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ABSTRACT 

Nicotine addiction continues to be a leading cause of preventable death 

worldwide. Despite the plethora of available treatments for smoking cessation, smoking 

relapse after attempts to quit remains high. It is possible that impairments in cognitive 

flexibility and underlying neurochemical circuits in nicotine addicts may foster 

maladaptive behaviors that affect individuals’ ability to refrain from taking drugs. Here 

we characterized the effects of spontaneous nicotine withdrawal on cognitive flexibility 

in mice using an operant strategy set-shifting task. Because frontostriatal circuits are 

critical for cognitive flexibility and brain-derived neurotrophic factor (BDNF) modulates 

glutamate plasticity, we also explored the effects of nicotine withdrawal on these 

neurochemical substrates. Adult male C57BL/6J mice were trained in an operant task 

that required the animals to switch from using a spatial response-driven strategy to a 

visual cue-based strategy to achieve rewards. Mice were exposed to chronic nicotine or 

saline using subcutaneous mini-osmotic pumps for 14 days. Spontaneous nicotine 

withdrawal was induced by removing the pumps and the animals were tested on the 

strategy switching phase. Mice undergoing nicotine withdrawal required more trials to 

attain strategy switching criterion as compared to the controls. Error analysis show that 

animals withdrawn from nicotine committed higher perseverative errors as well as 

strategy maintenance errors. Anxiety-like behavior observed during the nicotine 

withdrawal was associated with higher perseverative responding to the previously 

reinforced stimulus. BDNF mRNA expression increased in the prefrontal cortex (PFC) 
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following nicotine withdrawal. Surprisingly, the level of the mature form of BDNF 

protein of these animals declined in the PFC but was elevated in the dorsal striatum (DS) 

reflecting a disruption in BDNF trafficking in frontostriatal circuits.  Additionally, 

glutamate release following the intracranial application of BDNF was suppressed in the 

DS of nicotine withdrawal mice as compared to the saline group; in contrast an opposite 

effect was observed in the nucleus accumbens. In another series of experiments, 

blockade of BDNF signaling in the DS with the TrkB-Fc peptide reversed cognitive 

deficits in nicotine withdrawal mice. Together these data illustrate that robust 

impairments in strategy switching observed in nicotine withdrawal mice resulted from a 

generalized behavioral disinhibition. Moreover, withdrawal-related affective 

dysfunction may in part account for some of the observed deficits in cognitive 

flexibility. Aberrations in BDNF signaling in discrete frontostriatal glutamate circuits 

may account for deficits in cognitive flexibility during nicotine abstinence. Furthermore, 

therapeutic strategies aimed at normalizing BDNF signaling might restore the cognitive 

and affective dysfunction during nicotine withdrawal and eventually improve the relapse 

rate in smokers.   
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CHAPTER 1 

INTRODUCTION 

Smoking continues to lead the United States in preventable deaths, accounting for 

1 out of every 5 deaths or 480,000 deaths a year (CDC, 2014). Currently, an estimated 

17% of adults over age 18 years of age are active smokers. Individuals addicted to 

nicotine contribute to the over $300 billion direct (medical expenses) and indirect (lost 

productivity) cost to the American economy (CDC, 2014). Although the physical, 

psychological, and financial costs are high for those who engage in smoking, less than 

10% of individuals that attempt to quit smoking remain abstinent for 1 year (Trosclair et 

al., 2010). This rate is frustratingly low because the number of commercially and 

prescribed FDA approved cessation treatments that are readily available to aid those 

seeking to quit yet the cessation rates remain the same. Thus, it is important to understand 

the factors that make the maintenance of nicotine abstinence difficult for users. 

Failed attempted outcomes can be attributed to the pervasive withdrawal 

syndrome that is associated with nicotine cessation (Shiffman & Jarvik, 1976). 

Symptoms are usually grouped into physiological (somatic), affective, and cognitive 

subtypes. Although nicotine cessation produces physiological withdrawal symptoms (i.e. 

weight gain and decreased heart rate; Hughes et al., 1994), the affective and cognitive 

deficits are hypothesized to be the lynchpin that leads to nicotine relapse (Hughes, 2007). 

Affective symptoms of nicotine cessation are generally characterized as irritability, 
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anhedonia, and marked increases in anxiety (Hughes & Hatsukami, 1986), while 

cognitive changes include decreases in attention (Conners et al., 2000, Harrison et al., 

2009), working memory (Owen et al., 2005; Jacobsen et al., 2007), and response 

inhibition (Kozink et al., 2010; Ashare & Hawk, 2012). Withdrawal from nicotine 

consistently impairs cognition in human and animal models. It is well known that mice 

withdrawing from chronic nicotine show robust deficits in contextual based fear and 

spatial object learning (Davis et al., 2005; Kenny et al., 2011). Moreover, cognitive 

deficits were associated with upregulation of high affinity α4β2* containing nicotine 

acetylcholine receptors (nAChRs; Gould et al., 2012; Wilkinson & Gould, 2013). In 

addition to deficits in learning and memory, nicotine cessation impairs the ability to 

inhibit prepotent responses through response inhibition. In the go/no-go paradigm, 

abstinent smokers fail to correctly inhibit no-go trials compared to nonsmokers while go 

trail responding was unaffected (Kozink et al., 2010).  

It is theorized that nicotine cessation decreases the salience and perceived reward 

value of non-drug rewards in dependent smokers (McClernon et al., 2015). In another 

study by Farris and colleagues, they reported that individuals with lower rates of 

smoking-experiential avoidance experienced more withdrawal symptoms than individuals 

who had higher rates of smoking- experiential avoidance. Impairments in the ability to 

effectively avoid smoking-related experiences were impacted in individuals undergoing 

nicotine withdrawal (Farris et al., 2015). Thus, in individuals with higher cognitive 

control, the ability to exert top-down modulation of goal-directed behaviors, have more 
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favorable withdrawal outcomes during nicotine cessation compared to those lacking in 

sufficient cognitive control. This evidence supports the view that cognitive control may 

facilitate craving suppression to maintain smoking abstinence. With these cognitive 

deficits in mind, understanding how altered executive function stemming from nicotine 

withdrawal affects behavioral outcomes is crucial to developing pharmacological targets 

or behavioral interventions to increase tobacco abstinence.  

One deficit associated with addiction is the loss of cognitive control over one’s 

actions leading to drug consumption, despite the devastating effects of one’s own 

personal and social wellbeing (Hyman & Malenka, 2001). Although deficits in cognitive 

control have been examined during nicotine abstinence (Nestor et al., 2011), the 

integration of components of cognitive control to facilitate adaptation of goal-directed 

behavior, also known as cognitive flexibility, have not been explored. Cognitive 

flexibility is the ability to adaptively switch strategic responses between changing 

environmental stimuli. Reversal learning, a type of cognitive flexibility that places heavy 

emphasis on the engagement and disengagement of multiple strategies in order to 

optimize decision-making is a fundamental component of fronto-executive function and 

is used to probe cognitive dysfunction in psychostimulant addiction (Stalnaker et al., 

2009; Izquierdo & Jentsch, 2012).  

 It is well documented that components of the frontostriatal pathway govern this 

behavior (Ragozzino, 2007; Balleine et al., 2012).  Specifically, the PFC is responsible 

for the maintanence and selection of task relevant information and areas of the striatum 



4 
 
 

are crucial for inhibition and selection of conflicting strategies.  It is postulated that 

during addiction, forms of flexible decision-making, for example strategy shifting and 

reversal learning, become more rigid. This rigidity is generally associated with substance 

induced dysfunction within prefrontal regions which fail to allow for the appropriate 

updating and flexibility to remain adaptive to environmental contingencies (Feil et al., 

2010). The loss of cognitive control during nicotine withdrawal points to impairments 

within corticostriatal pathways governing cognitive flexibility (Loughhead et al., 2015). 

Additionally, cravings and compulsive behavior have been associated with increases of 

activation within the dorsal regions of the striatum (Everitt & Robbins, 2005;  Wang et 

al., 2007)  These deficits in cognitive function are also reported during substance 

withdrawal (Kelley et al., 2005; Farris et al., 2015; Parikh et al., 2016). Thus, it is critical 

that research continues to understand how nicotine withdrawal alters cognitive processes 

during the attempt to quit using.  

In order for individuals to maintain the ability to engage in flexible decision-

making, frontostriatal pathways themselves need to be able to change and adapt under 

altering circumstances. One key player in facilitating synaptic plasticity is brain-derived 

neurotrophic factor (BDNF), a protein belonging to the member of the neurotrophin 

family. It is possible that dysregulation of BDNF may exert detrimental effects on 

behavior mediated by frontostriatal pathways. BDNF plays a critical role in activity-

dependent synaptic regulation, long-term potentiation, learning, and memory (Huang & 

Reichardt, 2003; Li et al., 2008). BDNF exerts its neurological effects by activating trkB 
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receptors. Additionally, BDNF has been shown to enhance neurotransmitter release 

(Gottschalk et al., 1998), regulate calcium modulation during long-term potentiation 

(LTP) (Kovalchuk et al., 2002) and has been linked to a number of psychological 

disorders (Autry & Monteggia, 2012). Previous work from our lab has shown that 

exogenous BDNF administration into the dorsal striatum facilitates strategy shifting in an 

inverted-U fashion and these effects are primarily driven by presynaptic mechanisms 

(D’Amore et al., 2013). Furthermore, we have also uncovered that specific regional 

activity-dependent increases of BDNF within the PFC were associated with specific 

forms of cognitive flexibility (i.e. set-shifting and reversal learning) leading to increased 

BDNF expression in striatal synaptosomal preparations (Cole & Parikh, 2015). This 

evidence suggests that anterograde transport from the PFC to the striatum is essential for 

engaging and maintaining synaptic plasticity within the striatum (Jai et al., 2010). Thus, 

if the balance of frontostriatal BDNF signaling becomes dysregulated, as may be the case 

with nicotine withdrawal, cognitive processes mediated by frontostriatal circuits may 

become disrupted.  

Evidence suggests that exposure to higher doses of nicotine reduces dorsal striatal 

BDNF expression (Ortega et al., 2013). Moreover, BDNF dysregulation during nicotine 

dependence may stem from genetic factors such as gene-gene interactions between 

CHRNA4, CHRNB4, BDNF, NTRK2 (Li et al., 2008) and single nucleotide 

polymorphisms (Lee et al., 2015). Increases in serum BDNF levels have been associated 

with smoking severity outcomes in a Chinese population (Zhang et al., 2016). During 
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nicotine cessation, alterations in BDNF expression were found in the dorsal striatum, 

hippocampus, nucleus accumbens, ventral tegmental area, and substantia nigra up to 30 

days after nicotine treatment (Kivinummi et al., 2011; Roni & Rahman, 2014). A 

previous study from our laboratory reported that mecamylamine that precipitated nicotine 

withdrawal was associated with increased learning errors presumably due to mice failing 

to maintain the behavioral shift contingencies that were associated with aberrant 

increases in striatum:PFC BDNF expression ratios (Parikh et al., 2016). Changes in 

frontostriatal BDNF possibly underlie neural restructuring to regain homeostatic 

functioning during withdrawal (Saylor & McGinty, 2008; Logrip et al., 2015). Moreover, 

studies following participants that are withdrawing from nicotine have reported increased 

serum BDNF indicating that nicotine cessation increases baseline BDNF levels up to 2 

months post-nicotine cessation (Kim et al., 2007; Bhang et al., 2010). Based on the 

existing evidence, it is hypothesized that nicotine withdrawal may disrupt the ability to 

make flexible decisions through the increase of cognitive rigidity. Additionally, these 

behavioral alterations may arise as a consequence of altered BDNF signaling in 

frontostriatal circuits.   

To this end, the following experiments were conducted to examine the effects of 

spontaneous nicotine withdrawal on performance during a behavioral shift and its effects 

on neural substrates within the frontostriatal circuitry. Experiments described in Chapter 

2 characterize the somatic, anxiety, and cognitive features of spontaneous nicotine 

withdrawal produced through chronic administration of two doses of nicotine; 
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6.3mg/kg/day and 18mg/kg/day. These experiments also explored whether nicotine 

withdrawal-related behavioral changes are associated with alterations in BDNF signaling. 

Additionally, the effect of nicotine withdrawal on BDNF responsiveness in striatal 

glutamate release is also evaluated. Studies described in Chapter 3 investigated whether 

blocking striatal glutamate using a BDNF scavenger, TrkB-Fc peptide, in an attempt to 

normalize aberrant BDNF signaling in the DS improved cognitive flexibility during 

spontaneous nicotine withdrawal. Finally, Chapter 4 provides an oversight of the present 

data and insights into how BDNF signaling within the frontostriatal pathways contribute 

to nicotine withdrawal-related cognitive deficits. Additionally, this chapter proposes that 

normalizing BDNF signaling in those seeking to remain abstinent from smoking may 

decrease the rate of relapse.  
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CHAPTER 2 

EXAMINATION ALTERATIONS IN COGNITION AFTER SPONTANEOUS 

WITHDRAWAL FROM ADMINISTRATION OF CHRONIC HIGHER AND LOWER 

DOSES OF NICOTINE 

Background and rationale 

Smoking continues to play a leading role in preventable deaths across the globe. 

Tobacco use and abuse contributes to approximately 6 million deaths worldwide (WHO 

tobacco fact sheet, 2016) and roughly 500 thousand deaths in the United States (CDC, 

2016). Additionally, the chance of a chronic smoker of dying prematurely is 42% (Doll et 

al., 2004). Cigarette smoke contains over 4000 identified chemicals, a majority of which 

are known carcinogens. Health related issues that can be directly linked to smoking 

include: heart disease, stroke, pulmonary disease, and various forms of cancer. Yet 

despite the known health risks regarding tobacco abuse, over 1 billion individuals 

worldwide continue to use tobacco. One of the primary reasons that tobacco consumption 

remains alarmingly high is due to the primary psychoactive ingredient, nicotine. 

Despite the known health concerns related to smoking and the availability of 

pharmacotherapies to aid in smoking cessation, relapse and failed cessation rates remain 

frustratingly high with little to no change over the past two decades (Malarcher et al., 

2011). While approximately 70% of active smokers report that they would like to quit 

smoking, only about 40% will attempt to quit smoking (Nides, 2008; Malarcher et al., 

2011). Sadly, of those who attempt to quit smoking, only around 3-5% of them will 
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succeed in stopping nicotine consumption for more than a year (Hughes et al., 2004) and 

approximately 10% of these quitters will relapse every subsequent year of abstinence 

(Hughes et al., 2008). Thus, it is crucial to understand what makes quitting so difficult 

and what phenomena are responsible for repeated relapse to nicotine consumption.  

