adolescent group. b) Nicotine increased the total length of dendrites 

from the basilar tree in the adult group.  * denotes p < .05.      

 

Intrahemispheric differences in dendritic morphology.  Intrahemispheric differences in 

BLA dendritic morphology were determined by comparing the overall length and nodes 
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(bifurcations) of apical and basilar dendrites in response to nicotine and control within 

the right and left hemisphere of the adolescent (fig. 11) and adult groups (fig. 13). To 

more closely examine the distribution of dendritic material across the extent of the 

dendrite, a sholl-like analysis (path distance) was performed on total length and nodes for 

both adolescent (fig. 12) and adult groups (fig. 14).   

BLA morphometric analysis.  Overall ANOVA with repeated measures on path distance 

revealed a three-way interaction of age x pretreatment x hemisphere for the total length 

(
a
F[2.5, 292.9] = 4.3; p < .01) and bifurcations (

a
F [4.4, 505.7] = 2.7; p < .05) on basilar 

dendrites.  There was no interaction for apical dendrites.   

When the adolescent group was analyzed separately, two-way ANOVA with 

repeated measures on path distance for basilar dendrites indicated a pretreatment x 

hemisphere interaction for total length (
a
F [2.7, 154.6] = 2.8; p < .05) and bifurcations (

a
F 

[4.8, 268.2] = 2.4; p < .05).  For the apical tree, there was an overall main effect of 

pretreatment, with nicotine decreasing overall dendritic length (F[1, 57.9] = 6.1; p < .05) 

and bifurcations (
a
F [1, 56.0] = 10.6; p < .01) relative to control.  In basilar dendrites 

from the  left hemisphere, there was no overall pretreatment effect on total length or 

bifurcations.  ANOVA with repeated measures on path distance revealed an interaction of 

pretreatment, with nicotine increasing total dendritic length and bifurcations at proximal 

distances (80-120 µm; near significant) to the soma along the length of the basilar 

dendrites.  There was no difference of pretreatment detected in right hemisphere basilar 

dendrites.  For left hemisphere apical dendrites, there was no effect of pretreatment.  In 

contrast, nicotine decreased total length 
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(F[1, 31] = 4.4; p < .05) and bifurcations (F[1, 31] = 7.9; p <  .01) for apical dendrites in 

the right hemisphere.  

 

  

 

Figure 11: BLA total length and bifurcations x hemisphere in adolescent group.  

Means for total length (a) and bifurcations (b) of basilar and apical dendrites from BLA 

principal cells in the left and right hemisphere of control- (open bars) and nicotine-

pretreated rats (closed bars) in the adolescent group.  Nicotine decreased the total length 

and bifurcations of apical dendrites in the right hemisphere.  Bars (mean ± SEM) 

represent the total length (a) and bifircations (b).      * denotes p < .05 and ** denotes p < 

.01.     
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Figure 12: BLA sholl analysis in the adolescent group.  Sholl analysis of the total length 

(a) and bifurcations (b) of dendrites from BLA principal cells in the left (top panel) and 

right hemisphere (bottom panel) of control- (open circles) and nicotine-pretreated (closed 

circle) rats in the adolescent group.  Nicotine increased total length (a) of basilar 

dendrites in the left hemisphere at distances from 60-100 µm and the total length of 

apical dendrites from 40-60 µm from the soma.  Nicotine increased the number of 

bifurcations in basilar dendrites from the left hemisphere at 60 µm from the soma.  With 

respect to the right hemisphere, nicotine decreased the total apical length at 100 µm from 

the soma.  Basilar and apical dendrites are plotted on the left and right as a function of 

path distance from the soma, respectively.  Data points (mean ± SEM) represent the total 

length (a) and bifircations (b) at the respective distance from the soma center (bin size 

was 20 µm).  * denotes p < .05 and # denotes p < .01.      
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In the adult group, ANOVA revealed a main effect of pretreatment, with nicotine 

increasing total length (F[1, 62] = 5.0; p < .05) and bifurcations (F[1, 62] = 4.1; p < .05) 

for basilar dendrites.  Apical dendrites were unaffected by pretreatment.  In the left 

hemisphere, there were no pretreatment effects on length or bifurcations.  In the right 

hemisphere, ANOVA with repeated measures on path distance showed that nicotine 

increased total basilar length (
a
F [2.3, 74.2] = 4.7; p < .01) and overall basilar 

bifurcations (F[1, 33] = 5.9; p < .05) compared to control.  Differences were greatest at 

distance 80-120 µm from the soma.        
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Figure 13: BLA total length and bifurcations x hemisphere in adult group.Total length 

(a) and bifurcations (b) of basilar and apical dendrites from BLA principal cells in the left 

and right hemisphere of control- (open bars) and nicotine-pretreated rats (closed bars) in 

the adult group.  Nicotine increased the total length and bifurcations of basilar dendrites 

in the right hemisphere.  Bar represent mean (± SEM) of sholl analysis.   ** denotes p < 

.01.     
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Figure 14: BLA sholl analysis in the adult group Sholl-like analysis of the total length 

(a) and bifurcations (b) of dendrites from BLA principal cells in the left (top panel) and 

right hemisphere (bottom panel) of control- (open circles) and nicotine-pretreated (closed 

circle) rats in the adult group.  Nicotine increased total length (a) of basilar dendrites in 

the right hemisphere at distances from 60-120 µm from the soma.  Nicotine increased the 

number of bifurcations in basilar dendrites from the right hemisphere at 80 µm from the 

soma.  Nicotine did not alter dendrites in the left hemisphere.  Basilar and apical 

dendrites are plotted on the left and right as a function of path distance from the soma, 

respectively.  Data points (mean ± SEM) represent the total length (a) and bifircations (b) 

at the respective distance from the soma center (bin size was 20 µm).  * denotes p < .05 

and # denotes p < .01.      

 



57 

Table 1: Interhemispheric differences of pretreatment. * denotes p < 0.05 and ** p < 

.01. 

 

    Adolescent   Adult 

  Left Right Left  Right 

          

  Nicotine Control Nicotine Control Nicotine Control Nicotine Control 

          

Basilar 1524(196) 1296(99) 1468(147) 1604(129) 1255(169) 1114(168) 1566(134)** 1103(78)  

BLA 
Apical 683(65) 841(135) 763(98) 1034(83)* 684(103) 612(54) 859(97) 821(69) 

          

Basilar 1042(151) 1136(109) 1336(134) 1156(58) 1349(150) 1163(90) 1293(138) 1133(118)  

IL 
Apical 775(85) 1118(133) 996(106) 1175(135) 1088(103) 1040(110) 918(86) 942(94) 

 

 

Table 2: Intrahemispheric differences of pretreatment. * denotes p < 0.05. 

     Control   Nicotine 

  Adolescent Adult Adolescent Adult 

          

  L R L R L R L R 
          

Basilar 1296(99) 1604(129) 1114(168) 1103(78) 1524(196) 1468(147) 1255(169) 1566(134)  

BLA 
Apical 841(135) 1034(83) 612(54) 821(69)* 683(65) 763(98) 684(103) 859(97) 

          

Basilar 1136(109) 1156(58) 1163(90) 1133(118) 1042(151) 1336(134) 1349(150) 1293(138)  

IL 
Apical 1118(133) 1175(135) 1040(110) 942(94) 775(85) 996(106) 1088(103) 918(86) 
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Branch order analysis.  To assess the contribution of branch number to total dendritic 

length, a branch order analysis was conducted on branch number and mean branch length 

for each hemisphere. 