Nicotine, considered to be the primary addictive component of tobacco, is an 

alkaloid that exerts its physiological and neuromodulatory effects through its binding to 

nicotinic acetylcholine receptors (nAChRs). Through nAChR binding, nicotine can 

modulate a number of neurotransmitter systems that include but are not limited to 

acetylcholine (ACh; Armitage et al., 1969), dopamine (DA; Livingstone et al., 2009), and 

glutamate (Glu; Parikh et al., 2010). Because of its wide spread effects on other 

neurotransmitter systems, acute nicotine administration has been widely reported to 

enhance attention and alertness in both abstinent smokers as well as never-smokers (Le 

Houezec et al., 1994; Foulds et al., 1996; Brody, 2006) in addition to general cognition 

and working memory (Perkins et al., 1994; Kumari et al., 2003). In conjunction with 

these cognitive effects, nicotine exerts physiological effects that some individuals find 

valuable such as appetite suppression and as a method for losing or maintaining weight 

(Fulkerson & French, 2003). Due to these transient and mild benefits during initial 

nicotine consumption, strong associations are made between these rewarding aspects of 

nicotine use and smoking-stimuli (people, places, or specific situations) leading a 

majority of individuals to continue use and become long-time users elevating nicotine 

dependence rates higher than any other drug of abuse (Kendal et al., 1997). 
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Although nicotine has shown some cognitive benefits acutely, these acute effects 

vastly differ from those effects seen after exposure that is prolonged. As with other drugs 

of abuse, prolonged nicotine consumption leads to neuroadaptive alterations in areas such 

as the frontal cortex, dorsal striatum, nucleus accumbens hippocampus and amygdala 

(Kelley, 2004; Koob & Volkow, 2010; Ortega et al., 2013; Gould & Leach, 2014). These 

areas not only facilitate learning and memory, attentional, and executive functioning 

processes, these areas are also involved with the downward spiral to dependence 

associated with addiction (Everitt & Robbins, 2016). Due to the overlap and interactions 

between the brain circuits underlying addiction and cognition, it is believed that these 

competing overlapping circuits produce an internal conflict between the rewarding effects 

of drugs and cognitive processes that suppress the urge to take drugs (Everitt & Robbins, 

2005; Robinson & Berridge, 2008; Gould, 2010). Disruptions in these converging circuits 

may lead to the loss of cognitive control and produce maladaptive patterns of drug use in 

addicts (Kalivas & Volkow, 2005; Volkow et al., 2011).  

Nicotine withdrawal 

Nicotine withdrawal syndrome is well documented in humans (Hughes & 

Hatsukami, 1986; Hughes et al., 1991; Hughes et al., 1994) as well as in rodents (Malin 

et al., 1994; Damaj et al., 2003; De Basi & Salas, 2008; Davis & Gould, 2006). Nicotine 

withdrawal syndrome typically consists of somatic (physical), affective, and cognitive 

symptoms that are initiated when nicotine is removed or when nAChRs are blocked 

pharmacologically. These symptoms begin a few hours after nicotine cessation, peak 1-3 
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days into withdrawal and last over 4 weeks (Hughes et al., 1994; Teneggi et al., 2005). 

Somatic symptoms persist as bradycardia, increased appetite, gastrointestinal discomfort, 

headaches and tremors to lesser extent (Breslau et al., 2006; Hughes, 2007). Affect 

components of nicotine withdrawal include increases in anxiety, restlessness, feelings of 

anger and tension. Although somatic and affective symptoms of nicotine withdrawal are 

well studied, how cognitive deficits particularly affect abstinence maintenance and their 

ability to predict relapse have not been delineated thoroughly (Ashare et al., 2014).  

Nicotine’s withdrawal and cognitive performance 

Of the many cognitive domains that could be studied, the ones that have received 

the most focus thus far has been working memory and sustained attention. Deficits in 

working memory have been well reported in a number of studies in abstinent smokers. 

Performance on the n-back test was impaired in abstinent periods compared to when 

smokers were satiated (Xu et al., 2005). Moreover, the more complicated the n-back (1 vs 

3 n-back) the worse performance and decreases in working memory performance. The 1 

n-back was associated with decreases in the DLPFC during periods of abstinence. In a 

similar study, abstinent-induced working memory deficits were uncovered in smokers 

receiving a placebo treatment in the highest working memory load compared to abstinent 

smokers treated with varenicline (Patterson et al., 2010). Interestingly, slower reaction 

times were negatively correlated with subsequent time to smoking relapse. A third study 

showed how high working memory loads in abstinent adolescent smokers were 

associated with increases in activation in parietal and VLPFC cortices (Jacobsen et al., 
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2007). Authors concluded that increases of these regions were associated with a loss of 

efficiency in the neurocircuitry associated with working memory.  

One of the most common complaints from smokers after they begin the cessation 

attempt is that they feel confused or foggy in terms of mental clarity (Hughes, 2007). 

Although a common reported symptom, there are few studies examining sustained 

attention in human smokers. Studies examining the ability to maintain attention reliably 

report that nicotine abstinence increases reaction time to correct trials in the continuous 

performance task (CPT; Dawkins et al., 2006; Meyes et al., 2008 Patterson et al., 2009). 

Rodent withdrawal models have also reported impaired attentional performance in similar 

tasks. Shoaib & Bizarro (2005) reported that after spontaneous nicotine withdrawal, rats 

failed to attend to more trials than control animals. In support of this finding, another 

group reported that nicotine increased latency to respond, omitted signal trials and 

decreased correct responding (Semenova et al., 2007). 

Although cognitive deficits are becoming a focal point of study for their role in 

nicotine withdrawal-related deficits, one facet of executive functioning that has not been 

explored during withdrawal has been the ability to perceive changing environmental cues 

and integrate them into a cohesive strategy. This phenomenon is known as cognitive 

flexibility. Cognitive flexibility is crucial for day to day functioning as it serves as a 

means to update and adapt responding to maintain goal-related behaviors. Cognitive 

flexibility is reported to be impaired in a number of mental disorders such as 

schizophrenia (Floresco et al., 2009), depression (Wayne, 1998), Huntington’s disease 
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(Montoya et al., 2005), Parkinson’s disorder (Cools et al., 2001) and addiction (Kalivas & 

Volkow, 2005). It is widely reported that during addiction, the inability to disengage from 

a previous strategy based on changing environmental reward contingencies reflects 

habitual or compulsive behavior (Izquierdo & Jentsch, 2013). Broadly, this means that 

addicts have a difficult time inhibiting drug-seeking and drug-taking behavior in the 

presence of drug stimuli. Although previous research has shown that acute nicotine 

administration facilitates perceptual set-shifting in rodents (Allison & Shoaib, 2013) 

while higher doses of chronic nicotine produced subtle impairments in reversal learning 

(Ortega et al., 2013; Cole et al., 2015), how nicotine withdrawal affects cognitive 

flexibility is not known.  

Deficits in executive function during withdrawal 

Withdrawal-related deficits in cognitive flexibility have been explored in the 

context of other drugs of abuse. It has been shown that cocaine withdrawal impairs the 

ability to make reversal shifts in rodents (Stalnaker et al., 2009), monkeys (Jentsch et al., 

2002), and humans (Ersche et al., 2008). Withdrawal from chronic alcohol consumption 

impairs the ability to make flexible decisions through failure to update behavioral 

strategy between subsequent blocks of trials in the Iowa Gambling Task (Loeber et al., 

2009). Deficits in executive functioning regarding action planning in abstinent opioid 

dependent users related to PFC dysfunction (Rapeli et al., 2006). It was only until 

recently that work in our lab began to examine the effects of withdrawal from chronic 

nicotine on cognitive flexibility. Using a model of precipitated withdrawal using 
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mecamylamine, a nonspecific nAChR antagonist, deficits in the ability to maintain a 

strategy shift were uncovered in mice (Parikh et al., 2016). Thus, in order to develop a 

better understanding of how nicotine withdrawal can produce deficits in cognitive 

flexibility, we utilized a more naturalistic spontaneous model of nicotine withdrawal that 

produces behavioral symptoms similar to that observed in abstinent smokers (Damaj et 

al., 2003). Moreover, examination of the neural circuits that subserve cognitive flexibility 

and how they are altered during spontaneous nicotine withdrawal are not fully understood 

as of yet. 

Frontostriatal involvement in cognitive flexibility 

There is an extensive body of literature that has shown cognitive flexibility 

requires the integration of a number of cortical and subcortical regions of the brain to 

maintain fluid transitions between shifts in strategy to guide appropriate behavioral 

responding. The frontostriatal pathway is important to maintain optimal decision-making. 

This pathway primarily consists of the PFC and the dorsal and ventral striatum 

(Ragozzino 2007; Ragozzino et al., 2002; Balleine & O’Doherty 2010; Floresco et al., 

2006). The PFC is necessary for the acquisition and early maintenance of strategies 

(Stuss et al., 2000; Manses et al., 2002; Block et al., 2006; Floresco et al., 2006; Floresco 

et al., 2008; Hamilton & Brigman, 2015) while the DS and VS are involved with the 

long-term maintenance of novel strategies (Floresco et al., 2006; Ragozzino, 2007). 
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BDNF, frontostriatal circuits, and cognition 

In order to maintain cognitive flexibility, the neural circuitry of the frontostriatal 

circuits are required to remain flexible to connect, break, and reconnect synaptic 

junctions. Since synaptic plasticity is vital to facilitate continuous behavioral adaptation, 

one of the key mechanisms in maintaining synaptic regulation is BDNF and activation of 

its high affinity receptor TrkB. Since BDNF is widely expressed throughout the CNS, it 

has roles in reward-related learning (Hall et al., 2004), motivated behavior (Gourley et 

al., 2012), mood and anxiety (Chen et al., 2006), and eating behaviors and locomotive 

activity (Kernie et al., 2000). BDNF is involved with the formation of long-term 

potentiation in both the hippocampus (Huang & Reichardt 2001; Lu et al., 2008) and 

striatum (Jia et al., 2010). Knockdown of BDNF within the orbitofrontal cortex has been 

shown to disrupt goal-directed action though decreases in dendritic spine density of 

downstream subcortical projections (Zimmerman et al., 2016). Additionally, work from 

our lab has shown that exogenous application of BDNF into the DS facilitates strategy set 

shifting in a dose dependent manner via presynaptic glutamate mechanisms (D’Amore et 

al., 2013). There has also been considerable amount of work aimed at how BDNF is 

altered in a number of pathological states (for review see: Autry & Monteggia, 2012) 

including addiction (for review see: Ghitza et al., 2010). However, it is still not known 

how nicotine withdrawal affects BDNF within frontostriatal circuits during periods of 

flexible decision-making. 
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To this end, the present study aimed to assess the effect of spontaneous 

withdrawal from chronic nicotine administered at two different doses (6.3mg/kg/day and 

18mg/kg/day) on mice performing an operant based strategy-set shift task. Somatic and 

anxiety withdrawal measures were also examined to determine their role with any 

alterations in cognitive performance during withdrawal. Furthermore, BDNF protein 

expression within frontostriatal circuits and BDNF-evoked striatal glutamate in vivo 

amperometric recordings were employed to determine how spontaneous nicotine 

withdrawal alters BDNF/TrkB signaling during a cognitive shift.  

Methods 

Animals 

A total of 61 adult (8-10 week) male C57Bl/6J mice (Jackson Laboratory) were 

housed in a humidity/temperature controlled colony room with a 12h light/dark cycle 

(lights on at 07:00). For behavioral studies, mice were individually housed one week 

prior to the beginning of experiments and were progressively water-restricted to 5-

minutes of water/day. All behavioral training and testing took place 7 days/week between 

9:00 and 16:00 h. At the completion of each behavioral session, mice received 5 minutes 

of water in addition to sweetened water received as a reward for each correct response. 

Food (PMI LabDiet) was available ad libitum throughout the experiments. For all other 

studies, mice remained grouped housed. All experimental procedures were approved by 

the Institutional Care and Use Committee (IACUC) of Temple University and were in 

accordance with the National Institute of Health guidelines. 
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Mouse Operant Procedure 

Mouse operant conditioning chambers (MED Associates; St. Albans, VT, USA) 

equipped with a standard grid floor and house light (28V, 100mA), a panel consisting of 

two large cue lights (2.5cm; 28V, 100mV), a central reward port attached to a fluid 

dipper, and two ultra-sensitive retractable levers were used. Control of all events, 

including light presentation, lever operations, and reward delivery, utilized a SmrtCtrl 

interface running MED-PC IV software on Dell PC (Optiplex 960). 

 Mice were trained in an automated operant set-shifting task based off of previous 

work from our lab (D'Amore et al., 2013; Ortega et al., 2013; Cole et al., 2015; figure 

1A). Briefly, animals were autoshaped on a FR-1 schedule of reinforcement to acquire 

the lever press response and subsequent reward (10μl of .066% saccharin solution). After 

attaining at least 30 lever press responses within a 30-minute session, animals advanced 

to a pretraining phase that involved responding to an activated lever randomly associated 

with an unpredictably occurring illumination of the panel light within 10 seconds to 

obtain the reward. Mice were implanted with mini-osmotic pumps for chronic drug 

delivery after reaching pretraining criterion (30 rewards and ≤10% omissions) for three 

consecutive days.  

Mice that retained criterion following the recovery progressed to a spatial 

discrimination phase followed by a shift to a visual discrimination phase (figure 1B). 

During the spatial discrimination phase, mice were required to adopt an egocentric 

response strategy to achieve rewards. Mice needed to press the correct lever (either left or 

right; lever assignment was counterbalanced within a group) to earn a reward. The 
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session began with the illumination of the house light and presentation of 30 trials with 

an ITI of 9 ± 3 seconds. All trials started with the presentation of both levers for 7 

seconds. A lever press response on the assigned lever was scored as a “correct response” 

and was followed by reward delivery. Responses on the incorrect lever were not rewarded 

and resulted in a “timeout” (negative punishment) phase characterized by a 10 second 

extinguishing of the house light. Punishment on incorrect responses was introduced to 

discourage indiscriminate responding to levers. It is important to note that the ITI and 

punishment durations used for this study were selected to allow the animals to clearly 

distinguish between correct trials (i.e., reward + ITI) and incorrect trials (i.e., time out + 

ITI). The house light remained illuminated throughout the entire session except for the 

punishment phase. Animals trained to criterion (≥80% correct responses and ≤20% 

omissions for three consecutive days) advanced to the next phases of training.  

During the visual discrimination phase, experimental parameters remained 

identical to the previous phase except that the contingencies are altered in such a way that 

the mice are required to discern the lever with an activated cue light. All trials started 

with the illumination of a 7 second visual cue (either from the left or right panel), 

followed by the presentation of both levers 2 seconds later. Levers were presented for 5 

seconds and both the stimulus light and levers co-terminate. Mice were required to press 

the correct lever (cued via light) to earn a reward irrespective of cue presentation, which 

remained pseudorandom. Mice remained on the visual discrimination phase until they 

reached criterion performance of three consecutive days of ≥80% correct responding and 

≤20% omissions. 