 

 

 

 

 

Figure 15:   Illustration of branch order analysis.  Reconstruction of BLA principal 

neuron dendrites illustrating the centrifugal method for determining branch order.  

Dendritic segments are numbered in proximal to distal direction from the soma.  Vertical 

line in soma indicates the basilar (left side) from apical (right side) tree. 

 

Overall ANOVA with repeated measures on branch order revealed a three-way 

interaction of age x pretreatment x hemisphere on the total number of branches for basilar 

dendrites (
a
F[2.3, 267.4] = 3.8; p < .05).   
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When the adolescent group was analyzed separately, two-way ANOVA with 

repeated measures on branch order revealed a hemisphere x pretreatment interaction on 

number of basilar branches (
a
F [2.5, 139.9] = 2.9; p < .05).  Subsequent one-way 

ANOVA on the left hemisphere showed that nicotine increased the number of branches 

(F[1, 26] = 5.0; p < .05), particularly at the second order (
a
t[26] = 2.8; p < .05), compared 

to controls (fig. 11).  In contrast, there was no effect of pretreatment in the right 

hemisphere.  Given that mean branch length did not differ by pretreatment, it could be 

concluded that overall differences in total length are attributable to greater branch number 

at distances proximal to the soma. 

For apical dendrites, overall ANOVA with repeated measures on branch order 

found an interaction of pretreatment (aF[1, 56.6] = 10.8; p < .01), with nicotine 

decreasing the number of branches at the fourth (
a
t[59] = 3.1; p < .05) and fifth (

a
t [59] = 

2.8; p < .05) branch order.  Branch order analysis of mean dendritic length revealed a 

significant interaction of pretreatment (
a
F[3.9, 227.2] = 2.5; p < .05).  Considering that 

mean branch length differed by pretreatment, overall differences in total length could be 

attributable to both greater branch number and length. 

When the right hemisphere was analyzed separately, branch order analysis 

revealed an interaction of pretreatment on total length (
a
F [2.9, 90.9] = 3.4; p < .05), 

branch number (
a
F [2.3, 70.1] = 5.6; p <.01) and mean length (F[3.4, 105.9] = 2.8; p < 

.05) for the apical tree (fig 12).  Nicotine decreased apical branch number at the fourth 

(
a
t[31] = 2.8; p < .05) and fifth (

a
t[31] = 2.8; p < .05) order compared to control (Fig. 11).  

There was no effect of pretreatment on mean branch length, indicating that decreased 
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apical length at distal points from the soma was due to a decrease in number of branches 

and not a decrease in total length.  There was no effect of pretreatment on branch number 

or mean branch length of apical dendrites in the left hemisphere.  These results indicate 

that overall length differences in the apical tree of the adolescent group were due to 

decreased apical branch number in the right hemisphere in response to nicotine. 
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Figure 16: BLA branch order analysis in adolescent group.  Branch order analysis for 

number of apical and basilar branches (a, b) and mean branch length (c,d) of BLA 

principal cells from the left (left panel) and right (right panel) hemispheres of the 

adolescent group.  Nicotine increased the overall number of basilar branches in the left 

hemisphere, particularly at the second order.  Nicotine decreased the number of apical 

branches, most notably at the fourth and fifth order.     Closed (nicotine) and open 

(control) circles represent mean ± SEM.   * denotes p < .05.   
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In the adult group, two-way ANOVA on total basilar length showed that nicotine 

increased the total length of basilar dendrites relative to the control group (F[1, 62] = 5.0; 

p < .05).  Subsequent ANOVA on the right hemisphere only showed that nicotine 

increased total length compared to control (F[1, 33] = 8.7; p < .01).  Two-way ANOVA 

with repeated measure on branch order indicated a nearly significant interaction of 

pretreatment across branch order (p = .054).  Follow-up ANOVA with repeated measures 

on branch order revealed a significant interaction of pretreatment on the number of 

branches (
a
F[1.9, 63.8] = 4.0; p < .05), with nicotine increasing the number of fifth order 

branches (
a
t[33] = 2.9; p < .05) compared to control (fig. 12).  Mean branch length did not 

differ across branch order, suggesting that the observed increases in total length in 

response to nicotine was a function of greater branch number.  In the left hemisphere, 

there was no effect of pretreatment, indicating that the overall difference in total basilar 

length in response to nicotine was mostly due to an interaction of nicotine in the right 

hemisphere. 

For total length of the apical tree, two-way ANOVA indicated no pretreatment 

effects.  Subsequent two-way ANOVA with repeated measures on branch order revealed 

showed no intrahemispheric differences of pretreatment. 
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Figure 17:  BLA branch order analysis in adult group.  Branch order analysis for 

number of basilar and apical branches (a, b) and mean branch length (c, d) of BLA 

principal cells from the left (left panel) and right (right panel) hemispheres of the adult 

group.  Closed (nicotine) and open (control) circles represent mean ± SEM.   Nicotine 

increased the overall number of basilar branches in the right hemisphere, particularly at 

the fifth order (b).   * denotes p < .05 and ** denotes p < .01.   
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IL morphometric analysis.  For the IL, 1-7 neurons were reconstructed from each 

adolescent (n=7; control n=7) and adult (nicotine n=8; control n=8) pretreated animal.  A 

total of 60 neurons were reconstructed from the adolescent (nicotine n=25; control n=35) 

and 60 from the adult (nicotine n =28; control n = 32) group (120 total cells 

reconstructed). 

Pyramidal neurons in the IL cortex were randomly sampled from layers III-V.  

The tracer was blind to both age and pretreatment group and potential artifactual 

differences in dendritic morphology may have emerged due to oversampling from layer 

III-V in any one particular experimental group.  Thus, the distance from the soma to the 

pial surface was measured for each neuron and compared between groups. Mean distance 

to the cortical surface did not vary across pretreatment (nicotine M = 448.2 ±14.2; control 

M = 452.4 ± 12.0).  However, there was a nearly significant difference in the cortical 

distance for hemisphere (p = 0.51) with greater cortical distance in the right (M = 468.54 

± 12.9) relative to left (M = 432.8 ± 12.7) hemisphere.  There was also a sampling 

difference for age group (F[1, 115] = 5.2; p < .05) with greater cortical distance in the 

adolescent compared to adult age group.    Thus, neurons were equivocally sampled with 

respect to pretreatment, but biased with respect to age and hemisphere. 
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Figure 18: Photomicrograph of IL pyramidal neurons.  Representative micrograph of 

Golgi stained IL pyramidal neurons.   
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           c) 

               

 

 

Figure 19: IL pyramidal neuron representative reconstructions.  Representative 

reconstructions of IL pyramidal neurons from the adolescent (a) and adult (b) dose 

groups and location of the IL (shaded region) in the mPFC region (c).   These neurons 

from the left (left panel) and right hemisphere (right panes) were selected because they 

are representative of dendritic lengths near their respective group means. Scale bar 

represents 20 µm. 
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Overall three-way ANOVA with repeated measures on path distance showed no 

interactions on total length or bifurcations of basilar dendrites.  For the apical tree, overall 

three-way ANOVA with repeated measures on path distance yielded no interactions on 

total length or bifurcations of apical dendrites. 