19 
 
 

Figure 1. Experimental design and task description. A) After attaining criterion on autoshape 

and pretraining, mice were implanted with mini-osmotic pumps delivering saline, 

6.3mg/kg/day-, or 18mg/kg/day-nicotine for 14 days. After seven days of surgery recovery 

and behavioral retention tests, mice progressed to the spatial discrimination phase. Mice 

remained on this phase for seven days. Following the last training session on the 14
th
 day of 

solution delivery, pumps were removed and spontaneous withdrawal was induced. Mice were 

then placed on visual discrimination ~24h after pump removal and remained on this phase 

until criterion performance was reached. B) Specific task description. After pretaining, mice 

moved to the spatial discrimination phase. This phase required mice to learn a specific lever 

assignment (i.e. right) to obtain a reward. A response to the lever opposite of lever assignment 

(i.e. left) resulted in a 10s timeout and no reward was delivered. After reaching criterion 

performance, mice progressed to the visual discrimination phase. In this phase, mice were 

required to abandon the previously reinforced strategy in favor of a current visual-based 

strategy. Mice were required to press the lever associated with the illuminated light cue above 

the lever to obtain a reward. Lever responses to the lever opposite of the light cue were scored 

as an error and initiated the punishment phase. 
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Behavioral Measures 

The number of correct responses, errors, omissions, response latencies and reward 

retrieval latencies were obtained for each behavioral session from spatial discrimination 

and visual discrimination. Response accuracies were calculated for each session using the 

formula: correct responses/(correct+incorrect responses)*100. The total number of 

performed trials to criterion, errors to criterion, and omissions were obtained for each 

training phase using the previously described criteria. Strategy shifting performance was 

characterized by distinguishing whether an incorrect response occurred due to the 

perseverance of a previously learned strategy or a failure to acquire/maintain a new 

strategy. Errors were classified as perseverative, regressive or never-reinforced based on 

criterion reported in earlier studies (D'Amore et al., 2013; Ortega et al., 2013; Cole et al., 

2015). A perseverative error occurs if the animal responds to the lever assigned during 

lever discrimination without the presence of the visual cue illuminated above it on ≥ 60% 

of trials within a session. Depending on the training performance in the preceding 

session, a perseverative error was scored as a regressive error if the animal makes < 60% 

incorrect responses in subsequent sessions. At this point, the animals are considered to be 

making fewer errors and considered to be inhibiting the previously learned strategy and 

acquiring the new strategy. Never-reinforced errors occur if an animal responds on the 

opposite lever assigned during lever discrimination while the visual cue is presented from 

the opposite side. Both regressive and never-reinforced errors are categorized as 

“maintenance errors” as they reflect an index of the acquisition/execution of a new 

strategy. 
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Chronic nicotine administration and experimental design 

 Once the animals attained pretraining criterion, as described above, they were 

randomly assigned either to the saline or one of the nicotine groups. Twenty-four hours 

prior to surgeries, mice were given ad libitum water to prevent dehydration. Mini-osmotic 

pumps (model 1002, DURECT Corp., Cupertino, CA) designed to administer 

drug/vehicle solution at a rate of 0.25μL/h for 14 days were implanted. Pumps were filled 

with 100μL of either sterile saline or nicotine hydrogen tartrate (Sigma Co, St. Louis, 

MO) dissolved in saline, and implanted subcutaneously in isoflurane-anesthetized mice 

under aseptic surgical conditions. Nicotine was administered at either a lower dose of 6.3 

mg/kg/day or a higher dose of 18mg/kg/day (reported as free base) previously reported to 

desensitize nAChRs (Turner et al., 2010; Turner et al., 2013) and produce subtle reversal 

learning deficits in mice (Ortega et al., 2013).   

 Pretraining resumed 48 hours after recovery. Once animals regained criterion 

performance at this phase (2-4 days), they were progressed through the subsequent stages 

of the task. Osmotic pumps remained implanted throughout the duration of the task (14 

days), which sufficiently delivered nicotine throughout the acquisition of both task 

stages. To ensure that nicotine or saline was delivered throughout implantation, pumps 

were weighed after removal and compared to pre-surgery weight. 

 For control experiments designed to test nicotine withdrawal related effects on 

initial discrimination, mice were trained in a similar fashion on autoshape and pretraining 

as described above. Following saline or nicotine pump implantation, mice were placed 



22 
 
 

back on pretraining for the duration of pump solution administration (14d). After 

behavioral testing on the 14
th

 day, pumps were removed to produce spontaneous 

withdrawal. On the 15
th

 day, mice were switched to the special discrimination task and 

remained on task until criterion performance (See Mouse Operant Procedure) was 

achieved. 

Elevated Plus Maze 

The elevated plus maze (EPM) consists of grey Plexiglas floors and walls with no 

lid situated on a wood base. The floor of the maze is elevated 91.4cm above the floor and 

consists of two opposing walled arms (30.5cm x 15.2cm x 7.6cm, L x W x H) and two 

opposing open arms (30.5cm x 15.2cm). Each training session began with the mouse 

being placed in the center of the maze. Entry into an arm was scored when all four paws 

crossed into the arm. Mice are allowed to explore the maze for five minutes. Time in the 

center is not counted as a measure. Time spent in the open arms is an index of decreased 

anxiety, while time spent in the closed arms indicates increased anxiety. After training, 

the maze was wiped with 70% ethanol and allowed to dry before beginning the next 

testing session. 

Assessment of withdrawal symptoms 

Assessment of withdrawal somatic signs was based off of previous work (Damaj 

et al., 2003). Mice were observed for the somatic signs of withdrawal for 20-mins 

before behavioral testing on EPM or cognitive flexibility on days 1, 3, and 7 after 
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nicotine cessation. Withdrawal symptoms included headshakes, paw tremors, 

retropulsion, writhing, scratching, backing, piloerection, and Straub tail. Somatic signs 

were calculated as the number of signs displayed by mice during the 20-min observation 

period.  

BDNF Western blot analysis 

After the final training session of visual discrimination, the PFC, dorsal striatum 

(DS), and nucleus accumbens (NAc) tissues were extracted and homogenized in an ice-

cold 0.32 M sucrose/5 mM HEPES buffer containing a protease inhibitor cocktail 

(1.0μg/ml leupeptin, 1.0μg/ml pepstatin, 1.0μg/ml aproptinin, 250 μg/ml 

phenylmethylsulfonyl fluoride). The homogenates were stored on ice for 30 min and 

centrifuged at 13,000 g for 15 min. Pellets and supernatants were separated and stored at 

-80˚C until further analysis. The protein concentrations were measured using the 

modified Lowry assay. 

Each sample was denatured by adding 1:1  Laemmli buffer and equal quantities 

(25μg) of protein were loaded on to Mini-Protean TGX 4-15% gradient gels (Bio-Rad, 

Hercules, CA). Electrophoresis was conducted for 50 min at 140V in Tris-Glycine-SDS 

running buffer and electrophoretically transferred to Immun-Blot PVDF membranes 

(Bio-Rad, Hercules, CA) for 90 mins at 100V in ice-cold Tris-Glycine buffer containing 

20% methanol. PVDF membranes were then washed 3 times for 5 min with .01M PBS 

with 1% tween followed by 1hr of blocking in 5% non-fat milk. Primary incubation of 

primary antibody (anti-BDNF rabbit mAB: 1:1000; Santa Cruz) took place over night at 

4˚C. Membranes were then washed with .01M PBS with tween and incubated with HRP-
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conjugated anti-rabbit secondary antibody (1:20,000; GE healthcare) in a 1% non-fat 

milk and PBS with tween buffer for 2hr at room temperature. Enhanced 

chemiluminescence reactions proceeded for 5 min (SuperSignal West Femto 

Chemiluminescent Substrate; Thermo Scientific, Rockford, IL) and membranes were 

imaged using Quantity One ChemiDoc EQ imager at 100s exposure. This procedure was 

repeated for TrkB (anti-TrkB 1:1000, Santa Cruz) and pTrkB (anti-pTrkB 1:1000) 

Protein levels were determined using optical density values of the target bands. Levels of 

BDNF were normalized to β-tubulin control proteins for final concentration conducted 

via densitometric analysis using Image J. 

BDNF mRNA RT-qPCR 

 

The effects of spontaneous nicotine withdrawal after chronic nicotine 

(6.3mg/kg/day or 18 mg/kg/day for 14 days, sc) or saline administration on PFC BDNF 

mRNA expression was measured using a reverse transcription- quantitative polymerase 

chain reaction (RT-qPCR) as described previously (Kenney et al., 2010). On the last day 

of behavioral training, mice were euthanized and PFC tissues were rapidly dissected, 

placed in RNA later (Sigma & Aldrich, St. Louis, MO), and stored at -80C. Total RNA 

was isolated from tissue using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, 

Germany) and Turbo DNA Free (Ambion, Austin, TX) were used to remove possible 

genomic DNA contamination. RNA quantity and purity were assessed using the 

NanoDrop 2000 (Thermo Scientific,Wilmington, DE). RNA is reverse transcribed and 

RT-qPCRs were performed using the Power SYBR Green RNA-to-CT 1-step kit 
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(Applied Biosystems, Austin, TX). RT-qPCRs were performed in triplicate in a 20mL 

volume in 96-well plates using 50mg RNA, 200 nM concentration of primers, 10 uL 

Power SYBR Green RT-qPCR master mix, and 0.16 uL of RT Enzyme mix per well. 

Reactions were carried out in the 7500 Fast Real-time PCR system (Applied Biosystems, 

Austin, TX) using the following conditions: reverse transcription for 30 min at 48˚C, and 

polymerase activation for 10 min at 95˚C followed by 40 cycles of 15 s at 95˚C and 60 s 

at 60˚C. The mRNA expression levels for BDNF exon IV gene, used as a measure of 

activity dependent transcription, and BDNF exon IX, a measure of total BDNF 

transcription (Aid et al., 2007), were normalized by the geometric mean of the 

housekeeping gene, GAPDH and relative expression were calculated with qbase PLUS 

software via the ΔCt method (Schmittgen & Livak, 2008). 

In vivo amperometric recording of glutamate during spontaneous nicotine withdrawal 

A total of 14 naïve adult C57BL/6J mice (8-10 weeks) were used to conduct 

amperometric recordings of potassium-, nicotine-, and BDNF-evoked glutamate release 

during withdrawal from chronic nicotine (n=6) or saline (n=5) within the dorsal striatum 

(DS) and nucleus accumbens (NAc).   
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Preparation and calibration of enzyme-coated microelectrodes 

Ceramic-based biosensors (Quanteon LLC), featuring array of 4 (15 x 333µm) 

platinum recording sites arranged in-parallel were coated with glutamate oxidase 

(GluOase; USBiological Life Sciences) as previously described (Parikh et al., 2006, 

2008, 2010; Yegla & Parikh, 2014; Illustration 1). Enzymes were immobilized to the 

bottom pair while the top pair served as sentinel and were coated with bovine serum 

albumin. All of the electrode channels were electroplated with Meta-phenylenediamine 

(m-PD; Fluka Biochemical) to increase selectivity of glutamate against electroreactive 

analytes such as ascorbic acid, DA, 3,4-Dihydroxyphenylacetic acid, and uric acid. 

Glutamate sensitivity and selectivity was tested for all electrodes by conducting in vitro 

calibration. Standard calibration criterion for all electrodes used for in vivo recording was 

considered when glutamate sensitivity was >3pA/µM, limit of detection (LOD) was <500 

nM, selectivity ratio for glutamate to AA was >50, linear response glutamate 

concentration was R
2
 >.98, and DA response <3 pA. 

In vivo recordings were conducted in the DS and NAc from urethane-anesthetized 

(1.25g/kg, i.p.) mice placed in a stereotaxic apparatus. Single barrel glass capillaries were 

pulled using a micropipette puller to attain a tip diameter of ~15µm and were attached to 

the microelectrode. The tip of the capillary was positioned between the enzyme-coated 

and sentinel channels. Spacing between the capillary and surface of the microelectrode 

was kept at 70-100µm. The glass capillary was then filled with 70mM potassium chloride 

(KCl), 1mM nicotine (nic) or 10ng BDNF that passed through a sterile syringe filter (.22 
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µm). The microelectrode/capillary assembly was then lowered into either the dorsal 

striatum (A/P 1.0mm, M/L ±1.5mm, D/V -2.7mm) or nucleus acumbens (A/P 1.1mm, 

M/L ±1.0mm, D/V -3.5mm) using a Microdrive (MO-10, Narishige International, East 

Meadow, NY). Starting location for amperometric recordings were counterbalanced 

between right/left and dorsal/ventral striatum. Additionally, an Ag/AgCl reference 

electrode prepared from silver wire (32 AWG) was implanted into the posterior cortical 

region in the contralateral hemisphere to the DS. Amperometric recordings were 

conducted at 2 Hz by applying +0.7V fixed potential and data was digitized using a 

FAST-16 potentostat (Quanteon). Background currents were stabilized for 45-60 min 

before the experimental protocol began. Following stabilization, brief pulses of either nic, 

KCl, or BDNF (100nL) were applied locally to produce rapid depolarization of striatal 

glutamatergic terminals. Pulses were applied every 2 min at 2-10 psi for 1-2 s through the 

capillary via PTFE tubing connected to a picospritzer (ALA Scientific Instruments, 

Farmingdale, NY). Three signals were generated from local application of KCl, nic, and 

BDNF. Glutamate signals were averaged and then analyzed with respect to the peak 

signal amplitudes. Self-referencing was adopted to eliminate any artifacts on enzyme-

coated channels due to background noise levels or drug application by subtracting 

currents from sentinel channels (Parikh et al., 2006, 2008, 2010; Yegla & Parikh, 2014). 
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Illustration 1. Schematic of enzyme-based microelectrode and calibration trace. Top 

left: Schematic of enzyme application and electroplating to block electroreactive analyte. 

Bottom Left: Artistic representation of electrode placement into the DS and NAc of 

mice. Right: Ex Vitro electrode calibration trace showing minimal ascorbic acid 

response, linear signal increase with each subsequent application of 20μM Glutamate, 

and DA response. 

 

 

 

 

 

 

 

 

Striatal placement of microelectrodes 

Microelectrode placements in mice were verified utilizing Cresyl violet-stained 

sections. After DS and NAc amperometric recordings were completed, mice were 

decapitated and brains were placed in a 10% formalin solution for at least 24h. Brains 

were then transferred to a 30% sucrose solution for 3 days and then frozen. Coronal 

sections (50μm) were cut on a freezing microtome and stained with Cresyl violet to allow 

for the visualization of the microelectrode tracts into the dorsal and ventral striatum. 

Statistical analysis 

Statistical analysis was performed with SPSS/PC+V21.0 (IBM SPSS Software, 

Armonk, NY, USA). Amperometric, RT-qPCR, withdrawal somatic sign, EPM behavior, 
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and operant behavioral measures: data for trials to criterion, errors to criterion, error 

types, and omissions were analyzed using one-way ANOVA to compare group 

differences between saline, lower (6.3mg/kg/day) and higher (18mg/kg/day) withdrawal 

groups. A mixed factor ANOVA was used to analyze response accuracy, correct and 

incorrect latencies utilizing the first 10 days after behavioral shifting as a within-groups 

factor and nicotine treatment as between-groups factor. Post hoc tests were applied using 

Tukey’s HSD unless noted otherwise. Pearson’s correlation coefficient was calculated for 

all correlative analyses. For all statistical tests, p values ≤0.05 were considered 

statistically significant. 

 Results 

Fourteen mice were excluded from the study for failing to reach pretraining 

criteria before 15 days (n=9) or due to mortality after osmotic mini-pump implantation 

(n=2), mortality before amperometric recordings were complete (n=1), incorrect 

placement of electrode (n=1), or poor electrode sensitivity (n=1). An observer blinded to 

the experimental conditions verified all exclusions. 