When the adolescent group was examined separately, there was no effect of 

pretreatment on the length of basilar dendrites.  For the apical tree, there was a nearly 

significant main effect of pretreatment (p = .053), with nicotine decreasing the total 

length of the apical tree compared to control.   There were no effects of nicotine in the 

adult pretreated group. 
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Figure 20: IL sholl analysis in the adolescent group.  Sholl-like analysis of the total 

length (a, b) and bifurcations (c, d) of dendrites from IL pyramidal cells in the left (left 

panel) and right hemisphere (right panel) of control- (open circles) and nicotine-

pretreated (closed circles) rats in the adolescent group.  Basilar and apical dendrites are 

plotted on the left and right as a function of path distance from the soma, respectively.  

Data points (mean ± SEM) represent the total length (a, b) and bifircations (c,d ) at the 

respective distance from the soma center (bin size was 20 µm).  There was no lasting 

effect of nicotine in the IL cortex of rats dosed during adolescence. 
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Figure 21: IL sholl analysis in the adult group.  Sholl-like analysis of the total length (a, 

b) and bifurcations (c, d) of dendrites from IL pyramidal cells in the left (left panel) and 

right hemisphere (right panel) of control- (open circles) and nicotine-pretreated (closed 

circles) rats in the adult group.  There were no lasting effects of nicotine in the IL cortex 

of rats dosed during adulthood.  Basilar and apical dendrites are plotted on the left and 

right as a function of path distance from the soma, respectively.  Data points (mean ± 

SEM) represent the total length (a, b) and bifircations (c,d ) at the respective distance 

from the soma center (bin size was 20 µm).   



70 

 

Interhemispheric differences in dendritic morphology.  To directly assess 

morphological differences between hemispheres, the right and left hemispheres were 

compared within pretreatment groups.  Plots for interhemispheric differences can be 

found in Appendix A. 

BLA.  In the control condition, two-way ANOVA with repeated measures on path 

distance indicated hemispheric differences for basilar dendrites that depended on the 

factor age (
a
F[2.8, 162.3] = 3.3; p < .05).  Overall, dendritic length for both basilar (F[1, 

62] = 9.0; p < .01) and apical (
a
F [1, 55.7] = 6.3; p < .05) dendrites were greater in the 

adolescent compared to adult group.  When the adolescent group was analyzed 

separately, ANOVA with repeated measures on path distance revealed an interaction of 

hemisphere for total basilar length (
a
F [2.9, 94.4] = 8.0; p < .001), with total basilar 

dendritic length in the right hemisphere most pronounced at 80 µm (
a
t[32] = 4.1; p < .01) 

from the soma (Appendix A).  There were no significant hemispheric differences for the 

apical tree.  When the adult group was analyzed separately, no differences were detected 

for both the basilar and apical dendritic trees.   

In the nicotine pretreatment condition, hemispheric differences present in the 

basilar dendrites for the adolescent control group were abolished by nicotine.  Nicotine 

was found to selectively increase the total length of dendrites in the left hemisphere, 

effectively eliminating interhemispheric differences found in the control condition (p = 

.81).  No differences were detected for the apical tree.  In the adult group, ANOVA with 

repeated measures on path distance indicated that nicotine increased the total length of 
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dendrites in the right hemisphere relative to left hemisphere (
a
F[2.2, 70.3] = 3.9; p < .05).  

No differences were detected for the apical tree.  Increased length of basilar dendrites in 

the right hemisphere induced interhemipheric differences not present in the control 

condition.  These data indicate that nicotine has opposing interhemispheric influence on 

basilar dendrites that depends on the age of exposure. 

IL. In the control group, two-way ANOVA with repeated measures on path distance 

indicated no interhemispheric differences for basilar or apical total length or bifurcations.  

Subsequent separation of the age groups also did not reveal intrahemispheric differences 

of length or bifurcations.   

Correlational analysis.  To assess whether nicotine-induced individual differences in 

BLA dendritic morphology predicts freezing response, the sum of total basilar length for 

neurons in the BLA was computed for each subject.  Correlational analysis showed that 

rats in the adult group with the largest nicotine-induced structural alterations tended to 

show the greatest cued fear response (r = .44; p < .01).  Importantly, there was no 

relationship of basilar dendritic length and the cued fear response in the control condition 

(r = .003; p = .99).  In the adolescent group, there was no relationship of dendritic 

arborization in either pretreatment group with behavioral performance.    
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Figure 22: Correlational analysis.  Nicotine-induced increases in the total length of BLA 

basilar dendrites for the adult group predicted cued freezing enhancement (r = 0.44; p < 

.01).  No association was observed in controls or the adolescent group (Data not shown). 

 

To support results from the correlational analysis, nicotine and control groups 

were classified into four groups based on a median split of total dendritic length of basilar 

dendrites from the BLA (HIGH and LOW groupings).  As expected, when cells were 

broken down into HIGH and LOW categories, subjects in the LOW grouping exhibited 

decreased freezing response relative to the HIGH group (p < .01).  These data indicate 

that subjects with overall increased basilar dendritic length showed significantly more 

freezing relative to subject with neurons possessing less overall dendritic length, 

irrespective of pretreatment.  Nicotine pretreated rats with the largest dendritic alterations 

(HIGH) exhibited the greatest freezing relative to rats with less dendritic alteration 
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(LOW) , although this result only approached significance (p = .057).  Control 

pretreatment had no effect on freezing performance.  

 

 

 

 

 

Figure 23: Median split of BLA total length x freezing rate.  Nicotine and control rats 

were divided into four groups based on the median split of their respective BLA basilar 

dendritic lengths.  Nicotine pretreated rats with the greatest total basilar length exhibited 

enhanced freezing compared to the controls (HIGH and LOW).  There was a nearly 

significantly enhancement of freezing response in the nicotine HIGH compared to LOW 

group (p = .057).  No association between the control group and freezing percentage was 

observed. 

 

Soma size.  There were no differences of soma perimeter (71.2 ± 8.8) or area (367.4 ± 

85.6) across all groups. 
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Tissue shrinkage.  The section thickness for all groups was 113.7 ± 5.3 (mean ± SEM).  

This indicates a 43.2% decrease in section thickness. Three-way ANOVA on section 

thickness indicated that the tissue for cells reconstructed from the adolescent group was 

thicker than tissue from the adult group (F[1, 117] = 9.8; p < .01).  In addition, tissue 

from cells in the control group was thicker than cells from the nicotine pretreated group 

(F[1, 117] = 5.9; p < .05).  No other group differences or interactions were detected.    

Summary of findings  

1. Intermittent nicotine injections during adulthood enhanced the cued fear response 

after 17 days abstinence. 

2. Comparable nicotine dosing during adolescence did not produce alterations in fear 

conditioning behavior, suggesting that nicotine effects on fear conditioning are 

age-dependent. 

3. Nicotine did not produce alterations in the acquisition of fear or the extinction of 

fear for either age group, indicating that nicotine’s impact on fear learning is 

specific to the cued fear response. 

4. Overall, nicotine during adulthood increased the total length and number of 

branches from basilar dendrites of principal neurons in the BLA.  

5. Overall, nicotine during adolescence decreased the total length and number of 

branches from apical dendrites of principal neurons in the BLA.  

6. Hemispheric differences in dendritic remodeling were found in both age groups. 

7. In the adult group, dendritic remodeling was unilateral, with increased total 

basilar length and branch number was found in the right hemisphere. 
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8. In the adolescent group, dendritic remodeling was bilateral but specific, with 

greater basilar dendritic length in the left hemisphere and reduced apical dendritic 

length in the right hemisphere in response to nicotine. 

9. The extent of dendritic remodeling in the adult group was positively correlated 

with the enhancement of fear.  No other correlations were found. 

10. Basilar dendritic morphology in the control group was lateralized in late 

adolescence/young adults (P63) with the right BLA exhibiting greater total length 

and bifurcations relative to the left BLA.  No hemispheric differences in dendritic 

morphology were found in the adult group (P90) 

11. No alterations in dendritic morphology were found for the IL region of the mPFC  
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CHAPTER 4: DISCUSSION 

 

 

The present study uncovered four novel findings.  First, chronic nicotine exposure 

during adulthood following by protracted abstinence enhanced conditioned fear retrieval.  

An increased cued fear response was not observed in a comparison group dosed with 

nicotine during adolescence, suggesting that the impact of nicotine on later fear 

conditioning is age-dependent.  Second, nicotine-induced enhancement of the cued fear 

response in the adult group was accompanied by greater overall length (28.2%) and 

arborization of basilar dendrites from cells located in the basolateral amygdala complex.  

This pattern of dendritic restructuring was not observed when nicotine was administered 

during adolescence.  Rather, adolescent nicotine exposure resulted in a lasting reduction 

(24.4%) in the total length of the apical tree relative to controls, suggesting that the long-

term impact of nicotine on BLA dendritic morphology is age-dependent.  Third, the 

extent of dendritic remodeling in response to nicotine was lateralized.  In the adult group, 

the right BLA exhibited more pronounced dendritic elaboration compared to the left.  In 

contrast, alterations in BLA dendritic morphology were biphasic with respect to 

hemisphere in the adolescent group, with nicotine increasing basilar dendritic length in 

the left and decreasing apical dendritic length in the right hemisphere.  Fourth, nicotine-

induced dendritic alterations were not observed in pyramidal cells from the infralimbic 
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cortex, indicating that nicotine produces brain region specific dendritic alteration.  

Together, these data demonstrate that the impact of nicotine on BLA dendritic 

morphology and fear conditioning is lasting and age-dependent.  

Few comparative studies have demonstrated lasting alteration of fear conditioning 

following discontinuation from nicotine exposure.  In a study conducted in our lab, 

nicotine infusion (1.0 mg/kg/day) resulted in both enhanced acquisition and cued freezing 

response following 30 days abstinence (L. N. Smith et al., 2006).  These results were 

demonstrated in rats dosed during adolescence but not adulthood, contrasting the present 

findings.  In another recent experiment, it was found that repeated nicotine injections 

followed by a 14 day abstinent period altered extinction recall, but not cued fear 

conditioning (Tian et al., 2008).   Together, these experiments demonstrate the potential 

for nicotine’s lasting impact on fear conditioning and fear extinction, but fail to support 

the present results.  A number of factors could account for differential effects of nicotine 

on fear conditioning and extinction.  First, the dosing regimen used by Smith and 

colleagues (2006) was a continuous pattern of nicotine delivery.  It is well-established 

that nicotine’s pharmacokinetic profile differs depending on the route of administration 

(Benowitz, Jacob, Fong, & Gupta, 1994; Ghosheh, Dwoskin, Miller, & Crooks, 2001).  

Thus, differential nicotine pharmacokinetics may have produced a differing 

neurobehavioral impact on the adolescent and adult brain.  In addition, well-documented 

strain differences in the neurobehavioral response to nicotine in the Sprague-Dawley 

versus Long-Evans rat strain may account for the discrepancy in fear conditioning across 

studies (Faraday, Blakeman, & Grunberg, 2005; Rosen, West, & Donley, 2006).  Finally, 
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in the experiment conducted by Tian and colleagues (2008), the route of administration 

was similar to the present study (subcutaneous), but the dose was greater (0.5-1.1 

mg/kg/twice a day > 0.5 mg/kg/every other day).  Although cued fear conditioning has 

not been evaluated following multiple nicotine doses, a number of studies have shown 

that contextual fear conditioning depends on the dose of nicotine delivered (Davis, 

Kenney, & Gould, 2007; Gould & Wehner, 1999).  More experiments are warranted 

evaluating whether alterations in the conditioned fear response in the present study 

depend on the dose of nicotine administered. 

Nicotine during adulthood enhanced later fear conditioning, indicating a possible 

long-term sensitizing effect of nicotine on BLA circuitry.  In accordance, the overall 

length of basilar dendrites in the BLA from rat dosed with nicotine during adulthood was 

positively correlated (r = 0.44) with the magnitude of the freezing response for cued 

retrieval.  No correlations were found for any other pretreatment or age group, suggesting 

a relationship between the extent of nicotine-induced dendritic arborization and the 

degree of fear retrieval.  Increased complexity of dendrites most likely increases the 

availability of synaptic connections and possibly even synaptic strength (Chklovskii, 

2004).  This idea was recently supported by an experiment showing that nicotine 

facilitates the induction of LTP in the amygdala.  Extracellular recording in the amygdala 

showed that 7 days of systemic nicotine pretreatment was sufficient to produce long-

lasting facilitation of LTP (Huang et al., 2008).  The facilitation of LTP was pathway 

specific, with nicotine selectively facilitating LTP in the cortical-lateral amygdala (LA) 

pathway, and not the thalamic-LA or LA-basolateral (BLA) synaptic pathway.  
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Behavioral and electrophysiological studies have shown that fear memory retrieval may 

be more dependent on cortical-LA and LA-BLA, rather than thalamic-LA pathways 

(Amorapanth et al., 2000; Campeau & Davis, 1995; Doyere, Debiec, Monfils, Schafe, & 

LeDoux, 2007; Vago, Bevan, & Kesner, 2007).  Nicotine pretreatment in the present 

study augmented fear retrieval, but not fear acquisition.   Therefore, it could be 

hypothesized that neurons which showed a high degree of structural plasticity in response 

to nicotine may have been interconnected with cortical-LA or possibly LA-BLA, but not 

thalamic-LA pathways.  It remains to be examined whether nicotine has selective 

influence on the dendritic morphology of neurons in specific pathways in the amygdala      

There is some evidence that the dorsal and ventral regions of the amygdala 

contribute to different aspects of fear conditioning.  Whereas the ventral region has been 

shown to be the site of initial acquisition of fear memory, the ventral regions may be 

more involved in consolidation and storage of fear memory (Repa et al., 2001).  In light 

of this work, it could be hypothesized that in the present study nicotine altered dendrites 

preferentially in the ventral, rather than dorsal, region of the BLA.  Evidence for 

preferential dendritic alteration within a brain region is sparse.  Our laboratory showed 

that nicotine preferentially modified a putative subclass of mPFC pyramidal neuron 

following nicotine exposure (Bergstrom et al., 2008).  These data provide evidence that 

nicotine’s impact on dendritic morphology may be highly specific, even within a brain 

region.  Localized structural remodeling of dendrites within the amygdala would provide 

a putative explanation for the selective and lasting impact of nicotine on cued fear 
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retrieval.  Future works seeks to elucidate the possibility that dendritic remodeling in 

response to nicotine may be localized to specific subregions of the BLA. 