Spontaneous withdrawal from chronic nicotine induces somatic and anxiogenic 

phenotype in mice 

Observation of somatic withdrawal markers during the cessation of nicotine 

exposure is a reliable marker of nicotine withdrawal in rodents (Damaj et al., 2003; 

Parikh et al., 2016). A mixed factors ANOVA was conducted to examine the effects of 
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nicotine dose on observed somatic withdrawal signs on the first, third, and seventh day of 

spontaneous nicotine withdrawal (figure 2A). Significant main effects for day 

(F(2,44)=36.21, p <0.001) and group (F(2,22)=52.54, p<0.001) as well as a day X group 

interaction (F(4,44)=10.62, p<0.001) was uncovered during analysis. Closer examination 

of this interaction revealed a dose response-like pattern of somatic signs that gradually 

reaches levels comparable to the saline group by the seventh day (figure 2A). Post hoc 

analysis of spontaneous withdrawal from both lower (6.3mg/kg/day; 18.13±1.66) and 

higher (18mg/kg/day; 27.22±1.42) doses of nicotine significantly increased the number of 

somatic signs 24h (Nicotine withdrawal [WD] day 1) after nicotine removal compared to 

saline controls (8.25±0.98; both p<0.001). Additionally, somatic signs were significantly 

greater in higher nicotine dose treated mice compared to mice treated with the lower dose 

of nicotine (p<0.001). Somatic withdrawal signs remained elevated compared to saline 

(9.25±0.64) 72h after nicotine removal (WD 3) in both higher (19.67±1.57; p<0.001) and 

lower (14.88±2.06; p=0.049) dose treated animals although these doses did not differ 

from each other (p=0.092). On WD 7, there were no significantly discernable differences 

in somatic withdrawal signs in either dose of nicotine treatment (lower, 7.38±1.19; 

higher, 8.44±1.23) when compared to the saline treated group (8.13±0.93; all p>0.78).   

Anxiety-like behavior during spontaneous withdrawal from nicotine 

Along with the physical symptoms that are experienced during nicotine 

withdrawal, increases in anxiety and anxiety-like behaviors are increased during 

cessation attempts. To measure anxiety-like behavior in mice, we utilized the elevated 
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plus maze as it has been shown to reliably measure anxiety in rodents (Isola et al., 1999; 

Damaj et al., 2003). Anxiety-like behavior was examined on the first, third, and seventh 

day in a mixed factors ANOVA (figure 2B). Significant main effects of day 

(F(2,44)=8.22, p=0.001) and group (F(2,22)=15.89, p<0.001), and a trend for 

significance in regard to the interaction of these two factors (F(4,44)=2.40, p=0.066) was 

observed. Further examining these main effects (figure 2B), post hoc analysis of these 

main effects uncovered during first day of withdrawal (WD 1), both lower (9.73%±1.89; 

p<0.001) and higher (11.44%±2.70; p<0.001) doses of nicotine significantly reduced the 

amount of time spent in the open arms compared to saline controls (25.56%±1.75), but 

were not significantly different from each other (p=0.839). Examining the group 

differences on anxiety-like behaviors on WD 3 revealed a similar pattern of increased 

anxiety-like behavior compared to saline mice (19.26%±2.7). Although not significantly 

different (p=0.576), both the lower (9.92%±1.81; p=0.009) and higher (6.97%±0.97; 

p=0.001) dose treated mice exhibited a greater propensity to remain in the closed arms of 

the maze. On WD 7, no significant differences were uncovered between the saline 

(22.19%±2.04) and either dose of nicotine (lower, 18.29%±2.70; higher, 15.21%±2.88; 

all p>0.144).  
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Figure 2. Somatic symptoms and anxiety-like behavior during spontaneous 

nicotine withdrawal. A) Removal of nicotine drastically increased observable 

somatic signs 24h after withdrawal regardless of chronic nicotine treatment. 

Somatic signs remained elevated over controls at 72h, but normalized after 7 days 

of withdrawal. B) Anxiety-like behavior was significantly increased in nicotine 

withdrawal mice compared to saline treated mice. Increased anxiety-like behavior 

persisted 72h after nicotine removal, but was not significantly different from 

saline mice at 7days of nicotine withdrawal (**, p<0.01; ***, p<0.001) 

 

 

 

 

 

 

 

Spontaneous nicotine withdrawal impairs strategy shifting 

Spontaneous withdrawal from chronic nicotine increased the number of trials 

required to attain criteria for strategy-shifting (F(2,22)=16.11, p<0.001; figure 3A). Post 

hoc analysis revealed that mice undergoing withdrawal following treatment with the 

higher (369.56±26.30) and lower (342.75±31.68) doses of nicotine required a higher 

number of trials to complete this behavioral shift compared to the saline controls 

(182.25±12.96; both p=0.001). Mice undergoing spontaneous nicotine withdrawal 

committed more errors (F(2,22)=6.631, p=0.006; figure 3B). Multiple comparisons 

uncovered increases in the total number of errors in higher (118.11±17.67) and lower 

(118.00±19.33) dose withdrawal mice compared to control mice (46.63±6.88; p=0.011 & 

p=0.013, respectively). Examination of response accuracies for the first ten training 

sessions for all groups showing session-dependent leaning is depicted in figure 3C (main 
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effect of session F(9,189) =29.78, p<0.001). Additionally, a main effect between 

treatment groups was uncovered (F(2,21)=18.78, p<0.001) as well as an interaction 

between treatment and session factors (F(18,189)= 1.81, p=0.026). Post hoc analysis of 

this interaction showed that saline treated animals were faster at successfully making the 

strategy-set shift compared to both higher and lower doses of nicotine treated animals 

(p<0.01 for days WD1-9). Analysis of omitted trials yielded no significant differences 

between the three treatment groups (F(2,22)=1.05, p=0.366; figure 3D).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Nicotine withdrawal impairs strategy-set shifting. A) Mice experiencing nicotine 

withdrawal required more trials to reach criterion performance. B) Nicotine withdrawal mice 

committed more total errors than saline mice. C) Nicotine withdrawal delayed the acquisition 

of the strategy-set shift. D) Omitted trials did not significantly increase during nicotine 

withdrawal. (*, p<0.05; **, p<0.01; ***, p<0.001) 
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Further analysis of errors uncovered that the number of perseverative errors were 

also significantly increased in mice withdrawing from nicotine (F(2,22)=5.26, p=0.014; 

figure 4A). Although there was not a significant difference between the higher 

(86.00±16.65) and lower (100.00±21.10; p=0.81) dose withdrawal groups, these mice 

exhibited a greater number of perseverative errors (PE) when compared to saline mice 

(28.88±7.30; p=0.049 & p=0.016, respectively). Analysis of maintenance errors revealed 

significant differences between treatment groups (F(2,22)=5.54, p=0.011; figure 4B). 

When further analyzed, no differences were uncovered between the saline group 

(17.75±2.57) and the lower dose of nicotine (18.00±3.87; p=0.999), but the higher dose 

(33.22±4.54) withdrawal group committed significantly more maintenance errors than 

both saline and lower dose withdrawal group (p=0.023 & p=0.025, respectively). When 

comparing latencies for both correct and incorrect trials (figure 4 C & D), there were no 

significant differences between treatment groups (correct: F(2,21)=0.83, p=0.558; 

incorrect: F(2,189)=0.46, p=0.955), withdrawal day (correct: F(9,189)=0.20, p=0.82; 

incorrect: F(9,189)=1.59, p=0.121), nor significant interaction between factors (correct: 

F(18,189)=1.12, p=0.333; incorrect: F(18,189)=1.02, p=0.435).  
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Chronic nicotine administration and spontaneous withdrawal from nicotine does not 

affect initial discrimination learning 

Behavioral performance measures were analyzed for the spatial discrimination 

phase while nicotine was administered before strategy-set shifting and during withdrawal 

in a separate cohort of mice. We found no significant differences in number of trials 

performed (F(2,21)=1.11, p=0.35; figure 5A), or omissions (F(2,21)=1.86, p=0.18; figure 

5C), although we did uncover a trend for significance (F(2,21)=3.18, p=0.062; figure 

Figure 4. Specific error types affected by nicotine withdrawal. A) Mice withdrawing 

from nicotine treatment committed more perseverative errors. B) The ability to maintain 

a new strategy was only affected in the higher dose withdrawal group. Correct (C) and 

incorrect latencies (D) did not differ between groups. (*, p<0.05) 
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5B). When examining this trend closely, mice treated with the higher nicotine dose 

committed less errors (28.0±2.89) than both the saline (38.38±3.96) and lower dose 

treated animals (34.5±3.51). Moreover, to examine whether the effects of spontaneous 

nicotine withdrawal are specific to higher order cognitive function (strategy-set shifting) 

or global aspects of cognition, including discrimination learning, separate cohorts of mice 

underwent chronic nicotine exposure from higher and lower doses of nicotine and 

experienced spontaneous withdrawal during lever discrimination. There were no 

significant differences between groups in regard to trials to criterion (figure 5D), errors to 

criterion (figure 5E), or the number of trials omitted (all F(2,9)<1.86, p>0.21; figure 5F). 

This data suggests that spontaneous nicotine withdrawal does not totally impair initial 

discrimination learning.  
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Anxiety-like behavior and strategy shifting 

 Because anxiety-like behaviors may contribute to deficits in cognitive flexibility 

(Park & Moghaddom, 2017), we correlated EPM behavior with the operant behaviors 

results obtained. Data from mice across all groups were included to increase statistical 

Figure 5. Nicotine administration and withdrawal effects on discrimination learning. Nicotine 

administration did not alter the number of trials to criterion (A), total errors committed (B), or 

omitted trials (C) during spatial discrimination. In a separated cohort of animals, spontaneous 

nicotine withdrawal did not affect trials required to acquire spatial discrimination (D). Total 

errors committed (E) and omitted trials (F) during spatial discrimination remained unaffected by 

nicotine withdrawal. 
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power. Significant correlation between EPM measures and trials to criterion (Pearson’s 

r=-0.68, p<0.001), errors to criterion (Pearson’s r=-0.52, p=0.009), perseverative errors 

(`. 6; Pearson’s r=-0.41, p=0.049) were uncovered. EPM behavior was not correlated 

with maintenance errors (Pearson’s r=-0.36, p=0.082) or omissions (Pearson’s r=-0.17, 

p=0.434). Although it is important to note that subsequent break-up analysis did not yield 

significant correlations due to insufficient power. These correlation analyses provide 

insight to how affective and cognitive deficits may interact with each other during 

withdrawal from chronic nicotine administration.  

 

 

 

 

 

 

 

 

 

 

Figure 6. Anxiety-like behavior is associated with strategy perseverance. 

Correlational analysis revealed that anxiety-like behavior was negatively 

correlated with perseverative errors committed during strategy-set 

shifting. 
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BDNF transciptomic alterations during spontaneous nicotine withdrawal 

To determine if the reduction in BDNF protein expression within the PFC may be 

due to a nicotine withdrawal-induced decrease in transcript expression, tissues were 

analyzed for BDNF mRNA quantification of the BDNF exon IV and exon IX genes. 

Significant differences between groups were identified after ANOVA analyses at both 

BDNF exon IV (F(2,23)=10.37, p=0.001; figure 7B) and BDNF exon IX (F(2,23)=5.85, 

p=0.010; figure 7A). Planned comparisons between withdrawal groups indicated that 

compared to the saline group for BDNF exon IV (1.0±0.21), withdrawal from the higher 

dose of nicotine increased BDNF transcription significantly (1.52±0.17; p=0.039) while 

withdrawal from the lower dose significantly decreased BDNF transcription (0.40±0.061; 

p=0.036). When examining the planned comparisons of BDNF exon IX, withdrawal from 

the higher dose of nicotine (2.24±0.47) increased overall BDNF transcription compared 

to saline (1.0±0.29; p=0.028) and lower dose withdrawal mice (0.40±0.16; p=0.004). 

There was no difference between the lower dose withdrawal animals and control group 

(p=0.325). 
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Figure 7. Prefrontal BDNF transcript expression is altered during nicotine withdrawal. A) 

Total BDNF mRNA expression in the higher withdrawal group was significantly higher than 

both the saline and lower dose nicotine withdrawal groups. B) Activity dependent exon 

expression was significantly increased in higher dose withdrawal mice over saline and lower 

dose nicotine withdrawal groups (*, p<0.05; **, p<0.01) 

 

 

 

 

 

 

Spontaneous nicotine withdrawal alters BDNF protein expression within the 

frontostriatal pathway 

BDNF is crucial for the maintenance of synaptic plasticity during learning 

(Linnarsson et al., 1997). Thus, we examined the affects that spontaneous withdrawal 

from nicotine may have on BDNF protein expression. Analysis of homogenates from the 

PFC revealed significant differences between experimental groups (F(2,21)=4.41, 

p=0.025; figure 8A). Tukey’s post hoc comparisons uncovered that there was a 

significant reduction in BDNF protein expression in nicotine withdrawal mice from the 

highest dose (43.25±6.94) compared to saline controls (75.27±7.81; p=0.019). Significant 

differences in BDNF protein expression were also found in the DS (F(2,21)=5.244, 

p=0.014; figure 8B) but interestingly not in the NAc (F(2,21)=0.73, p=0.496; figure 8C). 

Further analysis of DS BDNF protein expression showed that spontaneous withdrawal 

from the highest nicotine dose increased (76.92±11.63) compared to BDNF protein 
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Figure 8. Nicotine withdrawal alters frontostriatal BDNF protein expression. A) Mature 

BDNF was significantly reduced in mice withdrawing from the higher dose of nicotine. B) 

Higher dose nicotine withdrawal conversely increased mBDNF expression in the DS. C) NAc 

levels of mBDNF were not affected by nicotine withdrawal. D) TrkB expression was not 

altered within DS or NAc tissues during nicotine withdrawal. (*, p<0.05) 

expression in mice that underwent saline treatment (40.14±4.12; p=0.011). In addition to 

the investigation into BDNF protein concentration, protein expression of TrkB was 

conducted in both striatal regions (figure 8D). Immunoblot analysis did not reveal any 

significant group differences in the DS (F(2,21)=1.43, p=0.261) or NAc (F(2,21)=0.01, 

p=0.994). 
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Frontostriatal BDNF protein expression is associated with anxiety and behavioral 

measures 

Spontaneous nicotine withdrawal impairs the ability of mice to make a strategy-

set shift as well as altered BDNF protein expression within the frontostriatal pathways. 

Thus, correlational analyses were conducted between BDNF expression and behavioral 

and anxiety measures. Significant negative correlations were found between prefrontal 

BDNF expression and trials to criterion (Pearson’s r=-0.65, p=0.001), errors to criterion 

(Pearson’s r= -0.56, p=0.004), omission (Pearson’s r= -0.52, p=0.01), and preservative 

errors (Pearson’s r= -0.49, p=0.015; figure 9A), but not for maintenance errors (Pearson’s 

r= -0.26, p=0.204; figure 9B). Moreover, prefrontal BDNF was positively correlated with 

the percent time spent in the open arm of the EPM maze on day three of withdrawal 

(Pearson’s r= 0.44, p=0.03) as well as the average of EPM scores (Pearson’s r= 0.40, 

p=0.05).  