Dendritic branching patterns.  The finding that adult nicotine exposure increased basilar 

branch number at higher orders (fig. 17) mimics findings in the nucleus accumbens from 

rats dosed with nicotine during adolescence (C. G. McDonald et al., 2005; C. G. 

McDonald et al., 2007).  In the results presented here, branch order analysis indicated that 

increased length at locations distal from the soma (higher branch orders) was due to the 

addition of new branches rather than new length (fig. 17).  In the adolescent group, 

nicotine decreased the total length of apical dendrites at locations distal from the soma 

and branch order analysis indicated that the decrease in length was most likely due to a 

decrease the number of overall branches (fig. 16).  In summary, these findings suggest 

that modifications of dendrites in response to nicotine occurred at locations distal from 

the soma and that changes in branch number, rather than changes in segment length, 

contributed to the observed differences.  In contrast to this general pattern, an increased 

number of basilar branches at proximal locations (second order) from the soma were 

found in the left hemisphere of rats dosed with nicotine during adolescence (fig. 16).  

Mean number of branches did not differ suggesting that nicotine did not lengthen the 

number of branches, but instead increased the number of proximal branches.  This is not 

to suggest the insertion of new basilar trees into the soma since no pretreatment 

differences were detected at the first order.  Few studies have shown increases in branch 

number at locations near the soma.  In one study, corticosterone treatment increased  the 

amount of dendritic material proximal to the soma, but decreased dendritic material at 
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distal points from the soma (C. L. Wellman, 2001).  These data provide evidence for 

homestatic regulation of dendritic growth, as theorized by Samsonovich and Ascoli 

(2006).  In the present study, differences in proximal dendritic length were not 

compensated for at distal points along the dendritic tree. 

Age-dependent differences.  Lasting age-dependent responsiveness to nicotine most 

likely relates to the unique neurodevelopmental profile of the adolescent brain.  The 

amygdala in particular undergoes considerable developmental changes through 

adolescence.  Both structural and neurochemical maturations occurs during the 

adolescence period including dendritic pruning (Zehr, Todd, Schulz, McCarthy, & Sisk, 

2006), increased acetylcholinesterase activity (Berdel, Morys, Maciejewska, & 

Narkiewicz, 1996) and continued development of efferent connectivity with the mPFC 

(Cunningham et al., 2002, 2007).  These developmental changes render amygdala 

circuitry particularly vulnerable to nicotine’s pharmacodynamic action, producing long-

term outcomes that differ from comparable adult-aged exposure (R. F. Smith, 2003).  The 

precise ontogenetic mechanisms that underlie nicotine-induced dendritic remodeling are 

unknown.  

      Some work suggests that development of the amygdala may extend beyond what 

is typically defined as adolescence (P28-42) (Spear, 2000).  Amygdala volume was found 

to increase well into young adulthood in mice (Koshibu, Levitt, & Ahrens, 2004); a 

pattern similar to that observed in humans (Giedd et al., 1996).  Connectivity with the IL 

also increases into young adulthood (P65) or later (Cunningham et al., 2002).  As whole 

amygdala volume and connectivity increase, it was recently shown that  principal neuron 
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and glia number decrease from P35 to P90 (Rubinow & Juraska, 2009).  Collectively, 

these data implicate a relatively late-wave of neurodevelopmental events in the amygdala 

that extends well past what is classically considered the adolescent period.  Here it was 

found that BLA dendritic complexity decreases through young adulthood.  In rats not 

exposed to nicotine, dendritic length and number of birfurcations was greater (33.4%) in 

the younger (P63) compared to the older (P92) group.  Differences in dendritic length in 

the early adult group can be attributed to greater dendritic complexity in the right 

hemisphere, since no difference in length or number of bifurcations was observed 

between age groups for the left hemisphere (Appendix A).  These results indicate 

continued and lateralized dendritic reorganization in early adulthood (P63-92).  No 

differences in dendritic complexity were found in the IL, suggesting that age-related 

morphological differences are specific to the BLA.   

IL dendritic morphology.  Nicotine did not influence dendritic morphology of pyramidal 

neurons in the IL region of the mPFC.  It was expected that nicotine would alter IL 

pyramidal neurons structure since there is some evidence that nicotine alters the 

excitability of IL neurons (Choi et al., 2006).  Nicotine has been shown to impact the 

structure of dendrites in the adjacent PL region of the mPFC (Bergstrom et al., 2008; 

Brown & Kolb, 2001).  Together, these studies suggest that nicotine has region-specific 

effect on dendritic morphology in the mPFC.  Differential impact of nicotine in the PL 

and IL regions could be expected since these regions have different cytoarchitecture (Van 

Eden & Uylings, 1985), and differ in their afferent projections (Hoover & Vertes, 2007).  

Functionally, the IL and PL have been dissociated using both injection and lesions studies 
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with the PL more involved in behavioral flexibility (Marquis, Killcross, & Haddon, 2007) 

while the IL mediates impulsive behavior and habit formation (Van den Oever et al., 

2008).  The finding that nicotine has less of an influence on the IL compared to the PL 

region suggests that nicotine may have a greater impact on PL-dependent cognitive 

processing rather than IL-dependent inhibitory functioning.  This idea was recently 

confirmed in an experiment showing that nicotine exposure in adolescence produced 

long-term alteration in attention behavior but left impulsive behavior unaffected 

(Counotte et al., 2008).  This result was not found in rats dosed with nicotine during 

adulthood, suggesting that nicotine has age-dependent and selective effects on prefrontal 

circuitry related to higher order cognitive processes.     

A lack of an effect of nicotine on extinction and no alteration of IL dendritic 

morphology in response to nicotine in the present study supports the prevailing role of the 

IL in the suppression of learned fear.  It was hypothesized that an enhancement of 

dendritic complexity in the IL region would increase the functionality of the IL and in 

turn, produce greater feedforward inhibition of the central nucleus of the amygdala, thus 

enhancing fear extinction.  This idea is supported by evidence showing that decreased 

dendritic material in the IL was related to deficits in fear extinction (Izquierdo et al., 

2006) and attention (Liston et al., 2006)   However, it could be argued that nicotine-

induced structural plasticity was confined to a specific IL cortical layer.  Pyramidal 

neurons were sampled from all layers of the IL in the present study.  Future work needs 

to address the possibility of layer specific dendritic alteration in the IL in response to 

nicotine.    
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Lateralization of dendritic morphology in the BLA.  The results presented here are the 

first to show lateralized dendritic arborization in response to a drug of abuse.  

Hemispheric specialization has been linked with emotional processing and expression in 

rodents (Sullivan & Gratton, 1999).  In particular, the right amygdala has been implicated 

in processing fearful stimuli and mediating anxiety-like behavior (Baker & Kim, 2004; 

Scicli et al., 2004).  The data presented here support evidence for right hemisphere 

dominance in emotional processing by showing that nicotine-induced dendritic 

hypertrophy in the right hemisphere coincided with an enhanced fear response.  In 

contrast, neuroanatomical changes in response to prior adolescent nicotine did not 

correspond with behavioral alterations in fear conditioning.  Anatomical alterations in 

dendritic morphology were bilateral in the adolescent group, with increased basilar 

branching in the left hemisphere and decreased apical branching in the right hemisphere.  