Conversely in terms of operant behavior, BDNF expression in the DS correlated 

significantly with trials to criterion (Pearson’s r= 0.65, p=0.001), errors to criterion 

(Pearson’s r= 0.55, p=0.005), perseverative errors (Pearson’s r= 0.45, p=0.026; Figure 

9C), and maintenance errors (Pearson’s r= 0.43, p=0.035; Figure 9D). When examining 

anxiety measures and striatal BDNF, negative correlations were found for anxiety 

measures on the first day of withdrawal (Pearson’s r= -0.44, p=0.033), the third day of 

withdrawal (Pearson’s r= -0.47, p=0.021), and overall anxiety scores (Pearson’s r= -0.50, 
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p=0.013). No significant correlations were found between NAc BDNF expression and 

behavioral measures (All r >-0.65, p>0.069; Figure 9E & F). 

As mentioned previously, the frontostriatal pathway is heavily recruited during 

times of behavioral shifting (Ragozzino, 2007) and striatal BDNF modulates strategy 

shifting (D’Amore et al., 2013). Thus, it is important to examine how alterations between 

the PFC & DS and PFC & NAc relate to these behavioral changes. The ratio of DS:PFC 

& NAc:PFC were calculated for all mice and then correlated with behavioral and anxiety 

measures. DS:PFC BDNF ratio was positively correlated with trials to criterion (r = 0.58, 

p=0.003), total errors (r = 0.41, p=0.045), omissions (r = 0.69, p<0.001), and learning 

errors (r = 0.46, p=0.025). Additionally, DS:PFC ratios were negatively correlated with 

time spent in the open arms of the EPM on first (r = 0.-50, p=0.014), third (r = -0.49, 

p=0.016) days of withdrawal, and the average anxiety score (r = -0.55, p=0.006). The 

ratio of NAc:PFC BDNF was also examined for associations with behavioral and anxiety 

measures. Positive correlations were with NAc:PFC were uncovered for performed trials 

to criteria (r = 0.57, p=0.004) and omissions (r = 0.40, p=0.05). For measures of anxiety, 

NAc:PFC BDNF ratios were negatively correlated on the first day of withdrawal (r = -

0.54, p=0.007) and the average of anxiety scores (r = -0.53, p=0.007). 
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In vivo striatal glutamate transmission during spontaneous nicotine withdrawal 

Following the chronic administration, mice underwent withdrawal for 24-72h 

before anesthetized recordings were performed. During nicotine (n= 6) or saline (n= 5) 

withdrawal, microelectrodes were implanted into either DS or NAc to measure phasic 

glutamate release via potassium (70mM, 100nL), nicotine (1mM, 100nL), and BDNF 

(10ng, 100nL). Amplitudes elicited from potassium-evoked depolarization were not 

significantly different between saline and nicotine in either the DS (F(1,10)=2.56, 

p=0.144; figure 10A) or NAc (F(1,10)=0.76, p=0.405; figure 10B). These data indicate 

the capacity of striatal glutamatergic synapses to release glutamate following terminal 

depolarization was not impacted during spontaneous nicotine withdrawal. Following 

local application of nicotine, glutamate release was significantly greater in the DS of 

nicotine withdrawal (F(1,10)=22.58, p=0.001; 13.64μM±1.23; figure 11A) compared to 

saline control mice (5.38μM±1.19). This finding was not present within the NAc 

(F(1,10)=0.78, p=0.404; figure 11B). Augmented glutamate release in the DS of nicotine 

withdrawal mice in response to acute nicotine challenge may reflect compensatory 

upregulation of presynaptic nAChRs (likely α7 nAChRs) on glutamatergic terminals. 

When BDNF was locally applied, glutamate release within DS synapses was significantly 

Figure 9. (Listed on previous page) Frontostriatal BDNF expression linked with deficits in 

strategy-set shifting. A) Prefrontal BDNF expression exhibited a significant negative 

correlation with perseverative but not maintenance errors (B). DS BDNF expression was 

positively correlated with both perseverative errors (C) as well as maintenance errors (D). 

NAc BDNF expression did not significantly correlate with either perseverative or 

maintenance errors. 
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blunted compared to saline animals (F(1,10)=27.44, p=0.001; figure 12A). Interestingly, 

BDNF-evoked glutamate release in the NAc significantly increased in mice 

spontaneously withdrawn from nicotine (F(1,10)=9.62, p=0.015; figure 12B). Increased 

glutamate responsivity to BDNF in the NAc of withdrawal mice may reflect an over 

activation of presynaptic BDNF-trkB signaling and downstream signaling pathways 

presumably involving synapsin mechanisms (Jovanovic et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Depolarization-evoked release of glutamate remains unaffected during nicotine 

withdrawal. A) DS KCl-evoked glutamate release traces and bar chart. Nicotine withdrawal 

from the 18mg/kg/day dose of nicotine did not alter presynaptic release of glutamate within 

the DS. B) NAC KCl-evoked glutamate release trace and bar chart. Similar pattern of 

depolarization-evoked release within the NAc was observed in both the saline and nicotine 

withdrawal animals. (n=5-6 per group)  
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Figure 11. Nic-evoked glutamate release in discrete striatal regions. A) Population traces 

depicting glutamate signaling after local application of Nic in the DS (upper panel). A 

significant increase of Nic-evoked glutamate release was observed in the DS of nicotine 

withdrawal compared to saline treated mice (lower panel). B) Population traces depicting 

glutamate signaling after local application of Nic in the NAc (upper panel). Local application 

of Nic into the NAc of withdrawal mice did not produce a significant increase of glutamate 

release during nicotine withdrawal (lower panel). (**, p<0.001; n=5-6 per group)  
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Figure 12. BDNF-evoked glutamate release in discrete striatal regions. A) Population traces 

depicting glutamate signaling after local application of BDNF in the DS (upper panel). A 

significant attenuation of BDNF-evoked glutamate release was observed in the DS of nicotine 

withdrawal compared to saline treated mice (lower panel). B) Population traces depicting 

glutamate signaling after local application of BDNF in the NAc (upper panel). Local 

applications of BDNF into the NAc of withdrawal mice lead to a significant increased release 

of glutamate during nicotine withdrawal (lower panel). (*, p<0.05; **, p<0.001; n=5-6 per 

group) 
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Discussion 

In the current study, spontaneous withdrawal following chronic nicotine 

administration from two doses (6.3mg/kg/d & 18.0mg/kg/d) induced a myriad of 

behavioral changes that manifested as somatic, affective, and cognitive deficits in mice. 

Nicotine withdrawal impaired the ability to inhibit responding to a previously rewarded 

strategy during the strategy-set shifting task and this effect appears to be regulated by 

nicotine dose. Moreover, perseverance to the previous strategy was correlated with 

anxiety-like measures during nicotine withdrawal. Mice withdrawing from the higher 

nicotine dose exhibited deficits in maintaining a new strategy shift. These deficits in 

strategy-set shifting were associated with altered BDNF protein expressions in regions of 

the frontostriatal pathways that are crucial for the facilitation of maintenance cognitive 

flexibility. DS BDNF protein expression positively correlated with perseverative and 

maintenance errors, pointing to over activation of DS BDNF signaling during 

withdrawal. Furthermore, BDNF-evoked glutamate release was attenuated within DS 

synapses, but enhanced in the NAc, suggesting a dichotomous role of BDNF signaling in 

striatal regions during nicotine withdrawal. Taken together, these data suggest that 

spontaneous nicotine withdrawal impairs the ability to make and maintain a behavioral 

shift and this cognitive deficit observed in decision making may be linked to altered 

BDNF expression within the frontostriatal pathway. 

Cessation of chronic nicotine is known to induce a number of negative withdrawal 

symptoms. Of the many symptoms present, physical and anxiety symptoms are the first 
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to present after cessation and contribute to early relapse failures (Hughes et al., 1995; 

Fagerstrom, 1978; West & Hajek, 2004). Moreover, somatic withdrawal signs in rodent 

models are present in both precipitated (Hildebrand et al., 1999; Damaj et al., 2003; 

Jackson et al., 2008; Parikh et al., 2016) and spontaneous (Malin et al., 1992; Isola et al., 

1999; Damaj et al., 2003; Jackson et al., 2008) nicotine withdrawal. Consistent with 

previous literature, increases in somatic withdrawal behavior and anxiety-like behavior 

were observed in mice withdrawing from both doses of chronic nicotine treatment. 

Somatic withdrawal signs from both nicotine doses peaked 24h after withdrawal, 

remained elevated at 72h and reached comparable levels to the saline group one week 

after withdrawal. In addition to these somatic signs, anxiety-like behavior was increased 

in both doses of nicotine 24h and 72h after withdrawal, but not at one week after nicotine 

withdrawal. These findings are consistent with those Damaj and colleagues (2003) found 

which observed significant increases in anxiety-like behavior up to 72h post nicotine 

removal in a spontaneous withdrawal model. 

In addition to the somatic and affective symptoms of the withdrawal syndrome, 

cognitive deficits may be crucial for cravings and reinstatement of nicotine use (Ashare et 

al., 2014). There is a growing body of literature implicating the importance of 

understanding cognitive deficits associated with nicotine withdrawal including attention 

(Shoaib & Bizarro, 2005), working memory (Patterson et al., 2010), spatial learning 

(Kenney et al., 2011), and fear conditioning (Davis et al., 2005). Additionally, our lab 

uncovered that mecamylamine-precipitated nicotine withdrawal impaired cognitive 
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flexibility by disrupting the ability to maintain a behavioral shift exhibited by increases in 

strategy maintenance errors (Parikh et al., 2016). Based off of the foundations of this 

previous study, we set out to test the hypothesis that spontaneous nicotine withdrawal 

would impair the ability of mice to efficiently complete a strategy set-shift similar to 

mecamylamine-precipitated withdrawal.  

Cognitive deficits associated with spontaneous nicotine withdrawal manifested as 

an inability to adapt to and execute a new learning strategy through the increase of 

perseverative and maintenance errors. Although we did not report a traditional dose 

response for the two doses of nicotine used in terms of the number of trials required to 

complete the shift, it was uncovered that nicotine dose-dependently affected the type of 

errors that the mice committed. The lower 6.3mg/kg/day dose induced a robust increase 

in perseverative errors, errors that are related to initially reverting back to the previously 

reinforced strategy while the higher 18mg/kg/day dose increased both perseverative as 

well as strategy maintenance errors. The presence of perseverative errors in both doses 

suggests that the initial deficits in strategy shifting are likely due to inadequate inhibition 

control. It is well documented that substance use interrupts the ability of individuals to 

inhibit prepotent responding to not only previously reinforcing stimuli (Kalivas and 

Volkow, 2005), but also to responses not directly related to drug use (Kozink et al., 

2010). Moreover, abstinence from nicotine has been shown to decrease disinhibition in 

both rodent (Kolokotroni et al., 2012; Shoaib & Bizarro, 2005) as well as human (Ashare 

& Hawk, 2012; Harrison et al., 2009) studies. Thus, our current findings are in chorus 
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with previous literature regarding a reduction in behavioral inhibition, but contrast a 

previous study from our own lab in which precipitated nicotine withdrawal did not affect 

preservative responding but did affect erroneous responding after the new strategy had 

been learned (Parikh et al., 2016).  

It is important to note that there are notable methodological differences, 

particularly the use of mecamylamine to induce a precipitated nicotine withdrawal versus 

the spontaneous model used in the current study. The second notable difference is the 

schedule of phases used to train mice. In the previous study, mice underwent visual 

discrimination before switching to a spatial discrimination task. In the current task, mice 

learned the spatial or lever discrimination task first and then progressed to the visual 

discrimination phase. The latter method is noted to be more difficult for rodents to 

complete (Floresco et al., 2008).  

It was interesting to note that only the mice withdrawing from the higher dose of 

nicotine exhibited deficits in maintaining a new strategy. Maintenance errors are the 

result of generally engaging in the use of a new strategy to a degree of proficiency, but 

revert back to the old strategy occasionally. This reversion may be associated with 

compulsion to use the effective strategy when nicotine is onboard despite failing to 

engage in optimal decision-making. It is hypothesized that addicts will engage in these 

compulsive behaviors despite the availability of other reinforcing sources (Everitt & 

Robbins, 2016). In a study examining the effects of brief versus extended nicotine self-

administration, Clemens and colleagues (2014) reported nicotine infusions paired with 
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lithium significantly reduce responding in rats trained briefly on nicotine administration, 

but responding remained intact in the rats trained on the extended self-administration 

task. Moreover, authors reported increases in c-fos expression in both medial DS and 

lateral DS in rats trained on the extended administration paradigm suggesting that both 

regions play a role in compulsive nicotine-taking. Furthermore, studies examining 

nicotine withdrawal after self-administration suggest that cognitive deficits during 

withdrawal contribute to the failure to inhibit nicotine-associated cues leading to higher 

rates of relapse and removal of these cues facilitate successful nicotine cessation (Cohen 

et al., 2005; Harris et al., 2011). Additionally, our findings are congruent with previous 

work from our lab reporting increases of maintenance errors during mecamylamine-

precipitated nicotine withdrawal. Together these findings suggest that long-term 

cognitive deficits associated with spontaneous nicotine withdrawal are due to failures in 

the ability to forgo detrimental habits that are formed during nicotine-taking. Thus, as 

suggested from previous literature (Bolanos & Nestler, 2004; Robinson & Kolb, 2004; 

Russio et al., 2009; Russo et al., 2010; Andero et al., 2014, Parikh et al., 2016), these 

perturbations of cognition may arise through aberrant neural plasticity in the frontostriatal 

regions that govern both higher-order cognition as well as the addiction process. 

In the present study, spontaneous nicotine withdrawal induced alterations in 

BDNF expression within the frontostriatal pathway was associated with deficits in the 

ability to make a cognitive shift. We observed that while prefrontal BDNF expression 

decreased, BDNF protein expression within the striatum increased in mice experiencing 
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withdrawal only from the higher doses of nicotine. Moreover, these regional alterations in 

BDNF expression correlated with behavioral measures of the strategy-set shifting task. 

Our findings are consistent with a previous study that reported decreases in prefrontal 

BDNF during psychostimulant withdrawal (Fumagalli et al., 2007). We reported BDNF 

mRNA exon IV and IX expression significantly increased in the PFC of higher dose 

withdrawal mice. Again, this is consistent with other reports reporting observed increases 

in BDNF mRNA expression during drug abstinence (Filip et al., 2006 & Fumagalli et al., 

2007). Thus, we believe that this decrease in prefrontal BDNF is due to an anterograde 

transport of BDNF to the DS to facilitate a return to baseline BDNF levels before drug 

administration.  

Under normal conditions, BDNF protein and mRNA expression is abundant in the 

PFC, hippocampus, VTA, and amygdala (Conner et al., 1997). Although in the DS and 

NAc BDNF mRNA is present, BDNF is supplied primarily through anterograde transport 

from the glutamatergic projections from the PFC (Altar et al., 1997; Conner et al., 1997). 

Our lab has previously reported that chronic nicotine administration decreases BDNF 

expression within the DS (Ortega et al., 2013). Additionally, evidence suggests that 

enhancement of DS BDNF signaling leads to decreases in drug-taking (Jeanblanc et al., 

2009). This evidence combined with the current findings strongly suggests that 

maintaining the balance of BDNF is crucial for the maintenance of flexible decision-

making. Presumably, in order to facilitate cognitive flexibility during nicotine 

withdrawal, excess BDNF transport to the DS is in response to a number of factors such 
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as suppression of DS BDNF by chronic nicotine, normalization of upregulated nAChRs, 

or enhancement of glutamate transmission. Chronic over activation of BDNF-TrkB 

signaling has been shown to impair learning and memory processes (Cunha et al., 2009; 

Papaleo et al., 2011). Thus, this compensatory mechanism is potentially increasing 

cognitive rigidity through not allowing appropriate synaptic regulation of targets of PFC 

efferents to the DS. 