Together, these data suggest that remodeling of dendrites in the amygdala is lateralized in 

response to nicotine and the pattern of remodeling is dependent on the age of nicotine 

exposure.  The only other example of laterizalized dendritic remodeling following 

environmental exposure has been found following repeated stress.   Perez-Cruz and 

colleagues (2007) found that stress reduced the total length of apical dendrites from the 

right hemisphere of pyramidal neurons in the IL cortex, effectively eliminating 

hemispheric asymmetry in total apical dendritic length (Perez-Cruz et al., 2007).  These 

data suggest that environmental exposure (stress) has the potential to abolish hemispheric 

differences in dendritic morphology.  In the present study, when the dendritic 

morphology of BLA neurons from the control group was analyzed separately, 
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hemispheric differences emerged.  Specifically, in the adolescent group, the total 

dendritic length of BLA neurons was greater at distance proximal to the soma in neurons 

from the right relative to left hemisphere (Appendix A).  These are the first data in an 

animal model to show that the dendritic architecture of principal neurons in the BLA is 

lateralized.  MRI in periadolescent humans (4-18 years) confirms this finding, showing 

greater right versus left amygdala volumetric differences (Giedd et al., 1996).  However, 

the findings here stand in contrast to recent evidence showing that the length of dendritic 

segments was symmetrical between hemispheres in the medial division of the amygdala 

from prepubertal rats (Cooke, Stokas, & Woolley, 2007).  Since dendrites in the present 

study were reconstructed from neurons located in the lateral amygdala, these results 

suggest that laterality in dendritic total length through the late adolescent period may be 

region specific, even within subregions of the amygdala complex.  In the adult control 

dosed group, interhemispheric differences were not found, suggesting continued 

neurodevelopment of the BLA.  These are the first data to show reduced asymmetry in 

BLA dendritic morphology through ontogeny.  Continued dendritic alteration through 

adulthood has been confirmed in other brain regions (Cupp & Uemura, 1980; C. G. 

McDonald et al., 2007).  Overall, it appears that dendrites are more elaborate in the right 

BLA from younger rats (P64) and this asymmetry is reduced through continued natural 

development.    

Adolescent nicotine exposure abolished interhemispheric morphological 

differences, effectively inducing symmetry in BLA principal neuron dendritic 

morphology (Appendix A).  In contrast to the adolescent dosed group, adult nicotine 
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exposure induced interhemispheric differences by enhancing basilar dendritic branching 

in the right compared to left hemisphere.  The functional consequences of hemispheric 

assymmetry in dendritic morphology are not known.  However, clinical studies have 

reliably shown hemispheric imbalances linked with psychiatric disorders (Czeh et al., 

2008). 

Lateralization of IL dendritic morphology.  No asymmetry in total length of the apical 

dendrites was found in the IL cortex for the present data.  These data stand in contrast to 

finding from Perez-Cruz et al. (2007), who showed enhanced dendritic branching at 

proximal distance from the soma for the apical tree.  However, it is important to point out 

that in the experiments conducted by Perez-Cruz et al. (2007), neurons were only 

sampled from Layer III of the IL cortex.  In the present study, neurons were sampled 

from all layers.  When pyramidal neurons from the control group were segregated 

according to distance from the pial surface, neurons that fell less than 400 µm from the 

soma showed a clear pattern of dendritic morphology (nearly significant) very similar to 

the study conducted by Perez-cruz and colleagues (2007) (Appendix A).  It is assumed 

that neurons less than 400 µm from the pial surface are from layer I-IV.  Therefore, the 

data in the present study tend to confirm findings of Perez-Cruz et al. (2007) showing 

asymmetry in dendritic morphology of Layer III pyramidal neurons in the IL cortex, with 

proximal dendrites in the right hemisphere exhibiting greater total length relative to 

neurons in the left hemisphere.  

Molecular mechanisms mediating dendritic alteration.  A molecular mechanism for 

dendritic restructuring in response to nicotine is not known.  It is possible that the 
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nicotine-induced morphological changes described here are due to nicotine binding 

within the amygdala, outside of the amygdala, or an interaction of both.  For instance, the 

nicotine binding nACh β2 receptor subunit is found in the BLA (Hill, Zoli, Bourgeois, & 

Changeux, 1993).  It is not known whether nAChRs are found post-synaptically or 

presynaptically in the BLA, although nAChRs are most-often found presynaptically.  

Nicotine binding to nAChRS located on BLA neurons, although not directly shown, 

would presumably lead to membrane depolarization and possibly dendritic restructuring 

though new gene transcription.  Indirectly, nicotine alters the release of dopamine onto 

BLA principal neurons.   Dopamine terminals have been found to synapse directly onto 

principal neurons in the BLA (Muller, Mascagni, & McDonald, 2008) and LTP in the 

amygdala was recently shown to be dependent on D2 receptors (Abe, Niikura, Fujimoto, 

Akaishi, & Misawa, 2008).  These data suggest that altered release of dopamine in 

response to systemic nicotine injection may alter the excitability of BLA neurons.  

Dopamine neurotransmission has been shown to be related to dendritic complexity in 

dissociated medium spiny neurons (Hernandez-Echeagaray et al., 2004).  Nicotine also 

interacts with glutamatergic signaling (Barazangi & Role, 2001; Jiang & Role, 2008) and 

has been shown to produce long-lasting changes in synaptic strength in the BLA as 

evidenced by LTP (Huang et al., 2008).  Although not directly demonstrated in the rodent 

amygdala but a finding common across systems is that increased neurotransmitter release 

initiates changes in intracellular Ca
2
+.  Ca

2
+ influx through postynaptic voltage-

dependent calcium channels has the potential to influence the dendritic cytoskeleton 

(Flavell & Greenberg, 2008).   
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Another putative mechanism for the lasting changes in dendritic structure in 

response to nicotine is the action of neurotrophins.  Neurotrophins are a family of 

proteins that facilitate neuronal survival during early brain development and later interact 

to promote neuron health and growth.  Nicotine has been demonstrated to enhance the 

release of brain-derived neurotrophic factor (BDNF) in both rodents (Kenny, File, & 

Rattray, 2000) and humans (T. S. Kim, Kim, Lee, & Kim, 2007).  BDNF is the most 

abundant neurotrophin in the brain, and exerts a number of trophic effects including 

neuronal growth and is involved in mechanisms of neuronal plasticity, such as LTP and 

learning  (Thoenen, 1995).  No studies have directly shown that BDNF is upregulated in 

the amygdala following chronic nicotine exposure.  Increased amygdala BDNF following 

nicotine exposure would provide a mechanism for amygdala dendritic hypertrophy in 

response to nicotine.  Another neurotrophin, basic fibroblast growth factor (bFGF), has 

been shown to be involved in dendritic restructuring following repeated amphetamine 

exposure.  It was found that with the use of antibodies that eliminated bFGF, 

amphetamine induced remodeling of dendrites in the ventral tegmental regions (VTA) 

was reduced (Mueller, Chapman, & Stewart, 2006).  It has not been demonstrated that 

nicotine-induced alterations in dendritic morphology are related to the action of 

neurotrophins.   