 It is interesting to note that we only observed these differences in frontostriatal 

BDNF expression in the higher dose withdrawal animals. However, we did observed 

subtle nonsignificant differences in both PFC and DS BDNF protein levels. It is possible 

that BDNF expression in the lower dose withdrawal mice is returning to baseline faster 

than the higher dose withdrawal mice. Another possibility is that withdrawal from a 

lower dose of nicotine does not affect frontostriatal BDNF expression. We did not 

uncover any differences in NAc BDNF protein expression between the saline group and 

either nicotine withdrawal groups. Although our findings are similar to Kivinummi et 

al.’s (2011) report of no difference between sal- and nic-withdrawal NAc BDNF at 29 

days, one explanation for this null finding is that we took whole NAc punches and did not 

differentiate between the NAc core (NAcC) and shell (NAcSh). Li and colleagues (2013) 

reported dissociable BDNF protein levels between the NAcC and NAcSh at 45 days of 

cocaine withdrawal. Authors reported increases of BDNF in the NAcC but not NAcSh at 

this time point. Additionally, they reported that this pattern reversed at 90 days of 

withdrawal. This evidence suggests that our null findings may be due to NAcC and 
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NAcSh effectively diluting BDNF protein expression. Moreover, Li et al.’s findings 

suggest that BDNF changes in the NAc may develop slower than other regions in the 

brain. Therefore, additional studies examining the long-term changes due a protracted 

(~30d) nicotine withdrawal are needed. Although we observed an increase in TrkB 

expression in our immunoblot analysis, this finding did not reach significance. This 

observation was interesting because chronic (14 day) intrastriatal infusion of BDNF has 

been shown to decrease full-length TrkB receptors and reduces phosphoralated TrkB 

(Saylor & McGinty, 2011). Moreover, TrkB has been reported to quickly internalize after 

activation (Sommerfield et al., 2000). Thus, it is not clear if TrkB receptors in our sample 

were internalized or located on the cellular membrane. Additional studies are required to 

flesh out specifically where TrkB is being expressed during nicotine and the possible 

influence of sustained TrkB activation by BDNF.  

Since we have previously reported that BDNF modulates glutamate dynamics in 

the DS to facilitate strategy-set shifting (D’Amore et al., 2013) and aberrations in 

glutamatergic transmission are widely reported in nicotine dependence and withdrawal 

(Kenny & Markou, 2001; Lambe et al., 2003; Kenny et al., 2003; Liechti et al., 2007; 

Alasmari et al., 2016; D’Souza, 2016), we examined the effects of nicotine withdrawal-

induced alterations on glutamate release. We uncovered significantly increased nicotine-

induced DS glutamate release in withdrawal mice compared to saline controls on the 3
rd

 

day of withdrawal, while glutamate release amplitudes remained unchanged in the NAc.  
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It is well known that chronic nicotine administration upregulates nAChRs 

(Buisson & Fenster et al., 1999; Bertrand, 2002; Govind et al., 2009; Gould et al., 2012; 

Turner et al., 2013; Wilkinson & Gould, 2013) and that these receptors remain up 

regulated a number of days after removal of nicotine (Pistillo et al., 2016). Moreover, 

nicotine as well as specific nAChR agonists modulate glutamate release within cortical 

regions through presynaptic mechanisms (Parikh et al., 2008; Dickinson et al., 2008; 

Konradsson-Geuken et al., 2009). Thus, this enhanced nicotine-evoked glutamate release 

in the DS of withdrawal mice is possibly due to α7 and α5* containing nAChR located on 

presynaptic glutamatergic afferents, but not postsynaptic α4β2* nAChRs (Jackson et al., 

2008; Howe et al., 2016). As mentioned earlier, nicotine-evoked glutamate release in the 

NAc remained unchanged. One possible theory is that while nAChRs are elevated within 

NAc synapses, chronic nicotine administration down regulates glutamatergic 

functionality within the NAc (D’Souza, 2016). Moreover, glutamate receptors within the 

NAc are down regulated in nicotine withdrawal states (Alasmari et al., 2016; Pistillo et 

al., 2016) possibly contributing to the null findings we observed. Another plausible 

theory is that increases in BDNF signaling as well as nicotine exposure, leads to a 

differentiation of DAergic arborization (Collo et al., 2013). Since DA has negative 

neuromodulatory effects on glutamatergic signaling (Cepeda et al., 2000), increases in 

DAergic arborization would increase the inhibition of local DS glutamate release.  

When we applied BDNF locally, we observed differential effects between the DS 

and NAc. Mice withdrawing from nicotine had an attenuated glutamate release in 
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response to locally applied BDNF whereas BDNF-evoked glutamate was increased in the 

NAc. BDNF exerts its effects on striatal glutamate in an “inverted-U” dose dependent 

manner (D’Amore et al., 2013). Our current findings suggest that the basal level of 

endogenous BDNF impacts normal glutamate transmission shifting the U-curve to the 

right. One hypothesis for the attenuated glutamate response would be that due to the high 

levels of BDNF, TrkB quickly internalizes after ligand binding (Sommerfield et al., 

2000). This since this mechanism is rapid; it is thought to serve a compensatory 

mechanism during prolonged BDNF activation (Unsain et al., 2009) as prolonged 

activation of TrkB has been shown to cause hyperexcitability of neural circuitry (Koyama 

et al., 2004). Another possible conclusion is that downstream targets of BDNF/TrkB 

signaling may be affected during nicotine withdrawal. Synapsin, a regulator protein 

involved in vesicle regulation, is phosphorylated by MAPK downstream of TrkB 

activation (Jovanovic et al., 2000) and facilitates glutamate release (Cavalho et al., 2008). 

Thus, TrkB-activated MAPK pathway signaling is presumably decreased contributing to 

blunting of BDNF-evoked glutamate release. Because causes of subdued BDNF-evoked 

glutamate release during nicotine withdrawal remains unclear, more work is needed to 

uncover specific mechanisms of this phenomenon.   

As mentioned earlier, NAc BDNF-evoked glutamate release was increased during 

nicotine withdrawal. Since we did not observe any changes in NAc BDNF protein 

expression compared to saline mice, it is not surprising that nicotine withdrawal enhances 

BDNF-evoked glutamate release. It has been reported that nicotine withdrawal decreases 
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NAc activity presumably through decreased DA stimulation from the VTA (Shoaib et al., 

2004). In addition to decreased NAc activity, excitatory synapses within the NAc rest a 

relatively higher potential state during nicotine withdrawal that may lead to increased 

susceptibility to cue induced nicotine relapse (Gipson et al., 2013). Furthermore, 

glutamatergic inputs from the PFC are necessary for drug seeking (Quintero, 2013). 

Thus, the current findings may be due to relatively inactive circuits that are primed for 

activation when nicotine-related cues are presented. Of course, it is important to mention 

that the NAc also receives extensive glutamatergic innervation from the amygdala. 

Because amperometric recordings took place 48-72h after nicotine removal, this time 

frame coincides with the maximal exhibition of anxiety-like behavior in withdrawal mice 

(see results). Glutamate signaling from the amygdala to NAc is crucial for not only 

anxiety (Carvalho et al., 2012), but also for cravings towards condition reward stimuli 

(Weiss et al., 2005). It is possible that increases in NAc glutamate signaling may arise 

from BDNF stimulation of both presynaptic prefrontal and amygdala projections. 

 In conclusion, the current studies provide insight on how spontaneous nicotine 

withdrawal leads to specific deficits in the ability to make flexible decisions. 

Furthermore, these deficits in cognitive flexibility were tied to region specific alterations 

of BDNF protein expression within frontostriatal circuitry. These data point to BDNF 

playing a larger role during nicotine withdrawal than previously thought. Future studies 

are warranted to determine whether prefrontal overflow of BDNF or over activation of 
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BDNF signaling within the DS is the epicenter for the development of cognitive deficits 

observed during nicotine withdrawal. 
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CHAPTER 3 

DETERMINING THE CONTRIBUTION OF DORSAL STRIATAL BDNF TO 

COGNITIVE DEFICITS OBSERVED IN SPONTANEOUS NICOTINE 

WITHDRAWAL 

Background and Rationale 

In the previous chapter, we reported that spontaneous nicotine withdrawal 

impaired the ability of mice to make and maintain a behavioral shift. Nicotine 

withdrawal-related anxiety was associated with perseveration to the previous strategy, 

while the inability to maintain the behavioral shift was associated with increases in DS 

BDNF protein expression. Lastly, we found that withdrawal from chronic nicotine 

attenuated BDNF-evoked glutamate release in the DS. Taken together, our data indicates 

that alterations of frontostriatal BDNF, specifically in the DS, contribute heavily towards 

the manifestation of impairments in cognitive flexibility. Because Chapter 2 was not 

designed to delineate the specific role that BDNF signaling plays in deficits in decision 

making, we set out to investigate the contributions of aberrant BDNF signaling and how 

it affects decision making. It is possible withdrawal-induced increases in DS BDNF arise 

from PFC BDNF overproduction to compensate for neuroadaptations during nicotine 

administration as PFC BDNF transcription increased in withdrawal animals. We 

hypothesized that by attenuating over activation of BDNF signaling within the DS during 

withdrawal, we could restore behavioral performance during the strategy-set shift. To 
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accomplish restoring DS BDNF signaling in order to reduce cognitive deficits during 

nicotine withdrawal, we employed the use of the BDNF scavenger TrkB-Fc peptide as a 

pharmacological manipulation of BDNF.  

BDNF is crucial for maintaining optimal cognitive performance 

Neurotrophins play an import role in neuronal survival, maturation, and synaptic 

plasticity. Moreover, these trophic factors are critical for normal brain functioning 

(Lewin & Barde, 1996). There have been a number of neurotrophins that have been 

isolated and studied over the last 40 years; arguably one most noteworthy is BDNF. 

BDNF has received notable attention as it is highly expressed throughout the brain and its 

involvement in LTP within the hippocampus (Huang & Reichardt, 2001), the striatum 

(Jia et al., 2010), synaptic plasticity in the PFC (Sakat et al., 2009) as well as its role in 

motivational behavior (Gourley et al., 2012) and reward-related behavior (Hall et al., 

2003). Moreover, BDNF has been shown to be altered in a number of neurological 

disorders that include depression (Martinowich et al., 2007), schizophrenia (Jindal et al., 

2010), and addiction (Nestler, 2002). Thus, evidence suggests that a relatively normal 

level of BDNF is required to maintain healthy cognitive function and even slight 

imbalances in BDNF may lead to pathological states. 

 BDNF plays an important role in the functionality and maintenance of neural 

circuitry that governs healthy cognitive processes (Lessmann et al., 2003; Gottmann et 

al., 2009). There is a wealth of literature that shows that subtly pharmacological or 
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genetic manipulations can either enhance or greatly impair cognitive processes. Genetic 

overexpression of BDNF in the forebrain in mice impairs short-term memory, 

instrumental learning, spatial working memory (Cunha et al., 2009). Moreover, forebrain 

overexpression of BDNF increases BDNF expression and spine density within the 

basolateral amygdala leading to increased anxiety in mice (Govindarajan et al., 2006).  

Global knockdown of BDNF has also been shown to impact a number of 

cognitive domains. Seminal work from Linnarsson and colleagues (1997) demonstrated 

that mice heterozygous for the BDNF gene had marked impairments in the Morris Water 

Maze task. Additionally, BDNF heterozygous mice show deficits in non-spatial 

discrimination learning (Gorski et al., 2003), fear conditioning (Chen et al., 2006), 

extinction learning (Psotta et al., 2013) and reversal learning (Parikh et al., 2016). 

Polymorphisms within the BDNF gene (most commonly the val66met polymorphism) 

alter physiological and cognitive processes in humans and animals models. The val66met 

polymorphism decreases activity-dependent secretion of BDNF and decreases verbal 

episodic memory suggesting decreased hippocampal activity (Egan et al., 2003). 

Moreover, carriers of this BDNF polymorphism exhibit decreases in correct responding 

and discrimination in a verbal recognition memory paradigm (Goldberg et al., 2008). 

Healthy carriers of the val66met allele have decreases in hippocampal volume (Bueller et 

al., 2006), parahippocampus and amygdala volume (Montag et al., 2009), and volume 

reduction in areas of the PFC (Pezawas et al., 2004; Nemoto et al., 2005). 
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 In addition to genetic contributions to altered BDNF expression throughout the 

CNS, selective knockdown of endogenous BDNF through the use of BDNF antisense 

oligodexynucleotide disrupts spatial working memory in both the Morris water maze (Mu 

et al., 1999) and radial arm maze task (Mizuno et al., 2000). Thus, maintaining the 

balance of endogenous BDNF levels in cortical regions is imperative to preserve optimal 

cognitive functioning, but in pathologies such as nicotine addiction, BDNF expression 

becomes imbalanced leading to a myriad of cognitive deficits. 

Nicotine administration and withdrawal alters dorsal striatum BDNF expression 

 Nicotine consumption and withdrawal drastically alters the balance of 

endogenous BDNF within frontostriatal circuitry (Kiviummi et al., 2011), more 

specifically, it appears that the DS is one of the possible epicenters for the manifestation 

of long-term cognitive deficits associated with nicotine use and withdrawal (Ortega et al., 

2013; Parikh et al., 2016; see also Chapter 2). The DS is an integral region for the 

maintenance of goal-directed behavior, but also for the development of habitual behavior 

(Yin et al., 2005; Yin et al., 2006). It is hypothesized that repeated cycles of substance 

use gradually increases the involvement of the DS as behavior is less driven by action-

outcome relationships and more so by stimulus response relationships (Vanderschuren & 

Everitt, 2005; Balleine et al., 2009). These repeated cycles of drug abuse eventually lead 

to maladaptive neural alterations within frontostriatal pathway glutamatergic projections 

driving drug-seeking behavior (Kalivas & Volkow, 2005). Although DS and NAc receive 

distinct anatomical inputs from both cortical and other subcortical regions that are similar 
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to one another (Voorn et al., 2004), the DS has been shown to have larger involvement in 

higher order behavioral shifts like strategy-set shifting from response to visual 

discriminations (Ragozzino et al., 2002). Since strategy-set shifting requires activation of 

frontal circuits (Ragozzino, 2007; Floresco et al., 2008), glutamatergic afferents from 

these prefrontal regions deposit BDNF into striatal regions to enhance synaptic plasticity 

(Altar et al., 1997). Because striatal pools of BDNF arise from prefrontal projections, and 

nicotine addiction not only alters frontostriatal circuitry but also BDNF expression within 

that circuitry, targeting of BDNF signaling within the DS may provide insight into the 

formation of compulsive nicotine seeking that is experienced by smokers abstaining from 

nicotine. 

 In light of this body of literature, we hypothesize that persistent cognitive deficits 

that manifest after withdrawal from higher doses of nicotine stem from aberrantly high 

BDNF signaling in the DS due to overflow of prefrontal BDNF. We will attempt to 

elucidate the causal link of BDNF signaling with the manifestation of cognitive deficits 

during nicotine withdrawal and attempt to normalize DS BDNF signaling through the use 

of the BDNF scavenger TrkB-Fc peptide. TrkB-Fc is a fusion protein that contains a 

truncated extracellular domain of human TrkB adhered to the fc region of human IgG 

complex (Shelton et al., 1995). TrkB-Fc has been successfully used to attenuate BDNF 

signaling effects in vitro (Croll et al., 1998; Mizoguchi et al., 2011; Dulcot & Kabbaj, 

2013) as well as in vivo (Wang et al., 2007; Clarkson et al., 2010; Ju et al., 2015). Thus, 
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we set out to reduce withdrawal-induced cognitive deficits through by intrastriatal 

infusions TrkB-Fc to reduce prefrontal BDNF overflow.   

Methods 

Animals 

Forty-four adult (8-10 week) male C57BL/6J mice (Jackson Laboratory) were 

individually housed in a humidity/temperature controlled colony room with a 12h 

light/dark cycle (lights on at 07:00). One week prior to the beginning of experiments, 

mice were progressively water-restricted to 5-minutes of water/day. All behavioral 

training and testing took place 7 days/week between 9:00 and 16:00 h. At the completion 

of each behavioral session, mice received 5 minutes of water in addition to sweetened 

water received as a reward for each correct response. Food (PMI LabDiet) was available 

ad libitum throughout the experiment. All experimental procedures have been approved 

by the Institutional Care and Use Committee (IACUC) of Temple University and are in 

accordance with the National Institute of Health guidelines. 

Mini-osmotic pump implantation and induction of spontaneous nicotine withdrawal 

 A detailed description of the complete methods regarding mini-osmotic pump 

implantation is listed above in Chapter 2. Briefly, after autoshape and pretraining, mice 

were implanted with subcutaneous mini-osmotic pumps delivering either saline or a 

18mg/kg/d (reported as freebase) dose of nicotine for 14d. After the final training session 

on the 14
th

 day of nicotine administration, pumps were removed and mice began 

spontaneous nicotine withdrawal. 
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Cannula implantation surgeries and infusion protocol 

Twenty-four hours prior to surgery, animals were given ad libitum water to 

prevent dehydration. Mice were anesthetized with isoflurane (induction 5%; maintenance 

2%) and placed in a stereotaxic frame (David Kopf Instruments; Tujunga, CA, USA). 

Bilateral guide cannulae (Plastics One; 25 gauge; 3 mm distance; 5 mm protrusion from 

pedestal) were implanted into the dorsal striatum (A/P +1.0 mm, M/L ±1.5 mm, from 

bregma; D/V -2.7 mm from dura) and secured with bone screws, a layer of cyanoacrylate 

glue (Hobbylinc; Hoschton, GA, USA) and dental cement (Illustration 2). Stainless steel 

stylets (32 gauges) were inserted into the guide cannulae to prevent clogging. Following 

48-72 h of post-surgery recovery, animals were tested for the retention of pretraining 

performance to ensure that surgery did not cause any behavioral decrements. Animals at 

criterion advanced to the next phase of training for BDNF scavenger TrkB-Fc peptide 

infusions. 

Ten minutes before behavioral testing animals received infusions of either vehicle 

(Human IgG dissolved in sterile 0.1M PBS; ProSpec-Tany Technogene, NJ, USA) or 

1μg/μL TrkB-Fc peptide (dissolved in sterile 0.1M PBS; ProSpec-Tany Technogene, NJ, 

USA). This dose was selected after completion of dose response analysis (see Chapter 3 

Results). Infusion volume was 0.5 μL per side with an infusion rate of 0.5μL per minute 

using microinfusion pump (KDScientific, Holliston, MA, USA). Bilateral microinfusions 

were performed through 32g infusion cannulae connected to 10μL Hamilton 

micosyringes. Vehicle and TrkB-Fc were infused into the dorsal striatum over 1 minute 

with an additional 1 minute to allow for drug infusion.  
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Illustration 2. Illustration of cannula placement within the DS and local Evans blue dye 

spread 

 

 

 

 

 

 

 

 

Visualizing TrkB-Fc peptide spread 

To determine the spread of TrkB-FC peptide within the DS, we employed the use 

of Evans blue dye to visualize infusion spread. 2% Evans blue diluted in sterile PBS was 

intrastriatally infused into mice after the last behavioral training session. Tissues were 

processed for histology and a blind observer recorded dye spread (See Illustration 3). 

Analysis revealed that solution infusion was generally isolated to the dorsal medial 

striatum (DMS), which receives inputs from the PFC (Haber et al., 2006). 
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Operant Strategy-set shifting task 

 A detailed description of the complete methods regarding operant training 

paradigm and behavioral measures collected are listed above in Chapter 2. Briefly, after 

autoshape and pretraining, mice progressed to the spatial discrimination phase in which 

they had to respond to an assigned lever (i.e. right or left) to obtain a saccharin reward. 

Incorrect responses were punished with a 10s timeout of the houselight followed by the 

reinstatement of the ITI. After reaching criterion performance on the special 

discrimination phase, mice progressed onto the visual discrimination phase, which 

signified the strategy-set shift. In the visual discrimination phase, mice needed to 

abandon the initial egocentrically based spatial strategy and adopt a new visually based 

strategy. Mice continued on this phase until criterion performance was reached. 

 

Illustration 3. Evans blue spread. Evans blue dye was used to visualize 

intrastriatal infusion spread within the DMS.  
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Experimental schedule 

 See figure 13 for visualization of experimental schedule. After autoshaping and 

pretraining, mice received a mini-osmotic pump to deliver saline or nicotine for 14d (day 

1). 48h after pump implantation (day 3), mice were tested for retention of pretrain 

performance. After this training session, animals were provided with ad libitum water. 

24h after training (day 4), mice were implanted with bilateral cannula aimed at the DS 

and allowed to recovery for 48h. Mice were once again tested for pretrain retention 

(day7). Mice were then placed on spatial discrimination for the remaining 7d of nicotine 

administration as previously described in chapter 2. After behavioral training on the 14
th

 

day of nicotine administration, pumps were removed and mice began spontaneous 

nicotine withdrawal. 24h later (WD 1), mice received infusions of either vehicle or TrkB-

Fc peptide 10m before behavioral testing. This procedure was repeated on WD 4 & WD  

7. 
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Statistical analysis 

Statistical analysis was performed with SPSS/PC+V21.0 (IBM SPSS Software, 

Armonk, NY, USA). Withdrawal somatic signs and operant behavioral measures: data for 

trials to criterion, errors to criterion, error types, and omissions were analyzed using two-

way ANOVAs to compare group differences between saline + vehicle (sal+veh), saline + 

TrkB-Fc peptide (sal+TrkB-Fc), nicotine + vehicle (nic+veh) and nicotine + TrkB-Fc 

peptide (nic+TrkB-Fc). A mixed factor ANOVA was used to analyze response accuracy, 

correct and incorrect latencies utilizing the first 10 days after behavioral shifting as a 

within groups factor and nicotine and TrkB-Fc treatment as between groups factor. Post 

Figure 13. TrkB-Fc infusion experimental design. After attaining criterion on autoshape 

and pretraining, mice were implanted with mini-osmotic pumps delivering saline or 

18mg/kg/day-nicotine for 14 days. After seven days of surgery recovery and behavioral 

retention tests, mice progressed to the spatial discrimination phase. Mice remained on this 

phase for an additional seven days. After the last training session on the 14
th
 day of 

solution delivery, pumps were removed and spontaneous withdrawal was induced. Mice 

received intrastriatal infusions of vehicle or TrkB-FC 10m prior to behavioral training on 

WD 1, 4, & 7. Mice continued on visual discrimination until criterion performance was 

reached. 
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hoc tests were applied using Tukey’s HSD unless noted otherwise. For all statistical tests, 

p values ≤0.05 were considered statistically significant. 

Results 

A total of twelve mice were excluded from the study analysis for either not 

reaching pretraining criteria before 15 days (n=7), lost cannula (n=3), or mortality after 

osmotic mini-pump implantation (n=2).  

 

TrkB-Fc dose response 

As DS BDNF over activity is possibly responsible for cognitive deficit associated 

with spontaneous nicotine withdrawal (see Chapter 2), we attempted to normalize 

aberrant BDNF signaling through the use of the BDNF scavenger TrkB-Fc peptide. We 

selected TrkB-Fc doses 0.5μg/μL, 1.0μg/μL, and 5.0μg/μL as these have been used in 

previous in vitro and in vivo rodent studies (Croll et al., 1998; Wang et al., 2007; 

Clarkson et al., 2010; Mizoguchi et al., 2011; Dulcot & Kabbaj, 2013; Ju et al., 2015). 

We selected the 1.0μg/μL dose as it did not affect behavioral measures (figure 14A-D) on 

strategy-set shifting (trials to criteria: t3=0.36, p=0.74; omissions: t3=0.70, p=0.53 

maintenance errors: t3=0.15, p=0.89; perseverative errors: t3=0.50, p=0.65) compared to 

the vehicle infused group. The highest dose used significantly increased the number of 

trials to criterion (t4=6.21, p<0.01), total errors (t4=2.71, p=0.05), strategy maintenance 

errors (t4=3.35, p=0.029), but not perseverative errors (t4=0.63, p=0.573) or omissions 

(t4=2.22, p=0.09).  
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Confirmation of spontaneous nicotine withdrawal 

Following the protocol outlined in Chapter 2, we observed somatic signs of 

nicotine withdrawal on WD1, WD4, and WD7. Main effects of nicotine treatment 

(F(1,26)=74.32, p<0.001) and withdrawal day (F(2,52)=25.52, p<0.001) as well as a 

Figure 14. Dose response curve for TrkB-Fc. A) 5.0μg/μL, but not 1. 0μg/μL or 0. 5μg/μL 

significantly increased the number of trials required to complete the strategy-set shift. B) The 

number of trials omitted nor perseverative errors (C) was not affected by TrkB-Fc treatment. 

D) The5.0μg/μL dose significantly increased the number of maintenance errors observed in 

mice during the strategy-set shift. (*, p<0.05) 
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significant interaction between these factors (F(2,52)=19.32, p<0.001) were observed. 

Post hoc analysis revealed that mice withdrawing from nicotine exhibited significantly 

more somatic withdrawal signs on WD1 than saline treated mice (p<0.05). Somatic signs 

decreased on WD4, but remained significantly elevated over the control group (p<0.05). 

On WD7, somatic signs were not significantly different than saline withdrawal mice. 

These data recapitulate data form the previous chapter, as well as other studies (Isola et 

al., 1999; Damaj et al., 2003). 

Intrastriatal infusions of TrkB-Fc rescues withdrawal related cognitive deficits 

A two-way ANOVA revealed a main effect of nicotine administration 

(F(1,28)=20.66, p<0.001), a very strong trend for significance for a main effect TrkB-Fc 

peptide treatment (F(1,28)=4.10, p=0.053), and a significant interaction (F(1,28)= 10.37, 

p=0.003) on trials to criterion (figure 15A). Post hoc analysis indicated that mice in the 

nic+veh group required significantly more trials to complete the shift (421.88±27.97) 

compared to the sal+veh (217.508±11.62; p<0.001) or sal+TrkB-Fc (247.29±33.47; 

p=0.001). This increase in trials to criterion was not observed in nic+TrkB-Fc peptide 

treated mice (280.67±24.37) as their performance as equitable to both sal+veh (p=0.276) 

and sal+TrkB-Fc (p=0.788) and was significantly lower than the nic+veh group 

(p=0.003). Total error (figure 15B) analysis discovered similar main effects of nicotine 

(F(1,28)= 16.66, p<0.001), an interaction of these factors (F(1,28)=9.35, p=0.005), but 

not for TrkB-Fc treatment (F(1,28)=3.46, p=0.073). Tukey’s analysis uncovered that 

nic+veh mice committed significantly more errors (149.38±14.28) compared to sal+veh 
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(61.75±5.80; p<0.001) and sal+TrkB-Fc mice (76.43±15.91; p=0.002). Again, this 

pattern was not observed in the nic+TrkB-Fc peptide group (89.0±11.37) as the number 

of errors that these animals committed was comparable to the sal+veh (p=0.844) and 

sal+TrkB-Fc group (p=0.888), but committed significantly less errors than the nic+veh 

group (p=0.006). We examined response accuracies for these groups as they completed 

the behavioral shift (figure 15C). We found a main effect of day (F(9,252)=41.17, 

p<0.001). This showed that incremental learning had occurred across all groups regards 

of nicotine and TrkB-Fc peptide treatment. The factor of day did not interact with any 

other factor (nicotine or TrkB-Fc treatments; All F <1.27, all p>0.253). Although a main 

effect of nicotine treatment was uncovered (F(1,28)=10.428, p=0.003) as well as a 

significant interaction of nicotine treatment and TrkB-Fc treatment (F(1,28)=8.79, 

p=0.006) on response accuracy. Post hoc examination revealed that response accuracies 

in the nic+veh group were significantly impacted compared to both sal- treated groups 

(p<0.05), while Trkb-Fc treatment rescued response accuracies in the nic+TrkB-Fc 

group. Interestingly, nicotine withdrawal increased the number of omissions that mice 

committed during strategy-set shifting (8.4±1.8) compared to saline treated mice 

(2.7±1.9; F(1,28)=4.97, p=0.034; Figure 15D), while TrkB-Fc peptide treatment did not 

(F(1,28)=2.25, p=0.145). Additionally, these factors did not interact (F(1,28)=0.16, 

p=0.695).  
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Figure 15. Intrastriatal infusion of TrkB-Fc normalizes cognitive performance during 

nicotine withdrawal. A) TrkB-Fc treatment during nicotine withdrawal significantly reduced 

the number of trials required to complete strategy-set shifting. B) TrkB-Fc treatment 

decreased the number of errors committed during strategy-set shifting. C) Nicotine 

withdrawal mice treated with TrkB-Fc exhibited a normalized response accuracy curve. D) 

Nicotine treatment increased the number of omitted trials. (*, p<0.05; **, p<0.01; 

***,p<0.001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

To examine the effects of nicotine and TrkB-Fc treatment on errors committed, 

we analyzed the number of errors broken down into perseverative and maintenance 

errors. Nicotine and TrkB-Fc peptide treatment interacted to affect perseverative errors 

(F(1,28)=6.48, p=0.017; nicotine main effect: F(1,28)=9.96, p=0.004; TrkB main effect: 
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F(1,28)=0.99, p=0.329; figure 16A). Closer examination revealed that mice withdrawing 

from nicotine and treated with vehicle made significantly more perseverative errors 

(103.25±11.86) than mice undergoing saline withdrawal and treated with either vehicle 

(35.38±11.86; p=0.002) or TrkB-Fc (53.84±12.68; p=0.039). Although nicotine 

withdrawal mice treated with TrkB-Fc committed a similar amount of perseverative 

errors as both their saline counter parts (61.11±11.18; p>0.406), TrkB-Fc treatment did 

not significantly reduce perseverative errors compared to the nic+veh mice (p=0.068).  