The mechanism by which environmental exposure produces differential branching 

patterns across the extent of the dendrite is also unknown.  One possibility is that 

differences in dendritic branching across branch order may reflect differential distribution 

of afferent input.  Indeed, it was recently shown that a large majority of dopamine 
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terminals make synaptic contact onto principal neurons at distal locations along the 

dendrite (Muller et al., 2008).  These data would seem to support the addition of dendritic 

material at distal points from the soma.  The present results showed that the impact of 

nicotine on dendritic arborization was localized to either the basal or apical subdivision, 

but not both.  These findings are supported by others showing that nicotine preferentially 

alters basal versus apical dendrites (Bergstrom et al., 2008; Brown & Kolb, 2001).  In the 

BLA, it is not understood how input onto the basilar and apical tree is segregated and 

whether there is a functional difference between subdivisions.  How segregation of input 

onto principal neurons in the BLA is important since the data shown here suggest that 

nicotine alters the basilar versus apical tree differently.  Furthermore, from a 

neuroanatomical perspective, these data suggest that neurochemical pathways mediating 

nicotine’s pharmacological action in the BLA are localized to the basal/apical 

subdivision.  Since adolescent nicotine differentially impacted the basal and apical tree 

relative to adults, a tentative explanation is that the organization of afferent input onto the 

basal/apical subdivision of BLA principal neurons is different in the adolescent compared 

to adult brain.  Furthermore, there was a relationship between basilar dendritic 

morphology in the adult nicotine group and enhanced fear retrieval that was not present 

in the adolescent group.  This observation suggests a functional disassociation in the 

contribution of the apical versus basilar dendritic tree to fear conditioning.  No work has 

yet explored this idea.     

Other drugs of abuse and fear conditioning.  Chronic exposure to other drugs of abuse 

including cocaine, morphine and alcohol, have all been shown to produce lasting impact 
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on fear conditioning and extinction behavior.  Both prior cocaine and morphine 

administration followed by an extended withdrawal period was found to impair fear 

extinction but leave intact fear conditioning (Burke, Franz, Gugsa, & Schoenbaum, 2006; 

Gu et al., 2008).  In a limited-access alcohol drinking paradigm, our lab found that the 

cued fear retrieval, but not the acquisition of fear conditioning, was impaired when 

alcohol was administered in adolescence (Bergstrom, McDonald, & Smith, 2006).  

Comparable adult age alcohol drinking did not alter fear conditioning, suggesting that 

like nicotine, the influence of alcohol on fear conditioning is age-dependent.  The present 

results showed that acquisition of fear conditioning was unaffected by prior nicotine 

exposure, but cued retrieval was enhanced.   

Besides being a test related to anxiety-related behavior, fear conditioning is also a 

behavioral test of synaptic plasticity related to general learning and memory.  The 

relationship between nicotine and cognition is long-standing and generally, drugs that act 

on nAChRs have cognitive-enhancing effects (Mansvelder et al., 2006). Therefore, the 

present data fall in line with the idea that nicotine interacts with synaptic mechanisms 

related to attention, learning and memory.   

Stress effects.  A primary aim of the present study was to characterize the dendritic 

morphology of neurons from the BLA and IL following protracted abstinence from 

nicotine.  While numerous studies have found structural alterations in the BLA in 

response to various stress regimens, the present results are the first to show structural 

alteration in the BLA in response to nicotine.  Both stress and corticosterone treatment 

has been found to induce dendritic hypertrophy in the BLA that was accompanied by 
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increased anxiety-like behavior (Mitra & Sapolsky, 2008; Vyas et al., 2006; Vyas et al., 

2002; Vyas et al., 2004).  Based on this work, it could be argued that stress, rather than 

the pharmacological action of nicotine, could have contributed to both BLA dendritic 

hypertrophy and enhanced fear conditioning.  Stress has been shown to induce a 

hyperanxious state (Anisman & Matheson, 2005) and reliably restructures apical 

dendrites of neurons from the prefrontal cortex.  In particular, recent work has shown that 

repeated stressful episodes alters apical dendritic branching in the infralimbic cortex 

(Izquierdo et al., 2006; Perez-Cruz et al., 2007; C. L. Wellman et al., 2007) and that this 

alteration may contribute to deficits in fear extinction (Izquierdo et al., 2006).   The 

present work found no significant impact of nicotine on IL dendritic morphology, 

suggesting that putative stress resulting from repeated nicotine injections and withdrawal 

was not sufficient to induce structural alterations in IL dendritic morphology.  Since 

stress is known to induce hypertrophy of neurons in the BLA and enhance fear 

conditioning (Wood, Norris, Waters, Stoldt, & McEwen, 2008), the question remains 

whether stress relating to repeated nicotine injections or withdrawal may have 

contributed to the observed neurobehavioral results observed in the present study.    

Carry-over effects of behavior on dendritic morphology.  Since the present study was a 

within-subjects designs, each animal underwent fear conditioning and fear extinction 

before being sacrificed for Golgi-cox staining.  Therefore, it could be argued that 

undergoing behavioral training regimens that depend on the functionality of the BLA and 

IL may have contributed to the observed morphological differences.  No work has 

demonstrated overall changes in dendritic morphology following fear conditioning or 
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extinction, although alterations in spine density have been shown to be altered following 

five tone/shock pairings (Radley et al., 2006).  In addition, both the nicotine and saline 

control groups received identical exposure to the conditioned and unconditioned stimuli, 

so any morphological differences induced by fear conditioning would be expected to be 

equivalent across groups.  

Withdrawal-related effects.  It could also be argued that the observed behavioral effects 

may have been due to withdrawal related effects from chronic nicotine exposure.  In a 

previous study, somatic manifestations of nicotine withdrawal (abdominal constrictions,
 

facial fasciculation, increased eyeblinks, and ptosis) were observed only up to 12 days 

post-nicotine infusion in rats that received significantly higher doses (12.0 mg/kg/day) 

than in the present study (0.5 mg/kg/day) (Vann, Balster, & Beardsley, 2006).  In another 

experiment using a similar dosing paradigm to the present experiment (1.0-2.2 

mg/kg/day), somatic signs of withdrawal were not observed after 14 days cessation from 

nicotine exposure (Tian et al., 2008).  Therefore, the abstinence period in the present 

experiment (17 days) falls well outside the time period when the somatic signs of 

physiological withdrawal would be visible.  Therefore, fear conditioning effects in the 

present experiments were most-likely due to the persisting interaction of nicotine on 

neural systems underlying fear conditioning and not due to non-specific nicotine 

withdrawal-related effects.  One method to directly assess how nicotine versus the 

withdrawal-related effects of nicotine impact dendritic morphology would be to analyze 

dendritic morphology immediately following nicotine dosing. 
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Body weight.  Nicotine was found to reduce the body weight of animals from both age 

groups over the course of the injection period (fig. 1).  It is well documented that nicotine 

promotes body weight loss, both in animal (Faraday et al., 2005; Levin, Morgan, Galvez, 

& Ellison, 1987) and human models (Flegal, Troiano, Pamuk, Kuczmarski, & Campbell, 

1995).  Nicotine has been shown to act on central neural pathways that disrupt feeding 

behavior (Kramer, Guan, Wellman, & Bellinger, 2007).   Thus, body weight loss in 

response to chronic nicotine exposure is a reliable physiological marker for the 

pharmacological action of nicotine in the central nervous system.  Nicotine exposure in 

the adult group reduced overall body weight compared to control.  There was no overall 

difference in body weight for the adolescent group, suggesting that chronic intermittent 

nicotine exposure promoted age-dependent reduction in body weight.  An explanation for 

age-dependent differences in body weight may be that in the beginning of dosing, body 

weight for the adult dose groups was unequal.  The initial reduction in the body weight 

for the nicotine group most likely contributed to the observed statistical differences in 

overall body weight, since the percent change in body weight between pretreatment 

groups was similar for the adolescent (1.7%) and adult (2.5%) group.  Therefore, it is 

unlikely that overall body weight loss in the adult group contributed to the 

neurobehavioral changes observed in the adult group.  