When examining the number of maintenance errors mice committed while 

attempting to continue optimal decision-making, significant main effects of nicotine 

(F(1,28)=16.11, p<0.001) and TrkB-Fc treatment (F(1,28)=9.84, p=0.004) were 

discovered. These factors also significantly interacted with each other (F(1,28)=5.75, 

p=0.023). Post hoc analysis unveiled mice within the nic+veh group made more 

maintenance errors (46.13±3.2) than sal+veh (25.0±3.3; p=0.001) and sal+TrkB-Fc mice 

(22.6±3.5; p<0.001; figure 16B). TrkB-Fc treatment in nicotine withdrawal mice was 

able to reduce the number of maintenance errors (27.9±3.1) made during strategy-set 

shifting compared to nic+veh mice (p=0.002). 
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Figure 16. Error analysis of vehicle and TrkB-Fc treatment during withdrawal. A) TrkB-Fc 

treatment did not produce significant decreases in perseverative error during nicotine 

withdrawal. B) Reduction of DS BDNF signaling enhanced the ability of nicotine withdrawal 

mice to maintain a behavioral shift. Correct (C) and incorrect (D) latencies did not differ 

between all treatment groups. (**, p<0.01; ***, p<0.001) 
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Discussion 

The studies described in the present chapter delineated the causal role of PFC 

BDNF overflow to the DS in formation and preservation of long-term nicotine 

withdrawal-induced cognitive deficits. Intrastriatal infusion TrkB-Fc peptide did not 

affect strategy-set shift performance in saline mice, but did significantly reduce the 

number of errors committed during nicotine withdrawal. Moreover, decreases in total 

errors were due to reductions in maintenance errors. 

There have been few studies examining the behavioral effects of TrkB-Fc within 

the CNS in vivo (Wang et al., 2007; Clarkson et al., 2010; Duclot & Kabbaj, 2013; Ju et 

al., 2015). We found that a 5μg/μL, but not 1μg/μL, infusion of TrkB-Fc peptide into the 

DS significantly impaired strategy-set shifting. This suggests DS BDNF signaling is 

crucial for effective maintenance of a new strategy. These findings are supported by In 

vitro experiments reporting that bathing DS slices in TrkB-Fc reduces BDNF induced 

LTP from cortical neurons (Jai et al., 2010). Moreover, TrkB-FC knockdown of BDNF 

signaling within the amygdala abolished conditioned place aversion (Duclot & Kabbaj, 

2013). Therefore, in conjunction with findings in Chapter 2 and previous work from our 

lab (D’Amore et al., 2013), BDNF levels function in an inverted-U shape to facilitate 

optimal behavioral expression.  

 Consistent with the findings described in the previous chapter, spontaneous 

nicotine withdrawal drastically impaired the ability of mice undergoing strategy-set 
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shifting in withdrawal mice treated with vehicle. Moreover, this deficit was characterized 

by increases in perseverative and strategy maintenance errors. Increases in perseveration, 

usually indicative of impulsive decision-making, is a hallmark of early nicotine 

withdrawal (Mitchell, 2004). Impulsive choice is a reliable predictor of relapse 

(Diergaarde et al., 2008), and may be modulated by anxiety-like behavior in the initial 

phases of cessation (Chapter 2). Increases in maintenance errors are more indicative of 

compulsive behaviors, as this error type occurs after the mouse has begun to exhibit 

proficiency on the strategy switch. This behavior can extend well past after other facets 

of withdrawal, such as somatic and affective signs, subside and still exert powerful 

control over an individual struggling to remain abstinent (Hyman & Malenka, 2001).  

 There is a vast pool of literature reporting increases in BDNF expression during 

psychostimulant withdrawal (Lu et al., 2004; Graham et al., 2007; Larson et al., 2011). 

Manifestation of maintenance errors during nicotine withdrawal is most likely to arise 

from aberrant increases in BDNF signaling in the DS (Parikh et al., 2016; Chapter 2). We 

utilized the BDNF scavenger TrkB-Fc to determine the causal role of BDNF in the 

materialization of maintenance errors during nicotine withdrawal. We discovered that 

intrastriatal infusions of TrkB-Fc rescued impaired decision making by reducing the 

overall number of errors committed. More specifically, TrlB-Fc peptide treatment 

reduced the number of maintenance errors during strategy-set shifting. This finding 

demonstrates that aberrant BDNF signaling within the DS, which originates from cortical 
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projections, is required to propagate cognitive deficits that remain after somatic and 

affective symptoms of nicotine withdrawal subside.  

 It is interesting to note that although TrkB-Fc peptide was successful in reducing 

withdrawal-induced maintenance errors, it failed to significantly reduce perseveration to 

the previous strategy. It is well known that nicotine withdrawal induces negative affective 

symptoms that are associated with early nicotine relapse (al’Absi et al., 2004; Stoker et 

al., 2008). We hypothesized in chapter 2 that increases in anxiety-like behaviors during 

the initial withdrawal phase contribute to this decrease of behavioral inhibition. This was 

supported with correlational findings between anxiety scores and perseverance errors 

during strategy-set shifting. Although we did not directly test the role of TrkB-Fc 

treatment on anxiety in this aim, we suspect that continued perseveration to the 

previously reinforced strategy are governed, at least in part, to increases in anxiety-like 

behavior during nicotine withdrawal. Moreover, NAc BDNF plays a pivotal role on the 

generation of anxiety-like symptoms (Martinowich et al., 2007). Although we did not 

report any differences in NAc BDNF expression in Chapter 2, we did find increases in 

BDNF sensitivity to glutamate release in withdrawal mice. This may point towards 

increases presynaptic sensitivity of glutamatergic inputs to the NAc. To confirm this 

theory, studies of direct measures of anxiety-like behavior during withdrawal and TrkB-

Fc treatment are needed.   

 Although there is a great amount of certainty that PFC BDNF transport is 

responsible for increases in DS BDNF (Altar et al., 1997; Gourley et al., 2012), this study 
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does not test the causal role of BDNF overflow from the PFC. Future studies that involve 

lesioning the PFC or using BDNF shRNA to knock down PFC BDNF are required to 

delineate the exact role the PFC plays in increased DS expression. 

 In conclusion, our current findings exhibit for the first time that cognitive deficits 

related to spontaneous nicotine withdrawal can be attenuated through manipulating 

BDNF/TrkB signaling. Specifically, we were able to link the causal role over active 

BDNF signaling within the DS through the use of a BDNF scavenger, TrkB-Fc peptide, 

to deficits in the ability to maintain a behavioral shift during nicotine withdrawal. 

Although we were unable to reduce the number of perseverative error, these deficits may 

be influenced by affective symptoms. Taken together, our data points to a strong role of 

BDNF influencing neural circuitry during nicotine withdrawal and lends itself to the 

validation of a BDNF/TrkB pharmacotherapy to aid in nicotine cessation.  
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CHAPTER 4 

CONCLUSION 

Recently, it has been hypothesized that cognitive deficits induced by nicotine 

withdrawal play a larger role in the manifestation of cravings and failure of 

implementation of coping mechanisms that precede relapse. While there is a wealth of 

literature focusing on nicotine withdrawal’s effects on learning and memory, there are 

virtually no studies that examine how nicotine withdrawal might alter the ability to make 

effective decisions. Our lab previously reported that mecamylamine-precipitated nicotine 

withdrawal impaired the ability of mice to maintain a strategy-set shift (Parikh et al., 

2016). This laid the foundation of the current work presented. By using a spontaneous 

model of nicotine withdrawal, changes in behavior and neurobiology more closely 

resembles that noted in individuals who attempt to quit smoking. Additionally, because 

nicotine administration and withdrawal has been shown to produce neuroadaptive 

changes in areas that are crucial for facilitating cognitive flexibility, we targeted BDNF 

as a potential modulator of cognitive deficits during withdrawal  

 Thus in Chapter 2, the effects of spontaneous nicotine withdrawal on cognitive 

flexibility and BDNF expression was assessed. Spontaneous nicotine withdrawal 

produced robust impairments in both lower and higher dose treated mice during strategy-

set shifting. Both nicotine withdrawal groups exhibited a greater number of perseverative 

errors over controls. We believe that these error types are mediated in part by anxiety-like 
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behaviors during the initial withdrawal period. Mice withdrawing from the higher dose of 

nicotine were impaired in their ability to maintain the strategy shift. It was uncovered that 

these impairments were associated with increases of DS BDNF protein expression. It was 

also discovered that withdrawal from the higher dose reduced BDNF-induced glutamate 

release within the DS compared to control mice. These findings indicate that BDNF may 

play a critical role in the expression of long-term cognitive deficits associated with 

spontaneous nicotine withdrawal. 

 To elucidate BDNF’s role in impairing cognitive flexibility, infusions of the 

BDNF scavenger TrkB-Fc peptide into the DS were conducted while mice experiencing 

withdrawal made the strategy-set shift. TrkB-Fc peptide reduced the number of errors 

nicotine withdrawal mice committed, more specifically, TrkB-Fc treatment reduced 

increases in maintenance errors seen in these mice during strategy-set shifting. It is 

evident that increased DS BDNF/TrkB signaling may be the linchpin in the inability to 

maintain new strategies associated with nicotine withdrawal.  

The current research is the first evidence that BDNF plays a definitive role in the 

manifestations of cognitive flexibility deficits observed during spontaneous nicotine 

withdrawal. More importantly, it was possible to reverse these deficits by attenuating 

aberrant BDNF signaling within the dorsal striatum. These findings suggest that 

normalization of nicotine withdrawal-related increases of DS BDNF may serve a 

potential target for nicotine cessation treatments. Psychostimulant withdrawal increases 

BDNF expression in the amygdala, DS, NAc, and VTA (Grimm et al., 2003; Parikh et al., 
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2016). In our model (see illustration 3), increases in DS BDNF during withdrawal occur 

from increases in anterograde transport of prefrontal BDNF protein, which arise from 

increases in BDNF mRNA expression (Hearing et al., 2008; Chapter 2). Chronic 

overexpression of BDNF impairs various forms of learning and memory (Cunha et al., 

2009; Papaleo et al., 2011). Therefore during withdrawal, it is possible that PFC BDNF 

overflow may serve a potential compensatory mechanism to return increases in DS 

nAChR expression to lower, normalized nAChR expression before the onset of nicotine 

administration, but this increase in DS BDNF contributes to cognitive inflexibility. 

 

 

 

 

 

 

Illustration 4. Possible PFC BDNF overflow and its ties to increased DS BDNF. We 

hypothesize that increases in DS BDNF expression arises from overproduction from 

prefrontal regions. Because DS BDNF is suppressed during nicotine administration 

(Ortega et al., 2013), observed increases in DS BDNF during nicotine withdrawal may 

serve as a compensatory mechanism. Although, NAc BDNF expression was not 

affected during withdrawal, the NAc showed increases in BDNF sensitivity in regard 

to glutamate release. This increase in BDNF-evoked glutamate release may contribute 

to the interaction of affect and cognition during nicotine withdrawal. Further 

investigation is required to understand the role that BDNF may be playing in the NAc. 
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 There are two distinct phases of nicotine withdrawal, the early phase generally 

characterized by affective symptoms and deficits in cognition while the late phase 

characterize generally with only cognitive deficits. Based on data from the current 

studies, two predominant theories of combating altered frontostriatal would be to either: 

increase PFC BDNF during the early withdrawal phase to eliminate perseveration to 

previous strategies (or to drug cues) or control increased DS BDNF to reduce 

impairments in maintaining a new strategy and compulsive behavior. Infusions of BDNF 

into the PFC immediately after the final cocaine self-administration session have been 

shown not only to prevent cue-induced relapse and craving (Bergland et al., 2007), but 

also restored glutamate dynamics with the NAc during cocaine withdrawal (Bergland et 

al., 2009). There are limited studies examining possible reductions of BDNF/TrkB 

signaling as a possible therapeutic for withdrawal symptoms. In addition to the current 

study, which examined DS BDNF/TrkB, signaling Ren and colleagues (2015) reported 

that the use of the TrkB antagonist ANA-12 within the NAcSh reduced behavioral 

abnormalities associated with methamphetamine withdrawal. Although these studies 

support the hypothesis that BDNF-targeted therapeutics are a valid avenue to consider, 

the methods in which to administer BDNF, BDNF scavenger, or traditional TrkB 

antagonist are invasive and not suitable for patient treatment.  

In order to realistically treat individuals attempting to remain abstinent from 

nicotine, or any drug that alters endogenous BDNF expression, compounds need to be 

administered systemically and have mild adverse effects. Over the last 10 years, small 



87 
 
 

molecule TrkB agonists and antagonists have been developed and show promise in 

treating withdrawal phenotypes. Cyclotraxin-B, a small molecule TrkB negative 

allosteric modulator that is able to cross the blood brain barrier, has shown promise by 

producing anxiolytic effects when administered systemically in mice (Cazola et al., 

2010). Moreover, systemic infusion of Cyclotaxin-B during cocaine self-administration 

reduces increases in PFC and NAc BDNF signaling in both short access rats and long 

access rats (Verheij et al., 2016). Additionally, authors reported that systemic TrkB 

antagonism did not alter self-administration of a natural reward. Another brain-penetrant 

TrkB antagonist ANA-12 has not only been shown to also reduce anxiety-like behaviors, 

but also antidepressant effects by direct binding to the extracellular domain of TrkB 

specifically (Cazola et al., 2011). These compounds will provide a basis for the 

development of new stand-alone or supplementary pharmacotherapies for nicotine 

cessation to aid those struggling to quit. 

 Although the presented work has elucidated a number of unknowns in terms of 

nicotine withdrawal’s effects on cognition and BDNF expression, there are still questions 

that remain unanswered. We did not observe a traditional dose response as expected with 

the doses of nicotine administration that may be related to a ceiling effect. Shoaib and 

Bizarro (2005) reported attentional impairments during withdrawal in rats using a 

3.16mg/kg/day dose of nicotine administered for 7 days. It would be interesting if this 

study could be repeated utilizing a lower dose to tease apart at which point nicotine 

impacts not only cognitive process, but affective processes as well. 
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While our studies not did set out to delineate the role of affective processes during 

nicotine withdrawal, our findings suggest that anxiety-like behavior plays a crucial role in 

the manifestation of strategy perseverance. An interesting avenue to pursue would be to 

conduct a similar study to that presented in Chapter 3, but administer TrkB-Fc into the 

NAc of mice withdrawing from nicotine. Because we saw increases of BDNF-evoked 

glutamate signaling during the first 72h of withdrawal, TrkB-Fc infusion may reduce 

anxiety-like behavior during the initial phases of nicotine withdrawal. 

 Despite evidence suggesting that DS BDNF expression is highly dependent on 

anterograde transport from the PFC (Gourley et al., 2012), it is unclear if other 

subcortical, for example the thalamus, projections to the DS influence the altered levels 

of BDNF observed during nicotine withdrawal. Future studies should examine the role of 

BDNF knockdown with the use of short-hairpin RNA in specific inputs to the DS to 

locate the major source of BDNF to the DS during nicotine withdrawal. 

The current work fills a void in the literature regarding nicotine withdrawal’s 

effects on flexible decision-making. Moreover, these studies have identified the role of 

frontostriatal BDNF expression in the inability to inhibit initial responding to an old 

strategy and the inability to maintain a new strategy. This work will hopefully stimulate 

new ways of thinking about how to treat nicotine addiction and prevent the chronic 

relapses associated with nicotine use.   
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