Pattern of nicotine dosing.  Smoking cigarettes during adolescence has oftentimes been 

characterized as intermittent, low-intensity (Karp, O'Loughlin, Paradis, Hanley, & 

Difranza, 2005), with interspersed periods of not smoking (R. J. Wellman, DiFranza, 

Savageau, & Dussault, 2004).   Therefore, the intermittent, relatively low dose schedule 
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of nicotine administration in rat for this experiment mimics consumption patterns of 

adolescent human smokers.  It has also been argued that intermittent injections provide a 

more realistic pattern of consumption as compared with continuous delivery because 

intermittent action provide periods of withdrawal which is a key element in nicotine 

dependence (Zevin & Benowitz, 2000).  In addition, the dose proposed (0.5 mg/kg 

freebase; s.c.) is lower than that used by Brown & Kolb (2001) (0.7 mg/kg free base; 

s.c.).  Therefore, the pattern of dosing in this study is relevant to human consumption and 

falls well below the total dose administered in other similar experiments. 

Limitations of the Golgi method.  There are some limitations in staining used the Golgi-

Cox method.    Difficulties in estimating tissue shrinkage using the Golgi-Cox staining 

procedure may induce some degree of spatial distortion and lead to underestimation of 

the dendritic length.  This is also a problem for any staining method using dehydration 

and clearing agents.  Unequal shrinkage of blocks or slices was putatively avoided since 

the whole brain was impregnated and cut at once.   Sections were 200 um when cut and 

showed an overall 38.9% decrease in thickness (122.2 ± 1.8).   Despite randomization of 

group across staining sessions, there were group differences in thickness, with thicker 

sections in the adolescent compared to adult group (127.5 > 115.0).  There was a small 

increase in the total length of basilar dendrites from BLA neurons in the adolescent 

compared to adult group.  No other overall age differences were found.  In the Perez-

Cruz et al. (2007) experiment described above, their group utilized an interacellular 

biocytin stain and IL dendrites were digitally reconstructed in three-dimensions using 

Neurolucida software.  The combination of an intracellular stain and sophisticated tracing 
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software allows for more complete overall reconstructions, especially for distal dendritic 

branching compared to conventional Golgi-staining (Pyapali et al., 1998).  The total 

length (~ 400 µm) and distribution of dendrites (right > left proximal length) from the IL 

cortex in the present study matches closely with those of Perez-cruz et al. (2008) (See 

Appendix A), thus providing confidence that the Golgi-cox stain sufficiently impregnated 

dendrites as compared to biocytin-filled for morphometric analysis. 

Functional consequences of BLA alteration.  The overall size and shape of dendrites is 

an important factor in the electrical properties of the neuron (Krichmar et al., 2006; 

Spruston, Jaffe, & Johnston, 1994) and potential synapses (Stepanyants & Chklovskii, 

2005).  Alteration in the electrophysiology of BLA principal neurons or modifications in 

connectivity could have a variety of consequences.  First, modifications in BLA synapses 

may have changed how the BLA processes and encodes CS-US associations  Likewise, 

given the role of the BLA in mediating anxiety-related behavior, enhancement in overall 

BLA functionality would be expected to also enhance anxiety-related behavior.  Indeed, 

amygdala hypertrophy has been related to anxiogenic behavior in a number of behavioral 

paradigms (Mitra & Sapolsky, 2008; Vyas et al., 2006; Vyas et al., 2002; Vyas et al., 

2004).  Second, the BLA serves a stimulating role on the hypothalamic-pituitary-adrenal 

(HPA) axis (Herman, Prewitt, & Cullinan, 1996).  Indeed, growth of dendrites in the 

BLA could increase glucocorticoid secretion and thus enhance the stress response.     

Conditioned freezing in rats represents an important preclinical model for 

generalized anxiety disorder. For example, drugs that reduce anxiety weaken conditioned 

freezing (Fanselow & Kim, 1992), while anxiety-inducing drugs enhance conditioned 
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freezing (Conti, Maciver, Ferkany, & Abreu, 1990).  Therefore, enhancement of fear 

conditioning in response to prior nicotine exposure supports preclinicial (L. N. Smith et 

al., 2006; Tian et al., 2008) and clinical evidence (Johnson et al., 2000) that chronic 

nicotine exposure has the ability to increase later anxiety-like behavior.   
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APPENDIX A 

 

 

 

 

Figure 24: Sholl-like analysis of the total length of dendrites from BLA principle cells in 

the right (closed circles) and left hemisphere (open circles) of control- (left panel) and 

nicotine-pretreated rats (right panel).  Basilar and apical dendritic length was greater in 

the adolescent (a) compared to adult group (b).  In the adolescent group, right hemisphere 

bias for basilar length was eliminated by nicotine (a).  In the adult group, nicotine 

increased total basilar dendritic length in the right hemisphere (b).  Basilar and apical 

dendrites are plotted on the left and right as a function of path distance from the soma, 
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respectively.  Data points (mean ± SEM) represent the total of all dendritic material at the 

respective distance from the soma center (bin size was 20 µm).  ** denotes p < .01.      

 

 

 

 

 

Figure 25: Sholl-like analysis of bifurcations (nodes) on BLA principle cells in the right 

(closed circles) and left hemisphere (open circles) of control- (left panel) and nicotine-

pretreated rats (right panel).  Basilar and apical dendrites are plotted on the left and right 

as a function of path distance from the soma, respectively.  Data points (mean ± SEM) 

represent the total of all dendritic material at the respective distance from the soma center 

(bin size was 20 µm).  * denotes p < .05.      
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Figure 26: Sholl-like analysis of total length on IL pyramidal neurons < 400 µm from the 

pial surface.  Basilar and apical dendrites are plotted on the left and right as a function of 

path distance from the soma, respectively.  Data points (mean ± SEM) represent the total 

of all dendritic material at the respective distance from the soma center (bin size was 20 

µm).   

 

 

Figure 27: Graph adapted from Perez-cruz et al. (2007) of the infralimbic cortex from 

Sprague-Dawley rats in the control (non-stressed) condition.  Lateralized denddritic 

patterning was specific to the proximal portion of the apical tree for both the present 

study and the experiment conducted by Perez-cruz using an interacellular neurobiotin 

labeling method. 
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